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Abstract 

This thesis aims at developing a (dis/re)assembly oriented methodology towards product 

end-of-life. Particular focus in this thesis is on the circularity of furniture via design for 

(dis/re)assembly. The main motivation behind this study was the need for a method to 

evaluate the (dis/re)assembly options of furniture designs to be able to facilitate repair, 

reuse, remanufacturing, refurbishing, or recycling.  

The study draws upon relevant theories and prior research on Circular product Design, 

Design for EoL, Design for Environment, and Design for (Dis)assembly of vehicles, 

electrical and elocronic equipments, whitegoods, as well as office furniture, though 

relatively limited.  

The proposed methodology determines major aspects of design for (dis/re)assembly to be 

taken in to consideration in the early stages of product development. It further provides a 

set of parameters that are relevant to cabinet type and upholstery furniture group. 

The study involves a variety of qualitative research methods that are embedded in an 

interactive research conduct with the engagement of different stakeholders that are 

charged with the task of product development at Ikea of Sweden (IoS), the collaborator 

of this study.   

The proposed methodology is implemented on three selected furniture designs in a pilot 

study. The results of the study, above all, suggest that (dis/re)assemblability of a product 

is a strategic choice that needs to be made at early phases of product development, namely 

the design phase. Two particular features of the furniture groups, upon which this study 

focuses, emerges as factors having negative impact on the disassembability of products: 

first, wooden frame sofas with respect to their complex structure and connectivity of 

componants and, second, permanent joints with respect to their destructive impact on the 

product. 

The study concludes that it is feasible to develop and implement a potentially 

comprehensible method to evaluate the ease of disassembly of furniture products and to 

design for disassembly. The proposed methodology in this study is a contribution to 

support product design for disassembly towards product circularity. 
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1 Introduction 

Pressing environmental issues force academia and industry towards innovative and 

economic solutions in product design. The necessity to reduce the consumption of 

resources makes the prefix Re- popular, bringing about the issues of re-cover, re-use, re-

manufacturing, and re-furbishing and re-cycling. The aforementioned processes that 

enable product circularity are embedded in the design stage as major considerations in 

design for disassembly.  As Shedroff (2009, p.184) argues, ‘[p]roducts need to be easily 

disassembled into components and separated by material. If this is difficult, these 

products simply end up in the landfill instead’.  

This thesis has two primary purposes: On the one hand it explores theoretical (Chapter 4) 

and methodological (Chapter 5) approaches that have been established towards a circular 

product design. On the other hand, it takes up the task of developing a methodology with 

a particular focus on products of furniture. The methodology, which is suggested in this 

thesis, is tested in a pilot study that examines the disassemblability of three selected 

products. Dis/Re(assembly), being ‘a main element of a sustainable cycle economy’ 

(Seliger, 2007, p. 217), improving dis/re(assembly) options of furniture is chosen as the 

problem area of this thesis.  

 

1.1 Overview of the Thesis 

This thesis is composed of seven chapters. The introductory chapter (Chapter 1) includes 

the underlying background of the concept “circular product design” as the main focus of 

this thesis (§1.2 & 1.3). This chapter, then, states the purposes of the study and describes 

the motives behind these purposes. The second chapter presents an overview of the notion 

of Product End-of-Life (henceforth EoL) and explains different EoL strategies. Chapter 

3 is dedicated to describing the data (§3.1), research design (§3.2), the approach that is 

adapted in the pilot study (§3.3), the ethical considerations (§3.4) particular to this study. 

Chapter 4 compiles theoretical and methodological approaches that are relevant to the 

purposes of this study. Drawing on previous research, Chapter 5 developes a 

methodological framework to ease disassembly towards end-of-life options. This chapter 

identifies some major considerations to design for disassembly and determines 

parameters to ease disassembly of furniture products. Chapter 6 applies this 

methodological framework on three chosen products.  
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Having laid the content of the thesis, let us now describe the backgrounds that has given 

rise to the notion of “circular product design”. 

1.2 Background 

The development of life cycle assessment methodology has its roots back in the late 1960s  

when an awareness of environmental impacts of ongoing industrial activities, fosil fuel 

based energy systems and the use of chemicals has started to emerge. Some major 

environmental issues in the 1960s were more or less local concerns which mainly focused 

on reducing industrial effluents. However, in the 1970s, environmental concerns have 

begun taking on global significance (Johansson, 1997, p.2). Hence, environmental 

awareness increased among public during the 60s and the 70s. As a result of increasing 

environmental consciousness, authorities set some strict programs and restrictions 

regarding measuring emissions to air and water (Furuhjelm, 2000, p.29).   

Rapid spread of industrialization around the world and increase in population have led to 

an intense vicious cycle of production-consumption due to economic, social and 

technological reasons. Global warming and climate changes were some of the essential 

environmental impacts caused by industrialization (Lagerstedt, 2003, p.10). On the other 

hand, dedicated academic research, technological improvements, and new scientific 

knowledge about our environment have initiated environment movements. Finally, ‘in 

the 1980s, Sustainable Development – concerned with economical social and 

environmental development – was considered as the goal of a desired new industrial 

revolution, involving advanced as well as new emerging countries’ (Jovane et al., 2008, 

p.641). Likewise, the 1987 report of The World Commission on Environment and 

Development puts emphasis on reducing energy consumption and encouraging non-

polluting sources and technologies for industrialized countries (UN-World Commission 

On Environment and Development, 1987). The report explains sustainable development 

as follows:  

‘Sustainable development is a process of change in which the exploitation of 

resources, the direction of investments, the orientation of technological 

development; and institutional change are all in harmony and enhance both 

current and future potential to meet human needs and aspirations’ (UN-World 

Commission On Environment and Development, 1987) 

Moreover, legislations, standards and certifications have been instituted, updated and/or 

improved in the light of environmental concerns, criteria and scientific research. For 
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instance, ‘ISO 14001 quality system’ provides the companies with a structured legal 

guidance to manage and prevent environmental issues. It is evident that the role of 

manufacturing industry in ensuring a sustainable development have always been 

essential. The notion of Design for Environment (DFE) has emerged and developed 

during the 1990’s and, thereby, the focus of attention has been enlarged not only to 

address environmental impact caused by production, but also to cover the end product. 

Along with this new perspective, DFE or denoted eco-design and products’ EoL strategies 

have become a crucial issue at early phase of product development. Bakker (1995, p.30) 

defines eco-design as ‘the development of products by applying environmental criteria 

aimed at the reduction of the environmental impacts along the stages of the product life-

cycle’.  

Incorporating life-cycle approaches into the product development and design phase by 

taking into consideration product end-of-life options leads to product recovery 

opportunities, which enables reuse of parts of the product or whole products . By doing 

this, Sundin (2004, p.2) argues that ‘the material flows in today’s society are closed into 

loops instead of the linearity that dominates consumer society today’. These material 

flows have to be shown “circular instead of linear’ Sundin (2004, p.2). This circularity 

approach clearly brings resource efficiency which is crucial for the world and one of the 

main objectives for sustainable development and the future.  

At this point, the concept of Circular Economy (CE) have been considered by many 

industries and companies as a new business strategy in terms of environmental awareness 

as well as a competitive advantage. Certification system of the concept CE, ‘Cradle to 

cradle’, is considered by companies rather extensively day after day and thus, new 

products are being certified in terms of ‘Cradle to Cradle’ system and standards.  Under 

the circularity concept, EoL options; reuse, recycling, remanufacturing, refurbishing  

became an important management tool for companies to take into consideration.  

1.3 Importance of product life cycle 

Product life-cycle involves several phases from raw material extraction to the last phase 

-EoL disposal (along with a number of logistic operation - inbound and outbound). Each 

phase, during product actualization process, requires a number of inputs; energy (petrol, 

electricity, gas or such) and material resource. Besides, the outputs; such as waste, 

emissions, and pollution, are released through the entire product life-cycle. Figure 1 
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illustrates these inputs and outputs that are involved in product life-cycle. ‘[T]he 

inventory contains a multitude of substance emissions and input of different resources 

which, even, some small amounts can be of importance’ (Alting, L., in Sustainability in 

Manufacturing p. 37). This point is marked with the red oval space in Figure1. This points 

out sub-systems or sub-sub-systems and tries to give whole chain of the environmental 

impact.   

As Zbicinski et al. (2006, p.53) argues ‘the environmental impact of a product arises as 

result of the substantial consumption of resources and energy and the generation of direct 

or indirect pollutant emissions’. At this point, product circularity aims to reutilize/recover 

used products via EoL options in order to minimize both resource and energy 

consumption and reduce environmental impacts of products. 

Figure 1: Input-output analysis through product life-cycle  (Based on Hauschild, 2005, p.82A) 

An approach to product life-cycle as in Figure 1 regards the product life-cycle as a linear 

process that starts with the raw material. Such approach to product life-cycle is 

problematic in the sense that it involves the same amount of input (energy and material) 

and output (waste and emission) for every single product. In other words, such linear 

model does not allow attaining resource efficiency. Neither it reduces the environmental 

impacts of production. What is worse, a waste handling problem emerges at the EoL 

phase. Product circularity is suggested to be considered at the design phase to reduce 
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negative environmental impacts and save the valuable resources by reutilization of 

material and/or product. 

Environmental awareness, updated legislations and/or programs force companies to 

consider EoL strategies and to design products that are recyclable, remanufacturable or 

reusable. For instance, European Commission proposed a new program, namely 

‘[T]owards circular economy; A zero-waste program for Europe’ in 2014. The program 

draws attention to the environmental degradation of the linear model, as illustrated in 

Figure 1. The program puts emphasis on the importance of circular product design that 

would ease implementing EoL options (EU commission, 2014, p. 2 and 4). Figure 2 gives 

a full picture of circularity approach to product (The RSA Royal society for the 

encouragement of Arts, manufactures and commerse, 2015, p. 11).  

 

Figure 2: The Great Recovery's four design models 

EoL strategies can enable companies to earn more from a single product by means of 

resell options and thereby provide competitive advantages in the market. In furniture 

industry, some companies intend to create further value and attain competitive advantages 

by means of environmental friendly products, processes and EoL strategies. According to 

the report Towards to circular economy (Ellen Macarthur Foundation, 2013, p. 9), ‘the 
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benefits of a circular economy are not merely operational but strategic, not just for 

industry but also for customers, and serve as sources of both efficiency and innovation’. 

Number of companies, in this sense,  involve Cradle-to-cradle1, Level2 and other circular 

economy related certifications and develop their products under circular economy 

concerns. For instance, German origin furniture company Herman Miller launches 100% 

easily disassembled office chair under product EoL strategies. Nevertheless, being a 

relatively new trend in furniture industry, companies are only in the process of developing 

methodologies for implementation of EoL strategies, if only they have already recognized 

the neccecity. The following section presents the ratio of disassembly operations in 

maintenance and product recycling in terms of cost. 

1.4 The problem area 

Disassembly operations in maintenance and product recycling constitutes the major cost, 

comprising  60% in maintenance (35% disassembly and 25% reassembly) and 80% in 

product recycling (40% disassembly and 40% reassembly), (Brandt in Blessing & Gries, 

2007, p.144). These figures makes it evident that (dis/re)assembly requires significant 

consideration throughout the whole product design process. Moreover, given the 

increasing importance put on environmental concerns in product design, the efficiency of 

the reusability and recyclability of product to a great extent depends on disassembly 

options that the product offers. As Blessing and Gries (2007, p.143) argue, ‘[T]he 

efficiency of disassembly and recycling processes is strongly determined by the design 

of the product’. This argument attributes primary responsibility to designer as well as 

product developer. 

Significant amount of research has been conducted aiming to provide the necessary tools 

and methods for incorporating the environmental and EoL aspect in product design 

(Furuhejlm, 2000, p. 77). However, these tools and methods are far from providing a 

complete methodology for the applicability of EoL options. This situation is equally valid 

in furniture industry. Research has contributed to raise awareness of EoL options by 

means of research focusing on, for example, recycling availabilities (Lambert & Gupta, 

2005), joining techniques (Uysal et al. 2015), and material specifications (BIFMA, 2008) 

regarding furniture. Nevertheless, a methodological point of view has remained as a need.  

                                                 
1 http://www.c2ccertified.org/ 
2 http://levelcertified.org/news/ 
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1.5 Objective  

The aim of this study is to provide designers and product development team with a method 

to analyse and evaluate products’ EoL strategies and/or applicabilities of these strategies 

with particular focus on disassembly options.  

It is necessary to note at this point that EoL strategies that are considered in this thesis; 

namely reuse, remanufacturing, recycling or refurbishing, require first disassembly 

operations on different levels and eventually encourage extension of products’ life-span. 

Product design and development phase plays a key role to enable reutilization of product 

or material efficiency by means of a structured methodology. Such methodology involves 

identification and implementation of parameters for the evaluation of product 

disassembly operation. Incorporating the method with all its parameters into the early 

phase of a product development process is one of the major objectives of the thesis.  

Designing and developing a product is always a multi-criterial process.  As Byggeth and 

Hochscorner emphasize (2006, p. 1420) ‘trade-off situations often occur in the product 

development and procurement processes when alternative solutions emphasize different 

aspects that have to be balanced against each other’.  For this reason, the thesis also 

considers essential aspects of the implementation of EoL strategies from design for 

manufacturing and assembly perspectives.  

1.6 Research questions 

This study is guided by the following research questions: 

1. How can EoL strategies be verified by considering (dis/re)assembly 

aspects? 

The answer to this question will be sought  by developing a step-by-step roadmap 

towards Design for Disassembly. 

2. Which are the parameters relevant to applying a design for (dis/re) 

assembly approach in furniture design? 

The answer to this question will be tested on three furniture designs by  

implementing a disassembly evaluation chart that this study will propose. 
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1.7 Delimitations 

Achieving a reasonable application of product EoL options mainly depends on easy 

disassembly (Furuhjelm, 2000; Johansson, 1997; Vezzoli & Manzoni,2008). However, in 

this respect, EoL options and the importance of design for disassembly at early phase of 

product development have not developed into a methodological approach in furniture 

industry. Nevertheless, there is an ambition towards successful solutions on product 

(dis/re)assembly (§5) 

The EoL options enable the product life-cycle to develop from a linear model into a 

circular model towards resource efficiency, reducing energy consumption and 

minimizing environmental impacts. However, in this master’s thesis, overall 

environmental impacts, the usage of renewable energy, economic and social aspects of 

life-cycle assessment are not taken into consideration.  

Before changing the model from linear to circular via EoL options, main operation is 

disassembly. In this sense, products are to be designed to ease assembly, -disassembly 

and –reassembly for reutilization of the product as an economic value. This mind-set 

brings about multiple life-cycles for a product. On the other hand, product recovery 

requires reverse logistics and a proper service management that might well be a focus in 

future research in EoL strategy.  

Despite growing interest, the field is relatively young and therefore, there is limited 

work on this matter, which provide reference to this study.   

1.8 Significance of the study for furniture industry 

A survey conducted by EU Commission investigates purchasing behaviour in ten EU 

member states (EU Commission, 2014). The results of the survey shows that 83% of 

respondents have bought furniture over the last 3 years and/or intend to buy within the 

coming 12 months. Furthermore, according to the same rapport, around 70% of 

respondents have bought more than one item with the same time span. (EU Commission, 

2014, pp. 141-142). Results of this survey indicate that furniture circulation is at a 

considerable rate and in increase. As a subsidiary data, notice Table 1, illustrating the 

increase in furniture production and consumption worldwide from 2003 until 2012.  
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Table 1: Furniture production and consumption worldwide (CSIL, 2014)* 

Year 2003  2012 

Production (€billion) 223 361 

Consumption (€billion) 226 347 

Purchasing behaviour and increasing consumption bring about an increase in supply 

demand correspondingly (Whelan and Msefer, 1996, pp.8-12). This consequently 

increase resource and energy consumption as well as it makes an impact on environment 

and waste handling. However, in order to reduce total amount of consumption, producing 

high durable products might not be the ultimate solution. To determine optimum 

solutions, it is necessary to identify the reasons for product disposal. As Hubka and Eder 

(1996, p. 13) remark, for example, obsolescence or replacement are some reasons for 

product disposal. These or some other reasons can lead to furniture disposal even before 

product’s breakdown or deterioration in its durability. In this sense, the question is: How 

can used products be recovered and reutilized efficiently for a sustainable society?  

Table 2: The total and wood wastes in EU 28 countries (Eurostat, Generation of Waste) 

 Total Waste 
(tonne) 

Wood wastes     
(tonne) 

Metal3 
wastes 

Textile 
wastes 

EU (28 
countries) - 
2012 

2 514 220 000 57 490 000 14 260 000 3 110 000 

According to the rapport, Eco-label Furniture: Extension of the Scope (2004, p. 6), only 

10% of furniture waste is recycled in wood transforming industries. Table 2 shows wastes 

from 3 different industries, namely wood, metal and textile, and the total waste in EU in 

2012. These data signify that reutilization of products and materials is a crucial point to 

be improved for wood and furniture industry. Since energy recovery is the least preferable 

option (see Figure 4), how to implement EoL strategies; namely reusing, refurbishing, 

remanufacturing and recycling in furniture industry becomes an essential point. However, 

available research and methodological approaches in this area have been practised and 

realized mainly in automotive, electronics, building and white goods industries. Although 

there are valuable solutions on reusability and recyclability in furniture industry, ‘two or 

                                                 
3 Mixed ferrous and non-ferrous 
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more solutions created to solve one problem is not a strategy for sustainability’ (Shedroff, 

N., 2009,  p. 106). Thus, comprehensive research and implementation are urgent needs in 

furniture industry. The pinpoints presented below should be taken into account from an 

holistic approach. 

       Design for disassembly 

 Reverse material flow and service management 

 The  method for implementation of EoL options (e.g. automated or manual  

 where are the products recovered or recycled)  

 Product properties, material specification and material selection 

 Product design and development process in a circular way 

‘Furniture industry is known to be essentially an assembly industry employing various 

raw materials as wood-based panels, metal, aluminium, plastics, fabrics, leather and 

glass, as well as mechanical and ICT components’ (EU Commission, 2014, p. 70). 

Products that are not designed for disassembly risk becoming a waste (Shedroff, 2009, 

p.184).  

According to a research conducted by WRAP (The Waste and Resources Action 

Programme) in 2010-11, (see Figure 3 ) furniture comprises slightly less then a half of 

bulky waste in the UK. Some of this waste, in fact, can be regained through a simple 

repair by which environmental and economical impacts can be reduced. This brings us 

back to the notion of ‘Circular Economy’ and, the necessity to develop systems that 

will reduce the quantity of bulky waste and enable reuse of products. 

 

Figure 3: Bulky waste avarage composition by theme (based on WRAP) 
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Having argued the significance of the thesis, the following chapter presents an overview 

of the notion of product EoL. 

2 Conceptual Frameworks 

2.1 Overview of the notion of Product End-of-Life (EoL) 

Product life cycle starts with raw material extraction. The material flow continues with 

several other phases such as part production, manufacturing, assembly, distribution. Then 

follows the user phase and finally the EoL phase, when products are discarded by 

customers. At this point, environmental concerns force the society, governments and 

companies to reutilize used/discarded products towards different EoL options such as 

reuse, refurbish, remanufacture and recycle to prolong product/material lifespan. Hence, 

the implementation of product EoL strategies results in a beneficial circular model by 

enabling multiple life-cycles for the products. One drive is to reduce production and 

minimize resource and energy consumption.  

How EoL strategies could support the circular model, known as ‘circular economy’, via 

design stage, which takes place at early phase of product development process. This 

chapter, therefore, gives an overview of product EoL phase, its strategies and brief 

definitions of its options. Eventually, this chapter provides a basis for the term; ‘product 

circularity’ that is investigated in the following chapters.    

Product EoL is one of the product life cycle phases and has a number of options that 

encourage reutilization of a product itself ‘as-is’, its parts, components and/or materials 

(Lee et al. 2011). In Figure 4, the options are illustrated on a pyramid by taking into 

account the ranking of the options in terms of their material and energy efficiency 

performances and eventually their benefits to circular economy. Hence, the scale is 

identified between most preferable and least preferable (see figure 4).  
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Figure 4: End-of-Life hierarch (Adapted from Lee et al. 2011 

While Figure 4 positions reuse as the most preferable amongst the options in EoL 

hierarchy in terms of environmental impacts, Figure 5 favours remanufacturing in terms 

of  performance, warranty and work load. Figure 5 is concerned with reutilization in 

product level. For this reason, Figure 5 does not include recycling, which is an EoL option 

in material level. 

 
Figure 5: Upgrading levels and differences between EoL strategies (based on Ijomah 2002) 

Some of the products at EoL options, particularly reuse, refurbishing, and 

remanufacturing, can be upgraded in quality and/or technology at varying degrees. That 

is, upgrading is at higher level in remanufacturing while it is at the lowest level in 

reuse/repair. The different approaches taken in Figure 4 and Figure 5 addresses the 

importance of choosing the right EoL option with regards to the objectives of a particular 

operation. 

Let us now return back the notion of circularity. It is evident that, EoL strategies bring 

some key issues to manage and carry out successfully. One important factor, applicability 

of product EoL options, are highly depended on how the product is designed at early 

phase of a product development process. Therefore one might ask if design for product 
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disassembly enable to ease application of EoL options? Another important question is: 

How information exchange could be accomplished through product reutilization process 

between stakeholders? Thirdly, how service system could be carried out in terms of 

different aspects e.g. capacity, time and /or cost? Moreover, as can be seen on Figure 6, 

reverse material flow should also be taken into consideration as a key point for EoL 

strategies. Above all, which aspects of circularity, as a mind set, is embedded into product 

design phase. Circular product design will be investigated in the theory chapter (§ 4.2). 

Figure 6 presents the realization of products’ circularity via product EoL strategies. Figure 

6 have been visualized with reference to the product life-cycle model in Lee et al (2011) 

and product recovery model in Thierry et al. (1995). These two models are 

complementary in the sense that while Lee et al. illustrate the information flow throughout 

product life cycle,  Thierryet et al. give a detailed description of process steps in product 

life-cycle. The main idea behind this complementary model that this study suggests  is to 

establish a shared and integrated information cloud that the stakeholders get access to 

necessary information, and thereby, to avoid bottlenecks that an information flow 

approach brings about. 

 

Figure 6: Product life cycle and EoL strategies 
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In the figure above, a product life-cycle starts with raw material. Process steps proceeds 

as: parts manufacturing, modules assembly, product assembly, user phase, and 

eventually, product EoL phase. From here, the product regained via different EoL 

strategies and thereby disposal is avoided in a loop. The EoL strategies, namely; reuse 

refurbishing, remanufacturing, and recycling, are defined below. In Figure 6, disassembly 

operation is marked as one of the essential steps before the implementation of the three 

EoL options: refurbishing, remanufacturing and recycling. At the EoL phase, at the point 

when the customer discards the product, the product is treated  (depending on the 

objective of regain) at different phases of product life-cycle.  

The circular approach via EoL strategies involve multiple stakeholders which brings 

about a complex information exchange. For this reason, the handling of information 

emerges as a primary issue. The suggested approach in Figure 6, namely information 

cloud, is meant to make the needed information accessable to stakeholders. The whole 

model puts special emphasis on design and development process. After all, the design of 

the product influences the life span of the product and how the product’ life span can be 

extended via EoL strategies. ,  

Below, some brief definitions of EoL options are presented. 

2.1.1 Reuse:  

Vezzoli and Manzini (2008, p. 150) defines reuse as ‘the second use of a product or its 

components after it has been disposed of’. In some literature, the term reuse includes 

refurbishing and remanufacturing options as well. As can be seen in Figure 3, however, 

as most preferable option reuse is divided into 3 sub options; Resell, repurpose and repair. 

Sihvonen and Ritola (2015, p.641) present resell and repurpose as ‘indirect Reuse’ 

options. These two options give an option to reuse the products ‘as-is’ with their EoL. 

Repair is aimed to restoring the product’s functionality after its failure and it can require 

partial disassembly (Lambert & Gupta, 2005, p.17).  

2.1.2 Refurbishing: 

improvementsAccording to King et al. (2006, p.261) refurbishing or reconditioning 

require less work than remanufacturing, however, involves more work than repairing. The 

purpose with refurbishing is to restore a product’s specified functionality and quality by 

conditioning part or components. 
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2.1.3 Remanufacturing: 

Remanufacturing is an industrial process (Sundin, 2004, p.2) and defined as ‘the 

restoration of used products to a like-new condition, providing them with performance 

characteristics and durability at least as good as those of the original product’ (Lund, 

1985, p.1). Remanufacturing is carried out in three steps which starts with disassembly 

as the core step in this EoL option. Lund (Lund, 1985, p.4).  lists these three steps as, 

1. Disassembly and cleaning 

2. Refurbishing of components parts 

3. Reassembly and testing  

2.1.4 Recycling:  

The recycling option is applied in material level. In other words, recycling is a raw 

material reutilization EoL option. And it requires a total disassembly operation until each 

different materials on a product is separated from the others.  

Consequently, figure 6 shows that there is a great benefit with EoL options by 

contributing the products’ and/or materials’ multiple life-cycle. Considering products’ 

and/or materials’ long-term use via design at early phase of product development process 

brings us to a sustainable production and consumption towards sustainable development. 

Thus, there is a need to investigate the importance and challenges of product circularity 

via EoL options. 
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3  Research Methodology 

This chapter describes the methodological approach that has been adopted in developing 

a systematic methodology for design for dis(assembly) towards product EoL strategies. 

3.1 Interactive Approach to Research Design 

Interactive research approach addresses a collaboration between the researcher, who, 

above all, has theoretical objectives, and the participants of a real life operation who have 

practical objectives. Interactive Research, or it was first proposed Action Research, was 

first introduced in Norway in the 1960s and embraced and developed in Nordic countries 

since then. This approach has been established as ‘knowledge creation based on 

democratic values’ (Nilsen & Nilsen, 2006, p. 63). Democratic in the sense that it entails 

involvement of the social actors (in our case, the employees with different roles in the 

organisation) in the processes of knowledge co-creation. The researchers role in this 

approach shifts from a complete outsider observer to an interacting co-operator. In that 

respect, this approach combines emic (insider’s approach) and epic (outsider’s approach), 

which enables access to more information relevant to the purposes of the research. This 

pluralistic approach brings about a dynamic research process where, as Svensson et al. 

(2002) suggests, joint learning happens throughout the entire research process. In our 

case, however, the analysis involve the collaboraters at some degree and in the 

development of the methodological modal for design for disassembly is carried out I am 

on my own as the researcher.  

Conducting such research is only possible when suitable organisational conditions are 

provided. Larsson (2006, p. 253) argues for needs of supporting structures that allows the 

researcher to become and stay “native” (252). In that regards, in my case, this prerequisite 

is fully fulfilled by my collaborator organisation, Ikea of Sweden. 

So what does it mean that I have adopted Interactive approach to research? First, I have 

spent as much time as I can effort in the working environment in order to become native 

and construct mutual trust with my collaborators.  Then, I design and hold my interviews 

in the form of workshops where we co-create knowledge. Besides, I have shared my 

preliminary findings throughout the interaction process as part of this co-creation. 

Nevertheless, the last three phases of the research –methodolgy development, pilot study, 

and generating results – lies with me as the researcher although I have communicated 

some aspects of them throughout the entire research process. 
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Throughout data collection and the process of knowledge co-creation, I  also collaborate 

with designer Zeno Comacchio, who conducts a parallel and complamentary research 

(Designing Sustainable Innovations) towards the same objective, but from a different 

angle. This research, therefore, involves multiple actors that are engaged in generating an 

information cloud which provides data for the present study as well as the complamentary 

study by the student partner. It is also likely that the research and development teams 

within the company organisation that are engaged in this co-creation process acquire 

valuable knowledge for their ongoing and future tasks on this matter. 

Having presented the research approach, in the next section, I describe how I generate my 

data. 

3.2 Data collection 

The data to this thesis is collected and generated from various sources. A great deal of 

information corresponding to current considerations and tendencies regarding 

disassembly of furniture products and product circularity is generated by a set of in-debt 

interviews with engineers, designers, product developers, and material specialists 

amongst other stakeholders at the Product Development of the world’s largest furniture 

retailer, Ikea. Ikea of Sweden is chosen as a collaborator in this thesis for two reasons: 

First of all, Ikea of Sweden is the major industrial collaborator of the Master’s program 

Innovation through Business, Engineering, and Design at Linnaeus University. In that 

respect, this thesis work benefit from this collaboration with regard to accessibility. 

Second, and more importantly, Ikea designs its own products, develops techniques for 

material treatment, and innovates joining systems. With respect to the research and 

development work towards product and material sustainability, functionality, and 

efficiency, Ikea of Sweden provides relevant and adequate information for the purposes 

of this study. 

In addition to the interviews, I collect my data from test (dis)assembly operations. Test 

(dis)assemblies are conducted by product developers who are familiar with the product 

that is being disassembled and they are knowledgeable and experienced in assembling 

and disassembling that product in my pilot study. As the product developers carried out 

the disassembly, I observed the operation, measured durations of the stages of the 

operation, noted the tools used for the conduct. Afterwards I evaluated the operation by 
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using the parameters I have generated for the assessment of (dis)assembly performances 

for EoL strategies.  

The third type of source that I collect my data is product assembly guidelines that Ikea of 

Sweden has provided me. These are used to identify bottlenecks in disassembly 

operations of the products chosen for the pilot study. 

3.3 Research tools 

Design of the research in this thesis embodies different but complementary research 

methods and tools. My research design is informed both by theoretical and empirical 

approaches. From a theoretical approach, I conduct a literature work in order to compile 

information about and standpoints in circular product design and product End-of-Life 

(EoL) strategies oriented towards design for environment. At this phase of the thesis I pay 

particular interest on design for (dis)assembly methods. A review of previous research is 

included not only as a source of information but also to be used as points of reference in 

compiling (dis)assembly parameters for furniture products. 

The empirical dimension of the thesis involves multiple methods that are run 

simultaneously throughout data collection and thesis writing processes. One of these is 

descriptive method which helped to lay out the current situation and gain a better 

understanding of the company’s approach to the research focus, that is, circular product 

design and design for disassembly towards product EoL strategies. The knowledge 

acquired through this model is especially valuable because it enables building up what 

the company’s current consideration with regards to the topic in concern.  

Another empirical method that is implemented in this thesis is interviews. A set of 

interviews with a large number of stakeholders within the company provide data for the 

thesis. Semi-structured interviewing method is chosen as the form of the conduct  involve 

an open and less restrictive exchange of opinions. To clarify, the interviews proceed 

following a prepared guide with particular questions and topics to be raised throughout 

the interview. The interviewer calibrates this guide with the topical trajectories in the 

conversation when it is necessary, which may mean to stray from the guide (Cohen and 

Crabtree, 2006). Questions in the interviews are selected to give the interviewees space 

to respond to the topical focus of the thesis and most questions emerge throughout the 

conversion, based on the input given by the interviewees. The interviews, as noticed 
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earlier, are designed as workshops rather than strictly controlled question and answer 

sequences.  

Some of these interviews are accompanied by test (dis)assembly operations conducted by 

product developers in the company. Rossi et al. (2006) suggest that disassembly should 

be done by someone who is familiar with the product and its assembly and disassembly.  

The thesis work includes a pilot study where the parameters that the study proposes for 

furniture design for (dis)assembly are applied. The products upon which the pilot study 

is conducted are suggested by the interviewees during these conversions. The following 

section offers a description of the design of the pilot study. 

3.4 Pilot study 

The pilot study is conducted on three different sofas suggested by the company to be the 

focus of this thesis work. The purpose of the pilot study is to implement the parameters 

and the modal for design for (dis)assembly that are developed in this study. The pilot 

study enables assessing the results of the implementation and thereby improving EoL 

strategies regarding through furniture design for disassembly. The pilot study also 

includes references to and comparison with implementations of some of these parameters 

by other furniture retailers.  

3.5 Ethical Considerations 

This thesis work is the result of a collaboration with a corporate company that has shared 

its knowledge, expertise and information that are relevant to the purposes of my thesis 

work. The exchanges between Ikea and me includes some confidential information as 

well. Prior to the start of the reaserch process, a confidentiality agreement was signed by 

the researcher and the supervisor within the company. As for this contract, the researcher 

is bound to certain restrictions to guarantee confidentiality of particular information 

acquired from the company. It is also an ethical consideration in this thesis work to treat 

the input by IKEA sensitively. Some data is thus excluded from the manuscript in 

consultation with my supervisors at the Ikea of Sweden.  

Ethical considerations apply to the interviews that are conducted throughout the research 

process. This means that the purposes of the interviews are corresponded to the 

interviewees prior to the conversations. Rather detailed clarification is given in the form 

of opening to interview sessions.  
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No visual or audial recording is involved during these conversations. Neither, meeting 

minutes are kept. Instead, the researchers kept personal notes to be used in the research 

and destroyed after the completion of the research. Besides all, all names and appeliations 

are kept anonymous in this thesis.  

Having laid the components of the research methodology adopted in this thesis, the 

following chapter presents theoretical basis of the study.  
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4 Theoretical Background 

In this chapter, environmental foundations, product circularity model and product 

disassembly will be investigated from product design perspective. Furthermore, under 

‘Design for Disassembly’ title, a comprehensive research will be given as a method to be 

used in furniture industry during product design and development process. The theories 

for disassembly have been collected from previous research done in industries such as 

automotive, electronics and white goods and transferred and implemented for the 

furniture industry.  

4.1 Environmental foundations in design 

The obligation to reduce the negative impact on environment requires rethinking 

production and consumption and thereby pursue a sustainable development (Zbiciñski et 

al. 2006, Wimmer et al. 2004, Romli et al. 2015). Design for Sustainability has been 

developed to meet consumer needs under changing industrial settings and environmental 

movements from a wide perspective by taking into account three pillars; people (social 

aspect), profit (economic aspect) and planet (environmental aspect). As a significant 

solution towards sustainable development, Ecodesign (also called Design for 

Environment) involves concerns both for an ecological and economic requirements of 

today’s and projected future society. This is mainly aimed to be accomplished at the 

product design stage. Driven by the fact that ‘products generate emissions and consume 

resources throughout their entire life cycle stages’ (Wimmer et al. 2004, p. 20), 

EcoDesign has been developed as an activity aimed at lowering the environmental load 

of products/functionalities over their life cycle (Stevels, A.L.N. 2007, p.23).  

A number of frameworks, incentives, manuals, rules and/or standards are established in 

the recent years raising awareness about concerns related to Ecodesign (Wimmer, 2004, 

p.68). For example, ‘The Ecodesign Directive’ of the EU Commission aims at providing 

companies with a valuable tool for improving energy efficiency and environmental 

performance of products (the European Parliament and of the Council, 2009). ISO 

14006:2011 Environmental Management System (EMS) also provides a guideline for 

incorporating Ecodesign as a part of EMS. This guideline includes product-related aspects 

that influence its environmental performance for any organization (Hatcher et al., 2012, 

206). In addition to these, researchers Conrad Luttropp (KTH4) and  Jessica Lagerstedt 

                                                 
4 The Royal Institute of Technology, in Stockholm, Sweden 
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(LU5) have developed a guideline for designers’ and product developers’ attention. They 

have named the guideline ’10 Golden  rules in Ecodesign’ (see Table 3) and published in 

2006. The authors explain this guideline as a pedagogic summary of different resources 

related to Ecodesign. They also point out that the rules must be transformed and 

customised depending on the needs of new product design (Luttrop & Lagerstedt, 2006, 

p. 1401-1402). These 10 rules can be seen on the table 3. The importance of this guideline 

is that some of the rules in the guideline are substantially parallel with the notions of 

‘circular product design’, which is the main focus of this thesis. Moreover, the scope of 

the guideline in 10 rules provides practical information by demonstrating the range of the 

usage and implementation area of eco-design.    

Table 3:’10 Golden  rules in Ecodesign’ (Luttrop & Lagerstedt, 2006, p. 1401-1402) 

1 Don’t use toxic substances and arrange closed loops for necessary but toxic ones 

2 Minimise energy and resource consumption inproduction and transport through 

HOUSEKEEPING 

3 MINIMISE energy and resource consumption in the usage phase, especially for 

products with most significant environmental aspects in the usage phase. 

4 Promote repair and upgrading, especially for SYSTEM dependent products 

5 Promote LONG LIFE, especially for products with most significant 

environmental aspects OUT of usage phase 

6 Use structural features and high quality materials to minimise WEIGHT not 

interfering with necessary flexibility, impact strength or functional priorities 

7 Use better materials, surface treatments or structural arrangements to 

PROTECT products for dirt, corrosion and wear 

8 PREARRANGE upgrading, repair and recycling through access ability, 

labelling, modules, breaking points, manuals 

9 Promote upgrading, repair and recycling by using few, SIMPLE, recycled, not 

blended materials and no alloys 

10 Use as FEW joining elements as possible and use screws, adhesives, welding, 

snap fits, geometric locking etc. according to the life cycle scenario. 

Life Cycle Assessment (hencefort LCA) is one comprehensive and quantitative analytical 

tool for identifying and handling of key environmental issues regarding a product, an  

                                                 
5 Lund University, in Lund, Sweden 
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activity and a service. Brezet et al. (1999, p.36) asserts that ‘[T]he Lifecycle Thinking 

Analysis has a pivotal position in the ecodesign processes and tool applications. However, 

the scope of LCA is complex and considerably wide.  

 ‘The holistic system’s perspective which is applied in life cycle assessment enable the 

company to disclose the problem shifting which occurs when solutions to environmental 

problems at one place in a product’s life cycle create new problems elsewhere in the life 

cycle.’ (Alting et al., 2007, p. 32). 

Since the objective of this thesis does not consider the quantification tools of LCA, a 

detailed explanation of LCA is not addressed further in this paper.  

4.2 Circular product design model 

‘The greenest product is the one that already exists, because it doesn’t draw on 

new natural resources to produce’ (CEO of eBay J. Donahoe, 2012).  

Circular product design model aims at implementing Closed Loop System with a 

comprehensive framework and methodology for product life extension. This model does 

not only focus on the reutilization of products via EoL strategies, but also it aims at 

developing long-life products (see Figure 7). With respect to the later, this model is also 

called as circular business model (Bakker et al. 2014).   

   

Figure 7: Circular product design 

The model recognizes the significance of design for dis- and reassembly as one of its six 

key strategies. Design for dis- and reassembly constitutes a pivotal factor for the 

accomplishment of the other five circular product design strategies. That is dis- and 

reassembly is an operation in design for ease of maintenance and repair by enabling 
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handling of single components of a product through dis- and reassembly. Below are the 

six circular product design strategies that are identified by Bakker et al. 2014, p.83) 

1. Design for Product Attachment and Trust 

Creating products that will be loved, liked or trusted longer 

 

2. Design for Product Durability 

Developing products that can take wear and tear without breaking down 

 

3. Design for Standardization & Compatibility 

Creating products with parts or interfaces that fit other products as well 

 

4. Design for Ease of maintenance and Repair 

Enabling products to be maintained in tip-top condition 

 

5. Design for Upgradability & Adaptability 

Allowing for future expansion and modification 

 

6. Design for Dis- and Reassembly 

Ensuring products and parts can be separated and reassembled easily 

Product EoL strategies, namely recovery, reuse, refurbishing, remanufacturing and 

recycling, provide for product or material recirculation loops within the product’s entire 

life cycle. Moreover, these product or material recirculation loops enable less value  input 

(resources and energy) and reduce waste and emissions output, and reduce also value 

losses (Nasr and Thurston, 2006, p.16). Increasing environmental awareness encourages 

companies to rethink their design and business strategies for resource and energy 

efficiency. How the values (resources) would be kept in the product system as long as 

possible is one of significant questions. In this sense, EoL strategies bring with Closed 

Loop System and eventually emerge a circularity in the product system that is called as 

Circular Economy.  In the EU Commission rapport; ‘towards a circular economy:  A zero 

waste programme for Europe’ defines circular economy as below: 

‘Circular economy systems keep the added value in products for as 

long as possible and eliminates waste. They keep resources within the 

economy when a product has reached the end of its life, so that they 

can be productively used again and again and hence create further 

value’ (EU Commission rapport, 2014). 

Linear business concept represents take-make-use-dispose model and is clearly different 

from circular model (Bocken et al. 2015, p.1). Stahel (1998) uses the metaphor a river 

that refers to linear economy and a lake that refers to Circular Economy.  
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Figure 8: Closed loop model (Based on Stahel, 1994) 

Figure 8 illustrates closed loops model, ‘Stahel (1994) states that the smaller the loop, as 

shown in Figure 8 , the more profitable it is. Thus, according to Stahel, repairing or 

remanufacturing products ought to be more common (if it is more profitable) than 

recycling, yet the reality is the opposite: recycling is far more common than repair or 

remanufacture’ (King et al. 2006, p.264). 

Consumer’s environmental awareness and ambitious have a considerable meaning to 

make the application of  the ‘RE-‘ strategies, in other words EoL strategies, come 

through.   Moreover, company’s responsibility is also vitally important regarding the issue 

of applicability of the ‘RE-‘strategies at design stage.  

4.3 Design For Disassembly 

According to Furuhjelm (2000, p.33), one of the most important environmental impacts 

is caused by unsuitable handling of EoL products. In reducing environmental impacts, as 

well as impacts on sustainability, one significant factor is saving resources. Fast depletion 

of the raw materials and an increasing amount of different forms of waste motivate 

creating environmental friendly products, raise awareness about the importance of 

product recovery as well as waste management (Güngör and Gupta, 1999, p.812). Such 

awareness has led to the creation of the notions of “design for recycling”, “design for 

environment”, and “design for disassembly”. Consequently, the present day’s awareness 

on environmental issues and benefits of the EoL strategies make disassembling products 

one of the most important issues (Mital et al., 2008).   

Except for the EoL options of energy recovery and landfill, disassembly is an essential 

operation for the application of reuse, remanufacturing or recycling options (Lee et al. 

2001, p.150). By this way, product recovery is actualized by allowing selective separation 
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of desired parts and materials, and thus, disassembly has proven its role (Güngör and 

Gupta, 1999, p.814). In this sense, Bakker et al. (2014, p.105) points out that every part 

is an independent product and its value has to be considered even at early design stage. 

As Johansson (1997, p.27) describes, ‘Design for Disassembly’ means that ‘design issues 

simplifying the ease of disassembly of a product are considered in the product design 

process’.  

Lambert and Gupta (2005) emphasize that Design for Disassembly is a part of a general 

recovery concept ‘that aims at generating high recovery rate at high quality level for 

components and material to create value’ (p.28). In the light of this, a question about 

disassembly scenarios would be valuable; ‘Why would a customer or a company need to 

disassemble (and then probably reassemble) the product, in this case furniture, into its 

components and/or subassemblies at high quality?’ The most important reasons for a 

disassembly operation can be listed as (Mital & Desai 2003, Lambert & Gupta, 2005 & 

Bakker et al., 2014), 

• Reuse, Refurbishing, Remanufacturing and /or Recycling: Products have to be 

disassembled before the implementation of EoL strategies 

• Upgrading or adaptation of products to develop the products’ functions or to meet 

new requirements  

• Maintenance or repairing of products 

• Carrying products from one place to another place 

• Replacements  

• Disposal6 

In Table 4, Thierry et al. (1995) provide a comparison between different EoL strategies 

in terms of the level of disassembly operation, required quality and the result of the 

product after disassembly operation.  

 

 

 

                                                 
6 If a customer wants to throw a product, such as a wardrobe, away, then the product has to be 

disassembled first.  
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Table 4: Comparison EoL strategies after Disassembly (based on Thierry et al. 1995 and Mital and Desai, 2003) 

 Level of 

Disassembly 

Objective Resulting product 

Repair Product level Restore product to 

working order 

Some parts fixed or 

replace some spares 

Refurbishing Module level Inspect all critical 

modules and upgrade to 

specified quality level 

Some modules 

repaired / replaced; 

potential upgrade 

Remanufacturing Part level Inspect all modules and 

parts and upgrade to as 

new quality 

Used and new 

modules/parts 

combined into new 

product; potential 

upgrade 

Recycling Material level High for production of 

original parts; less for 

other parts 

Materials used to 

produce new parts / 

products 

The Disassembly Process 

‘Disassembly is a systematic method’ (Güngör and Gupta 1999, p.828) and can be defined 

as ‘manual, semi-automated or automated separation of a product into subassemblies, 

components, and material fraction’ Johansson (1997, p.8). Srinivasan et al. (1997, p.10) 

classified disassembly operation as follows,  

 

1. ‘Direct and Indirect Disassembly –  

A component is directly disassemblable if the component can be removed from the 

assembly without removing other components. Otherwise the component is indirectly 

disassemblable. 

2. Sequential and Parallel Disassembly –  

In sequential disassembly, only one component is removed from the assembly at a time. 

But in parallel disassembly, several components or a sub-assembly are removed from 

the assembly at a time. 

3. Monotonic and Non-Monotonic Disassembly – 

In monotonic disassembly the component is completely removed from the assembly. 

Conversely, non-monotonic disassembly requires partial disassembly of one or more 

components. 

4. Selective and Complete Disassembly –  

Complete disassembly occurs when all components are separated from one another. 

Selective disassembly occurs only when some components are removed. 

5. Non-Destructive and Destructive Disassembly  – 

In non-destructive disassembly, none of the components of an assembly are destroyed. 

However, if one or more components are destroyed then the disassembly method is 

destructive disassembly’ 
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Disassembly process planning 

A disassembly process plan (DPP) is a sequence of disassembly tasks which begins with 

a product to be disassembled and terminates in a state where all of the parts of interest are 

disconnected (thus it could be either partial or complete disassembly). The objective of 

disassembly process planning is to and optimal or near-optimal DPPs, which minimize 

the cost of disassembly (assuming that a certain level of disassembly is required) or obtain 

the best cost/benefit ratio for disassembly (Güngör & Gupta, 1999). 

Disassembly guidelines 

Mital et al. (2014, pp.181-182) identify a number of essential disassembly guidelines. The 

guidelines and their brief explanations can be seen on the table 57,  

Table 5 : disassembly guidelines (Based on Mital et al. 2014) 

 

                                                 
7 This table is a summary of the authors’ guidelines. 

 Disassembly Guidelines  

1 Minimizing assembly work  Combine/group similar elements and  harmful 

materials,   

 Reduce material variability,  

 Use compatible material 

 Make valuable, usable and harmful material 

accessible 

2 Achieving easy disassembly  Access easily to disjoining, fracture, cutting and 

drainage points, 

 Fasteners need to be easy remove, and require 

minimum time and effort  

 Have a simple and straightforward disassembly 

path, 

 Avoid materials that inserts in other materials. 

3 Achieving predictable 

product configuration 

 Avoid aging and corrosive materials 

4 Achieving easy separation  Avoid secondary coating process 

 Mark different materials to minimize confusion 

5 Easy handling  Leave available surface for grasping 

 Avoid non-rigid parts 

 Place toxic materials in sealed unit, if necessary  

6 Reducing variability   Use modular product construction 

 Use minimum variety of fasteners 
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5 Methodology 

In theory chapter, design for (dis/re)-assembly has been highlighted as one of the six 

crucial approaches in order to achieve circular product design. Moreover, (dis/re)-

assembly has an important impact on the applicability of some of the other six 

approaches; design for ease maintenance, repair and/or upgrade. In this sense, this chapter 

aims at developing a (dis/re)-assembly oriented methodology towards circular product 

design and product End-of-Life strategies particularly for furniture design. For this 

purpose, ‘design for disassembly’ and its implementations in some other industries are 

taken into account. Hence, the methodology has been developed by collecting a number 

of appropriate theories that have already been implemented in other industries, for 

instance automotive, electronics and/or white goods. In furniture industry, particularly in 

office furniture industry, there are a few but successful implementations. These 

implementations provide practical and tested guidelines for future work. However, the 

growing interest in disassembly in furniture industry has not been met, and/or 

complemented with research - academia. This master’s thesis, therefore, suggests and 

proposes a comprehensive and systematic strategy based on, on the one hand previous 

academic research and, on the other hand current implementations in industry. To that 

purpose, theories on design for assembly is considered as an essential supplementary 

theory in this master’s project. The content of this chapter is illustrated in Table 6. 

 

 

 

 

 

 

5.1 Disassembly evaluation 

First two disassembly evaluation metrics in Table 6, namely disassembly time and energy 

required for disassembly, are utilized to evaluate disassembly performance and recovery 

value in some industries (Johansson (1997). These two metrics refer to disassembly 

Disassembly Evaluation 

Disassembly time & cost 

Effort for Disassembly 

Major considerations 

Efficiency 

Target disassembly 

Design for Assembly 

Fasteners and Joinery system 

Disassembly depth 

Reversibility 

Connectivity of components 

Principals & Parameters 

Ease of identification 

Accessibility 

Ease of separation 

Ease of handling 

Variability reduction 

Product specifications 

Table 6 : Chapter 5 - Content 
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operation in a required time and effort for single product. As far as furniture disassembly 

is concerned, disassembly operation is mainly carried out manuel while, for example, in 

electronic industry the operation is performed automated. Although there is a distinction 

between different industries, evaluation measures are the same, namely time and effort. 

For instance, Herman Miller, German origin office furniture company, determines 30 

seconds for one person to disassemble a component of an office chair. The company 

assess disassembly time for its ‘design for environment’ performance table (Rossi et al. 

2006, p.200). It means that disassembly time is a considerable metric to evaluate 

environmental performance of furniture products.   

On the other hand, Soh et al. (2016, p.15) highlight that selecting an optimal manual 

disassembly operation is based on the least effort. Besides, manual disassembly is related 

to cost of labor (Johansson,1997, p.51). This means that implementation of EoL options 

can be cost effective if design for (dis)assembly principals and parameters are considered 

at design phase. For instance, ease of handling is one essential and related principal for 

easy of disassembly and requires the least effort or energy used. The easier disassembly 

handling, the more cost effective operations are. Eventually, EoL implementation might 

create value as well as profit.  

As far as heavy and big volume furniture EoL concerned, disassembly cost and easy 

handling have a considerable meaning. There are two important points. First, from a 

customer perspective, easy handling and disassembly opportunities might motivate the 

customer to reutilize products via one of EoL options. By this way, customer can 

disassemble products by oneself, and reuse product via service. In another scenario, 

customer can carry and give the product to reutilization centers such as recycling or 

remanufacturing points.  This motivation eventually can create value from environmental 

perspective. Otherwise, the products would be discarded easily.The second, if companies 

or donation firms aim to provide a service for reutilization opportunity, then cost of labor 

might reach significance. Consequently, there is obviously a strong connection between 

applicability of EoL strategies and (dis/re)assembly principals/parameters in furniture 

industry.  

Moreover, disassembly operations might be performed in different levels, such as 

material level, part level or module level. The target can be varied. Performing 

disassembly operations efficiently until the target level is another evaluation criteria in 
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this chapter. Each evaluation criteria has some major considerations and a number of 

parameters as the chapter presents. 

5.2 Major considerations 

Disassembly depth 

The first major consideration about design for disassembly would start with the most 

general question on this issue: Do we design products to ease disassembly for customers 

or for the applicability of EoL options? 

 

Figure 9: Level of disassembly depth 

The answer to the question above would require making a strategic decision. As 

Johansson (1997, p.72) points out, ‘the degree to which design for disassembly 

considerations should be addresses in product design is affected by decisions taken on the 

company level’. In this sense, first, a company may prioritize its customers and the 

products should then be disassembled into their subassemblies easily by the customers.  

However, subassemblies wouldn’t be disassembled into their components when the 

products reach the EoL phase for recycling or other reutilization options. Otherwise, the 

company might show less or no interest in product EoL options.  

Design decisions, regarding type of joints, product structure, material variety or some 

other factors, play a significant role to perform a complete disassembly or incomplete 

disassembly. Lambert and Gupta (2005, p.16)  suggest disassembly depth , refering to 

‘the extent to which the disassembly process is carried out’ as major consideration for 

design for disassembly. This is also valid for furniture design and, therefore, Disassembly 

depth constitutes the first concern in the methodology that the present study suggests. 
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This information about disassembly depth of the product will be utilized to see and 

evaluate product’s reusability or recyclability performance.  

 

Furniture product group consists of a wide range of products and, thus, the design of 

furniture involves a material variety and several joining techniques. Even on a single 

furniture product such variety can create a complex structure.  In order to be able to apply 

EoL strategies and recover the product, it is crucial to map out the complexity. 

Considering disassembly depth is in the design phase of the product development enables 

easy product and material recovery . Gamage et al. (2008) examine life cycle assessment 

of an office chair and they provide us with a list of components used on the product. See 

the list below in table 5: 

 

Table 7: Life chair material components (Gamage et al. 2008) 

1 Mesh back Polyester 

2 Back frame Glass filled nylon 

3 Lumbar ABS 

4 Lumbar hinge Nylon 

5 Arm Aluminium 

6 Arm pads Polyurethane foam 

7 Arm components Acetal 

8 Seat cushion Polyurethane foam 

9 Seat moulding Hytrel Crastin (PBT) 

10 Seat carriage Aluminium 

11 Mechanism assembly Aluminium 

12 Gas spring tube Steel 

13 Base Nylon / Aluminium  

14 Castors Nylon 

15 Castor axle, spring Zinc 

 Spring, bolts, pivots Steel 

The table 7 and Figure 10 list down the material variety on a single product  –chair. Notice 

one component group, for instance, the arm, in this example. It comprises of three 

different materials, namely, aluminium, polyurethane foam, acetal. The question is: to 

Disassembly depth Relevance to Furniture design

 
Figure 10: Life chair (Gamage et al. 2008) 
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what extent this office chair can be disassembled into its components /materials. In other 

words, what is the ratio of disassembly depth to separate each type of material and to 

eventually reutilize or recycle the product as as possible?  

Different filling materials,such as foam and felt or polyester covering, that are used for 

upholstery products are glued together and there is not much chance to disassemble them 

without damaging the components . In some other examples, foam material is glued on 

wood material to produce armrests. Plastic dowel fasteners or metal fasteners are welded 

inserts wood based materials. These kind of examples from furniture justify that the 

possibility of complete disassembly and the ratio of disassembly depth are essential 

parameters and must be considered.  

 

In this regards, Johansson (1997), Mital et al. (2014), and Luttrop & Lagerstedt (2006) 

suggest some key principals that should be taken into consideration at design phase. 

Notice the following: (), 

1. Ease of identification  

 Separation points should be located visibly 

 Connectors should be visibly located and possible to disassemble by use 

of standard tools 

2. Accessibility 

 Fastening points shoul be easy to access 

3. Ease of separation,  

 Permanent joints; gluing, welding etc.,  

 Connecting different kind of materials permanently (metal-plastic, wood-

metal, foam-wood, moulded-in metal inserts or reinforcement in plastics 

parts etc.) 

 Avoid variability of material, fastener and etc.  

 Try to use connectors of material compatible 

 Standardise connecting techniques 

 Surface treatment 

4. Ease of handling (disassemblability) 

 Minimize the number of parts 

 Avoid non-rigid parts 

 Simplicity of joining mechanisms 

 Uniformity of fasteners 

Disassembly depth Parameters
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In short, product design should aim to achieve the possibility of complete disassembly 

for circularity and applicability of EoL strategies by considering the aforementioned 

principals.  

Flexibility via Design for Disassembly strategy  

In some situations, selective disassembly may be necessary. As also observed by Ghandi 

and Masehian (2015, p.61) disassembly of a product is carried out by removing 

components in a sequence of operations until the target component can be disassembled. 

When the target componant has reached its expected EoL or it does not function properly 

anymore, possibility to disassemble selectively becomes crucial. 

Mital (2014, p.180) lists a set of objectives for selective disassembly. Some of the relevant 

ones for this study can be seen below,  

1. Enabling maintenance and repair 

2. Availability of component reuse 

3. Removal of parts prior to setting free other desired parts 

4. Intended material recycling 

As also mentioned before, design for maintenance and repair is one of the six approaches 

in circular product design model. As Boothroyd and Alting (1992, p.634) point out,  ‘if 

products are designed for repair or service and DFD principles applied, many products 

would have a longer useful life’. In order to extend product’s useful life via maintenance 

or repair, selective disassembly should be possible when one specific part of a product 

required disassembly 

 

Let us illustrate a selective disassembly scenario. Figure 11, illustrates product AB. 

Suppose that the producer company provides its customers with an opportunity to repair 

spare parts of their products.  

Flexibility Relevance to furniture design
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Figure 11: A selective disassembly operation 

The red marked component in Figure 11 requires disassembly. The right side of Figure 

11 illustrates the disassembly process required to reach the wanted part. The process 

requires 6 steps to to reach the target component with quite a few screws and nails, which 

makes the process not an easy one.  

Similar scenarios can also be seen in upholstery product group. Except for the separate 

parts such as cushions, number of examples shows that main construction of upholstery 

products is covered by textile with staple, wooden parts for skeleton are glued and 

delivered already assembled, springs are assembled usually connected to the construction 

that requires special tools for separation. All these operations display to what extent the 

product is designed by considering disassembly, in this case, selective disassembly. These 

simple examples evidently points out that products should be designed to ease selective 

disassembly as much as the design of products enable  easy implementation of EoL 

options.  
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1. Accessebility and repairability (Mital & Desai, 2003) 

 Simplify accessibility and removal activity to be able to change 

replacement of the part required. 

 Use easily available equipment 

 Avoid slots and narrow holes 

 Check connectivity between parts. (strong and complex 

connectivity means difficult for separation) 

Reversibility  

As pointed out in the chapter 2, Conceptual Framework, the most preferable EoL strategy 

is ‘reuse’ with regards to its least environmental impact. In this sense, the role of product 

design is expected to achieve success in a non-destructive disassembly operation when 

disassembly is necessary. Designing product for disassembly plays, therefore, an essential 

role for efficient reverse operation. At this point, although, much of criteria for 

disassembly comply with other criteria that belong to design for assembly approach, 

reversibility criterion is different from the concept of design for assembly t (Lambert & 

Gupta, 2005, p.84).  

Gupta and Veerakamolmal (1996, p.114) explores destructive disassembly as a 

disassembly objective for recycling. This removes us from product recovery to the 

recovery of material. Here, we assume that, destructive disassembly is a result of 

disassembly process that is generated by type of joints, assembly characterizations, and 

product or material properties and, eventually, the process causes damage on material, 

components and/or parts of a product. 

 

Tool required to assemble and disassemble a sofa can be seen in Figure 12. The two 

results are obvious. First, when the product needs to be disassembled for repairing, extra 

tools are necessary. Second, disassembling the products into its components is carried out 

destructively in the following case.  

 

Flexibility Parameters

Reversibility Relevance to furniture design



 

37 

  

 

The product Tool for assembly Possible tools to disassemble 

the product for its reuse 

options 
Figure 12: A comparative approach to assembly and disassembly8 

As illustrated in Figure 12, the assembly of the sofa in our example can be carried out by 

using a simple tool. However, to disassemble the same sofa for repairing or 

remanufacturing a variety of tools are needed. The discrepancy between the two 

operations displays that the EoL options of the respective product were not considered at 

the design phase. Furthermore, a disassembly without damaging components of the sofa 

is not likely. Such disassembly operations are called destructive disassembly.    

Several cases in furniture industry show that some design choices might lead to 

disassembly operation destructively. The choice of joining techniques are the major 

causes of destructive disassembly generated early in the design phase. For instance, using 

nails or staples, and connect components by gluing or welding might most likely cause 

damage on the components and products. Moreover, product characteristics and/or 

material specifications also have a big impact on reversibility.  

 

1. Fasteners practical and compatible with regard to maintenance and repair 

acitivities (Circular Design ‘Checklist’ by Reversed Concepts)  

2. Avoid permanent joints 

3. Avoid destructive fasteners such as nails 

4. Use common tools.  

4. Employ joints that are open with common tool and Use screws with 

hexagonal heads, and  (Vezzoli &Manzini 2008, p. 192-193).  

                                                 
8 www.ikea.com 

Reversibility Parameters
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Design for Assembly to ease disassembly  

Boothroyd and Alting (1992, p.625-631) define design for assembly as ‘designing 

product for ease of assembly’. The authors highlight that ‘a product that is easy to 

assemble is usually easier to disassemble and reassemble’. For this reason, design for 

assembly (DFA) becomes an essential tool for efficient dis- and reassembly. Bakerjian 

and Mitchell (1998, p.8-1) regard DFA as an essential tool for reducing product cost by 

implementing a target design strategy to achieve successful assembly time and process.  

Some of DFA principals that are relevant to disassembly might be summarized as follows 

(for exclusive principles see Johansson 1997, Bakerjian and Mitchell 1998) 

 

Table 8: Design for assembly principles and their relevance to disassembly 

 Design for Assembly Principals  Relevance to Disassembly 

1 Minimize total number of 

components 

Fewer components can reduce total number 

of disassembly operations  

2 Use standard components and 

eliminate variety in the tools.  

(for ex. using single type of fastener 

when possible) 

No need for special tools equals simple 

disassembly process.  

Besides, it is easier to reuse and resell 

opportunities with standard components. 

3 Reduce a number of subassemblies 

and sub- operations in a process. 

Non-complex product structure 

Facilitates the disassembly process and 

reduce number of steps 

4 Develop modular design Simplifies inventory and build-to-order and 

improves serviceability. And also create a 

building block product structure 

5 Minimize assembly direction The need for re-orientation is reduced.  

6 Designing components to be self-

locating and with self-fastening. 

For ex. eliminate discrete fasteners, 

instead use the self-fastening 

fasteners and  

Preferable from a disassembly point of view 

because it requires reducing the number of 

connectors and discrete fasteners as much as 

possible. 
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Some notes and simple illustrations regarding the principals for design for assembly by 

considering disassembly would be valuable. The first principal aiming to minimize total 

number of components can be applicable for some materials (e.g.: plastics, metals) that 

allow forming technologies such as molding, bending, casting, spinning and/or welding 

technologies. For instance, a plastic chair can be produced in one piece and in unlimited 

variety of forms by utilizing injection molding technology. Moreover, it enables avoiding 

fastening. The main advantage of this property of material is in production as to allow 

reducing the number of componants with a new mold/form as seen in Figure 13. 

Additionally, disassembly operation is thereby reduced by this way. 

       

Original product Design for Assembly step 1  Design for Assembly step 2 

Figure 13 : Design for assembly implementation (Boothroyd et al. 2011) 

On the other hand, forming technology is also utilized in wood industry. Wood laminating 

techniques, such as veneer lamination or cold pressing, are used considerably in the 

furniture industry. This opportunity enables companies to produce furniture with less 

fastening or without fastening. As far as disassembly operation is concerned, products 

with less subassemblies, fasteners and/or components with wood laminated techniques 

give an advantage for the industry and customers by providing ease of assembly and 

disassembly, thereby enabling time and cost efficieny. 

Another essential design for assembly approach considers eliminating secondary 

operations that is illustrated below in Figure 14 . In Figure 15, designing a part with 

integral snap-fits eliminates discrete fasteners. These simple examples show that if 

assembly operations are examined at design phase, assembly time, cost and handling 

effort can be reduced. In this sense, disassembly steps would also be reduced, and hence 

disassembly operation would get easier. 
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Figure 14 : Design for Assembly 

implementation - Eliminating secondary 
operations ((Boothroyd et al. 2011) 

 

 

Figure 15: Design for Assembly implementation – 
Eliminating discrete fasteners (Connelly et al. 1992)  

 

As mentioned in Figure 11 as the sixth principal of design for assembly, self-fastening 

features to eliminate discrete fasteners are also essential for furniture industry. In the 

figure 16 and 17, one Ikea’s Tv unit and its fixing devices for assembly can be seen. 

 

 

 

Figure 16: Ikea product Brusali9 Figure 17: The required joint devices for assembly10 

It is evident that the total number of fasteners and their variety reduce the product’s 

disassemblilability. Moreover, in this example in Figure 17, 6 pieces nails reduce the 

product’s reversibility properties. To this end, a number of different solutions have been 

developed. Some of  new model wood joining solutions can be seen in Figure 18. The 

common function of these solutions is to avoid discrete fasteners successfully. 

                                                 
9 http://www.ikea.com/ 
10 http://www.ikea.com/ 
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Tool-less 

Furniture 

Assembly11 

 

 

 Clic 

Furniture12 

 

Wedge-

Dowel 

assembly 

system13 

 

                                                 
11 Välinge technology - www.valinge.se  
12 Unilin – Division Technologies - www.unilintechnologies.com 
13 Ikea – www.ikea.com (Product’s catalogue name is ‘Valje’) 

http://www.valinge.se/
http://www.unilintechnologies.com/
http://www.ikea.com/
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Interlocking 

furniture 

assembly14  

 

 

 

 

Figure 18: Self-fastening wood joining solutions 

 

These new assembly solutions exampled above in Figure 18 provide tool less assembly 

and disassembly opportuinities for users. Screw and fasteners are not necessary to 

assembly wood based boards. Moreover, the assembly time is considerable fast. The last 

example, namely ‘interlocking system, there is a certain assembly order and one 

component is the key of  of the whole product structure. Joinery systems for interlocking 

system are mainly traditional wood joint systems such as dovetail and/or mortise and 

tenon. Interlocking system solution would be criticized in terms of selective disassembly 

principal. Because, disassembly should be exact reverse assembly.    

Desai and Mital (2003, p. 272) examine an unscrewing operation to understand which 

parameters are involved with a simple such operation. The authors divide the unscrewing 

process into 9 primary tasks as in Figure 19.  

                                                 
14 ‘Computational Interlocking Furniture 

Assembly’file:///C:/Users/doubl_000/Desktop/Master%20Thesis-

Literature/Computational%20Interlocking%20Furniture%20Assembly.pdf  
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Figure 19 : Unscrewing process 

According the the authors, the result of this experiment shows the significant role of 

product design regarding easy disassembly. For example, the 4th and the 5th phases 

requires accessibility of the fasteners. Consequently the authors make some inferences as 

listed below, 

 An effective positioning and alignment of a tool are actualized by accessibility of 

components and fasteners. 

  Notice the 9th task, componet’s removal can also be affected by design decisions 

such as components’ size, shape, weight or material. (Some properties can reduce 

disassembly efficiency) 

 Adaptation of some certain posture is another factor for disassembly process.  

As a result, the examples on Figure 18 show some tool less assembly solutions. That is to 

say, eliminating discrete fasteners is one of the most important result of these solutions. 

Because, a simple unscrewing process requires different handling problems.  

The role of fasteners and joinery systems for EoL 

Fasteners, and joinery systems plays an essential role in order to achieve product life 

extention and designing durable product. Product life extention is actualized via EoL 

options. When we consider the user phase and EoL phase of a product life cycle, 

following operations must be performed successfully for a possible remanufacturing 

option.  

 

Figure 20 : Operations required towards  remanufacturing option. 

Joinery system has a direct impact on applicability of remanufacturing in this case. For 

instance a permanent joining (glueing, welding) lead to a destructive operation and 

damage on product in disassembly phase and probably remanufacturing operation will be 

1.Constrain 
the product

2.Reach the 
tool

3.Grasp the 
tool

4.Position 
the tool

5.Align the 
tool

6.Perform 
disassembly

7.Put away 
the tool

8.Remove 
screws

9.Remove 
component

Assembly

•User phase

Dis-assembly

•Remanufacturing

Re-assembly

•Starts the second life 
cycle of the product
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more expensive and time-consuming. In an opposite example, some of fasteners ease 

handling during user and EoL phase. For instance, according to Sodhi and Sonnenberg 

(1999, p.160), ‘snap-fit fastening technique can decrease around 60% of a product’s 

assembly time. In this sense, it is evident that there is a strong connection between 

fasteners, joinery system and the efficiency of design for (dis/re)assembly.  

Moreover, from product durability and EoL options perspective, the position of holes or 

type of joint techniques influence products long-life. For example,  in a case study, Uysal 

(2014) determines a school chair with regards to different joinery techniques and their 

life extension. As a material Yellow Poplar (Liridendron tulipifera) and as joinery 

techniques, Ready-to-assembly joinery and permanent joinery has been chosen. With the 

help of the method cyclic front to back load test, joint’s durability, the product’s 

reparability level, and part’s reuse have been examined (Uysal et al. 2015, p.75). Below, 

Figure 21 illustrate the different joinery systems. 

Ready to Assembly Joinery: Screws, Barrel nuts, Pinned Round Mortise & Tenon, Pinned 

Rectangular Mortise & Tenon.  Permanent (Glued) Joinery: Dowel, Glued Round 

Mortise & Tenon, Glued Rectengular Mortise &Tenon.  

  
 

Stool configuration Screw joints 

Remanufacturing level: 3 

Repairability: 1  

Dowel nuts 

Remanufacturing level: 11 

Repairability: 7 

 
 

 

Pinned round Mortise & 

Tenon 

Remanufacturing level: 8 

Repairability:2 

Pinned Rectangular Mortise & 

Tenon 

Remanufacturing level: 13 

Repairability: 5 

Dowel joints 

Remanufacturing level: 14 

Repairability: 4 
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Glued Round Mortise & 

Tenon 

Remanufacturing level: 16 

Repairability: 3 

Glued Rectengular Mortise & 

Tenon 

Remanufacturing level: 19 

Repairability: 6 

 

 

Figure 21: Joinary systems15 

In this study, Uysal et al. (2015, p.79) highlight the differences of remanufacturing levels 

of stools considering machinery, assembly and disassembly in terms of time and effort 

needed. Moreover, repairability of joint tecniques are also examined in their work. In 

Figure 21, 7 different joint techniques of their focus are illustrated along with each one’s 

remanufacturing level and repairability rate (see also Appendices A and B). 

Remanufacturing rate is the sum up of machinery, assembly and disassembly rate of joint. 

The numbers in the figure refer to a rankage from easiest to hardest. Number 1 refers to 

the easiest in repairability or remanufacturability. This study shows that the applicability 

of EoL options are affected by the position of the joints and the type of joints that are 

used. This finding might be a guidance for product developers and designers to consider 

product reutilization opportunities at early phase of product design.  

As Smardzewski et al. (2016, p.1224) point out ‘[J]oints are the weakest parts of furniture; 

thus, their design is very important’. Joints may be in under different stress situation such 

as compression, tension, shear, or ranking (bending) (Hoadley, 2000, p. 181). Hence, the 

strength of the joints has an impact on product’s durability and the decisions about which 

joint, fastener and/or joinery sytem should be used become essential. Product’s life-span 

is, in this sense, affected by the decisions taken at the design phase of product 

development. As far as furniture design is concerned, for example, corner joints have an 

essential meaning for both wooden based cabinet type furniture and upholstery products 

that produced with wooden frame.  

  

                                                 
15 Uysal et al. 2015 
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As mentioned before, reversibility, is one of the major considerations. ‘From a 

disassembly point of view, the joints are classified as reversible or permanent. Unlike 

permanent ones, reversible joints can be removed and re-used without damaging the joint 

itself’ (Vezzoli & Manzini, 2008, p. 191). 

Some of reversible fastener types are particularly important for furniture design, namely 

screws (and bolts and nuts), nails, staple, snap-fit fasteners. These fastener types would 

be examined separately as follows 

Screws: In a general acception, screws and this type of fasteners are inherently contrary 

design for disassembly, since this types obviously increase the number of components 

and discrete fasteners (Vezzoli & Manzini, 2008 & Bickford et al, 1992). For this reason, 

design for assembly requires to reduce discrete fasteners. Nevertheless, the authors point 

out the reversibility advantage of screws. At the same time screws can be standardized 

easily. On the other hand, screws, as one of the most common type of fasteners, might 

cause damage on furniture, particularly on particle boards / panels depending on the use. 

Nails: From disassembly perspective, nails shoul be avoided in furniture design. Nails are 

used mainly for back panels’ connection in cabinet type furniture. However, when a 

disassembly and reassembly operation is neccessary, the damage is inevitable.  

Staples: Using steel staples underneath of sofa product group to attach textile and/or 

polyester covering to the frame is a bottleneck for upholstery products’ recovery. 

Because, it is pretty difficult to get all of hem out from the product. The RSA’s (Royal 

society for the encouragement of Arts, manufactures and commerse) rapport (2015, p. 

15), Reaaranging Funiture, points out, based on previous research, ‘the cost of re-

upholstering it would be more than the price of buying a new one’. This is because, as 

mentioned before, the cost of labour and replacement of new material for recovery are 

some of important points. For this reason, product designers and developers should 

consider Design for Disassembly parameters to make product actualize convenient EoL 

options, such as in this case, re-upholstering. Moreover, The RSA’s rapport (2015, p.15) 

remarks and suggest that EoL options would be candidate for used upholstery if the usage 

of staples is avoided. Instead tacks would be an appropriate alternative.  

Snap-fit fastener: This type of fastener is not common in furniture design. However, snap-

fit assembly provides the users and producers with  a great advantage in terms of easy, 



 

47 

quick, repeated and efficient separation (Vezzoli & Manzini, 2008 & Bakerjian, 1992). It 

would be utilized in furniture design for connect components.  

Connectivity  

In order to ease assembly and disassembly operations, reducing as much as possible the 

number of components and joints by keeping the same function and availability for DFX 

approaches (X refers to manufacturing, quality, logistic etc.) of a product should be an 

essential objective. Moreover, the type of joints, fastener and connection have also an 

impact on easy assembly and disassembly. Thus, this section aim at revealing and then 

analysing the product design structure on a matrix by considering the features mentioned 

above. For this reason, an ‘NxN connectivity matrix is utilized as an effective analysis 

tool. N represents the number of components.  Connectivity matrix is a square matrix and 

shows the value in a cell as ‘1’ if there is a connection between components or as ‘zero’ 

if they are not connected (Lambert & Gupta, 2005, p.87). As a second step, the intention 

is to develop this matrix by adding the information of the type of connections. In order to 

do that type of connections (fasteners/joints) are scored and listed on a table and then 

transfer that knowledge to the matrix.  

5.3 Disassembly evaluation chart 

Drawing on the major considerations and thereby parameters determined in Section 5.2 a 

comprehensive chart is prepared for the evaluation of, particularly, furniture products. 

The evaluation is based on a single grade system where the relevant answer is marked 

with (1). The evaluation is oriented towards whether the parameters are considered or not 

considered, or partly considered during the design phase. The chart also includes an 

assessment of irrelevant parameters for the evaluation of a particular design. The totals 

of each four category (Considered Yes, Considered No, Considered Partly, and Not 

relevant) are converted into percentages in order to illustrate to what extent 

disassembability of products are considered at design stage. For Disassembly evaluation 

chart see Appendix C. 
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5.4 Roadmap to Design for Disassembly 

Design for disassembly can be implemented within a systematic and structured process 

that involves various steps. To this purpose, this study proposes an 8 step roadmap that 

occurs in two phases. Following Franzén (2001), I determine the two phases as  reference 

disassembly and verification disassembly. In the module I proposed in this study is as 

follows: 

                   

                                      
Figure 22: Step-by-step roadmap for disassembly friendly product design 
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Phase 1 Reference Disassembly 

1. Step:  collect customer requirements that would be embedded in the design of a 

product. And,  

define optimized EoL strategy specific to product design and its 

requirements 

2. Step: Clarify product specifications such as the structure, material, weight, 

dimensions etc. And, 

 Clarify durability of fasteners, components, materials and product from a 

circular product design perspective.  

3. Step: Implement Design for Assembly method. In this step, product should be 

simplified by reducing total number of components, subassemblies, sub-operations and 

fasteners. Variety of fastener, material, type of joinery systems and etc. should be 

eliminated. Self-locating and self fastening techniques should be examined for products.  

4. Step: Implement Design for Disassembly method. In this step, product 

disassembly guidelines should be examined, namely; 

 Ease of identification 

 Accessecibility of fasteners, materials and components 

 Ease of separation 

 Ease of handling 

 

5. Step: Check scoring system tables. In this step, product design should be analysed  

in terms of numeric system of fastener, EoL options, handling, tools, posture and tec. 

6. Step: Check wheter the tradeoffs between different aspects of Design for X are 

balanced. Some of  Design for X methods as follows, 

 Design for manufacturability 

 Design for reliability 

 Design for quality 

 Design for logistics 

7. Step: Evaluate Disassemblability 

8. Step: Verify that product design solutions is met Design for (dis/re)assembly 

criteria   
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6 Pilot Study 
 

This chapter aims at evaluating three different sofas in the light of ‘Design for 

(Dis/re)assembly’ major concerns and parameters. By this way, disassemblability, 

applicability of EoL options and environmental friendliness of the sofas are analyzed. 

The sofas are named, throughout the pilot study, as design 1, design 2 and design 3. Two 

of these sofas are under product development process and one of the sofas is already on 

the market. The assignment and the examples are given by the producer company. The 

company provided a valuable environment to contact related persons, and to reach related 

documents to be able to carry out the pilot study. In this sense, during the evaluation 

process, a comprehensive study is carried out together with product developers, sofa 

group task leaders and engineers. This pilot study examines and evaluates the three 

different sofas and their design solutions in terms of their disassemblability. This is done 

by utilizing the (dis/re)assembly methodology and theoretical framework that is drawn in 

chapters §4 and §5.  

6.1 Design Characteristics and Analysis   

All three sofas are designed as three- seats living room sofas. Two of them, namely design 

1 and design 2, are designed with wooden based frame and the last one, namely design 3, 

is design with a metal frame. Design 1 and design 2 wooden frame sofas are modular 

furniture and provide the customers with different combinations. A further detailed 

description of the designs’ construction are seen below: 

Design 1: The sofa’s 3-seat section is made of plywood, solid wood and fiberboard. Back 

and armrests (optional component) are connected to the 3-seat frame with bolt fasteners. 

Armrests and 3-seats frame are connected with 4 bolts while back and 3-seat frame are 

connected with 8 pieces of bolt. Metal feet are used in this sofa. Bed slats are made of 

wood material and bed slat holders are plastic. The textile cover is removable for washing. 

The edges of the textile cover and underneath of wooden body are framed with hook and 

loop material. By this way textile cover can be slipped off from the body easily. Non-

woven Polypropylene and Polyester fibers are attached to the body with metal staples. 

Foam and other upholstery materials are not glued to each other.  
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Table 9: Disassembly Evaluation Chart - Design 1 

 

Disassembly 

considerations 
Parameters Significance 

Considered 

Yes 
Considered 

No 
Considered 

Partly 
Not 

relevant 
D

is
a

ss
em

b
ly

 d
ep

th
 

Permanent joint 

between the same 

material type 
  1     

between wood 

and foam 
  1     

between foam and 

Polyester 
1       

between plastic 

and metal 
  1     

between wood 

and metal 
  1     

between wood 

and plastic 
1       

between 

compatible  

materials 

  1     

by using 

environmentally 

incompatible 

materials (e.g.: 

welded metal-

plastic) 

1       

Extra tools 

complexity     1   

availablity for 

customer 
  1     

D
eg

re
e 

o
f 

fr
ee

d
o

m
 -

 C
o
m

p
o
n

en
t 

fl
ex

ib
il

it
y

 &
 c

o
n

n
ec

ti
v

it
y

 

Connection 

strenght between 

multiple 

components 

    1   

complexity 

between multiple 

components 

    1   

Component 

location 

easy accessiblity     1   

easy accessibility 

to non-durable 

components 

1       

easy accessibility 

to non-recyclable 

components 

1       

the extend to 

which the 

component is self-

located 

  1     

easy removability 

of textile cover 
1       

easy removability 

of non-durable 

components 

    1   
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easy removability 

of non-recyclable 

components 

1       

R
ev

er
si

b
il

it
y

 
Reverse 

assembly 

the extend of  

destructiveness 
  1     

D
es

ig
n

 f
o

r 
a

ss
em

b
ly

 

Number of 

components 

reducing to an 

optimized number 
    1   

Variability of 

components 

reducing to an 

optimized number 
    1   

Simplification tool-less assembly   1     

Size of 

components 

minimization to 

an optimized level 
1       

Product 

structure 

complexity 

simplification 

(reduced number 

of sub-assemblies 

and sub- 

operations 

    1   

Modules 
standardization 

(modularity) 
1       

Product, 

component & 

material family 

standardization 

(commonality) 
1       

Assembly 

direction 

minimizing 

towards reduced 

re-orientation 

  1     

F
a
st

en
er

s 
&

 j
o
in

er
y
 s

y
st

em
s 

Number of 

fasteners 

reducing to an 

optimized number 
  1     

Variability of 

fasteners 

Reducing and 

simplifying to an 

optimized number 

1       

Discrete 

fastener 
elimination   1     

Ease of 

fastening  

by snap-fits    1     

by pop-in  and 

pop-out joineries 
  1     

by replacing 

staples with tacks 
  1     

by integrating 

inter-locking 

system 

  1     

by eliminating 

nails 
1       

minimizing effort     1   

Fastener visibility     1   

Fastener 

accessibility 
    1   
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Fastener’s 

dimension 
optimization   1     

Positioning of 

the holes 

Considered with 

respect to EoL 

options and 

durability 

    1   

D
is

a
ss

em
b

ly
 t

im
e 

module level for customers 1       

remanufacturing 

& refurbishing 
EoL options   1     

recycling EoL option     1   

  # 13 18 13 0 

  % 29,55 40,91 29,55 0,00 

 

 

Design 2: The sofa’s 3-seat section is made of plywood, solid wood and fiberboard. Back, 

armrest, and front rail are connected to the 3-seat frame with bolt fasteners. The main seat 

frame is made of finger-jointed (glued) solid wood. Bed slats are metal springs. Back 

slat’s holders are plastic and they are connected to the wooden frame. Armrests and back 

are connected to the 3-seats frame with bolts. In the feet to this sofa, metal bolts are 

welded in plastic feet. The design allows different combinations, expanding the sofa with 

extra modules. The modules are connected one to another with metal interlock system. 

 

Table 10: Disassembly Evaluation Chart - Design 2 

 

Disassembly 

considerations 
Parameters Significance 

Considered  

Yes 
Considered  

No 

Considered  

Partly 
Not 

relevant 

D
is

a
ss

em
b

ly
 d

ep
th

 

Permanent joint 

between the same 

material type 
  1     

between wood 

and foam 
  1     

between foam and 

Polyester 
  1     

between plastic 

and metal 
  1     

between wood 

and metal 
  1     

between wood 

and plastic 
1       
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between 

compatible  

materials 

  1     

by using 

environmentally 

incompatible 

materials (e.g.: 

welded metal-

plastic) 

  1     

Extra tools 

complexity   1     

availablity for 

customer 
  1     

D
eg

re
e 

o
f 

fr
ee

d
o
m

 -
 C

o
m

p
o
n

en
t 

fl
ex

ib
il

it
y
 &

 c
o
n

n
ec

ti
v
it

y
 

Connection 

strenght between 

multiple 

components 

  1     

complexity 

between multiple 

components 

  1     

Component 

location 

easy accessiblity     1   

easy accessibility 

to non-durable 

components 

    1   

easy accessibility 

to non-recyclable 

components 

  1     

the extend to 

which the 

component is self-

located 

  1     

easy removability 

of textile cover 
1       

easy removability 

of non-durable 

components 

  1     

easy removability 

of non-recyclable 

components 

  1     

R
ev

er
si

b
il

it
y
 

Reverse 

assembly 

the extend of  

destructiveness 
  1     

D
es

ig
n

 f
o
r 

a
ss

em
b

ly
 

Number of 

components 

reducing to an 

optimized number 
  1     

Variability of 

components 

reducing to an 

optimized number 
  1     

Simplification tool-less assembly   1     

Size of 

components 

minimization to 

an optimized level 
  1     
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Product 

structure 

complexity 

simplification 

(reduced number 

of sub-assemblies 

and sub- 

operations 

  1     

Modules 
standardization 

(modularity) 
1       

Product, 

component & 

material family 

standardization 

(commonality) 
    1   

Assembly 

direction 

minimizing 

towards reduced 

re-orientation 

    1   

F
a
st

en
er

s 
&

 j
o
in

er
y
 s

y
st

em
s 

Number of 

fasteners 

reducing to an 

optimized number 
    1   

Variability of 

fasteners 

Reducing and 

simplifying to an 

optimized number 

    1   

Discrete 

fastener 
elimination 1       

Ease of 

fastening  

by snap-fits    1     

by pop-in  and 

pop-out joineries 
  1     

by replacing 

staples with tacks 
  1     

by integrating 

inter-locking 

system 

1       

by eliminating 

nails 
1       

minimizing effort     1   

Fastener visibility     1   

Fastener 

accessibility 
    1   

Fastener’s 

dimension 
optimization 1       

Positioning of 

the holes 

Considered with 

respect to EoL 

options and 

durability 

  1     

D
is

a
ss

em
b

ly
 

ti
m

e 

module level for customers 1       

remanufacturing 

& refurbishing 
EoL options   1     

recycling EoL option   1     

  # 8 27 9 0 

  % 18,182 61,364 20,455 0 
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Design 3: The sofa is made of totally metal frame, armrests and back. Zig-zag steel 

springs are connected to the seat frame with metal holders. Armrests are assembled to the 

back with screwed metal and plastic joints. Plastic components are screwed to the back 

and metal components are screwed to the armrest. The sofa can be extended with a bed 

sofa and the connection between the main metal body and bed sofa frame with 6 pieces 

metal and snap-fitted plastic components. Hook and loop is used for joining felt-polyester 

covering.  

 

Table 11: Disassembly Evaluation Chart - Design 3 

Disassembly 

considerations 
Parameters Significance 

Considered 

Yes 
Considered 

No 
Considered 

Partly 
Not 

relevant 

D
is

a
ss

em
b

ly
 d

ep
th

 

Permanent joint 

between the same 

material type 
1       

between wood and 

foam 
      1 

between foam and 

Polyester 
1       

between plastic 

and metal 
    1   

between wood and 

metal 
      1 

between wood and 

plastic 
      1 

between 

compatible  

materials 

1       

by using 

environmentally 

incompatible 

materials (e.g.: 

welded metal-

plastic) 

1       

Extra tools 

complexity 1       

availability for 

customer 
1       

D
eg

re
e 

o
f 

fr
ee

d
o
m

 

- 
C

o
m

p
o
n

en
t 

fl
ex

ib
il

it
y
 &

 

co
n

n
ec

ti
v
it

y
 

Connection 

strenght between 

multiple 

components 

1       

complexity 

between multiple 

components 

1       

easy accessibility 1       
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Component 

location 

easy accessibility 

to non-durable 

components 

1       

easy accessibility 

to non-recyclable 

components 

1       

the extend to 

which the 

component is self-

located 

1       

easy removability 

of textile cover 
1       

easy removability 

of non-durable 

components 

1       

easy removability 

of non-recyclable 

components 

1       

R
ev

er
si

b
il

it
y
 

Reverse 

assembly 

the extend of  

destructiveness 
1       

D
es

ig
n

 f
o
r 

a
ss

em
b

ly
 

Number of 

components 

reducing to an 

optimized number 
    1   

Variability of 

components 

reducing to an 

optimized number 
1       

Simplification tool-less assembly     1   

Size of 

components 

minimization to 

an optimized level 
1       

Product 

structure 

complexity 

simplification 

(reduced number 

of sub-assemblies 

and sub- 

operations 

    1   

Modules 
standardization 

(modularity) 
1       

Product, 

component & 

material family 

standardization 

(commonality) 
1       

Assembly 

direction 

minimizing 

towards reduced 

re-orientation 

    1   

F
a
st

en
er

s 
&

 

jo
in

er
y
 

sy
st

em
s 

Number of 

fasteners 

reducing to an 

optimized number 
    1   

Variability of 

fasteners 

Reducing and 

simplifying to an 

optimized number 

1       
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Discrete 

fastener 
elimination     1   

Ease of 

fastening  

by snap-fits      1   

by pop-in  and 

pop-out joineries 
  1     

by replacing 

staples with tacks 
      1 

by integrating 

inter-locking 

system 

1       

by eliminating 

nails 
      1 

minimizing effort 1       

Fastener visibility     1   

Fastener 

accessibility 
    1   

Fastener’s 

dimension 
optimization 1       

Positioning of 

the holes 

Considered with 

respect to EoL 

options and 

durability 

1       

D
is

a
ss

em
b

ly
 

ti
m

e 

module level for customers 1       

remanufacturing 

& refurbishing 
EoL options 1       

recycling EoL option 1       

  # 28 1 10 5 

  % 63,636 2,2727 22,727 11,364 

 

Disassembly evaluation chart is prepared using product specifications and the 

considerations and parameters of design for disassembly. The results of this evaluation 

are presented in the following table: 

Table 12: Results of the disassembly evaluation with respect to the three selected designs 
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As for the results, Design 3 displays the highest consideration with regards to the 

parameters of design for disassembly. That is, 28 out of 44 parameters (corresponding to 

63,63%) are  observed on Design 3. Whereas, Designs 1 and 2 remain rather open for 

further development in terms of design for disassembly.  

Design 1 and 2 have glued wooden frame and some other permanent joints. Nevertheless, 

design 1 is designed with separable upholstery materials. In Design 3, disassembly depth 

is almost fully considered. Non-woven polypropylene cover and ‘hook and loop’ material 

are stapled on wooden frame in design 1 and 2 while hook and loop are glued on metal in 

design 3.In this respect, all three designs display lower consideration of non-destructive 

disassembly parameters. Particularly Design 2 has complex and multiple part connections 

and there are wood-metal insert connections such as tin-nut connection in this design.  

Removable textile cover is an advantage for all three sofas. Snap-fit fastener and tacks 

might be considered for some connection in Design 1 and 2.  

6.2 The results of the Pilot Study 

1. The examples used in this pilot study shows that wooden frame sofas give more 

open space to focus on possible improvements in terms of design for disassembly 

and EoL options. The structure of wooden sofas are more complex than metal 

frame sofas in terms of material variety, number of components, fastener types 

and connectivity between components.  

2. Some permanent joints considerably decrease the (dis/re)assembly performance 

of the products. In sofa group, for example, the wooden frame is made of 3 

different wood based materials glued to each other, metal inserts are welded 

plastic legs, foam is glued on wood.    

3. Dis- and reassembly parameters can be incorporated into product design 

evaluation index as one of major focus points.  

4. Design decision on disassembly depth and the objective of product recovery 

options should be congurent. By this way, the tools for assembly and disassembly 

can be considered. 

5. Design for assembly and disassembly can be considered in a rather structured and 

methodological way with its all parameters.  

6. Durability should be considered in component level instead of product level. For 

this purpose, a ‘Bill of Materials’ table might be prepared and each 

components/materials durability or possible life span can be decided at the design 
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phase. The priority of disassemblability for component/material might be changed 

after the decision. 

7. Implementation of EoL options require cost of Labour. This should be considered 

at design phase.  

8. Products should be designed to allow non-destructive disassembly, as much as 

possible. 

9. Disassembly time is an essential indicator to verify the performance of 

disassemblability and parameters.  

10. For modular sofa group, the connection type of modules should be improved. For 

ex. Modules are connected with bolts and metal component in Design 1, an 

interlocking system to connect modules in Design 2. However, the operations 

require effort. A textile simple handle would help the customer to assemble 

modules easily in Design 2.  

 

7 Recommendations 
 

Incorporating Disassemblability into Sustainability Score Card:  

The information level of ‘Sustainability score cards’ can be improved by including 

disassembly scores. In this way, disassembly performances, together with material 

chemistry and recyclability, can present other essential assessment tools and 

considerations within the sustainability score cards. There are two reasons for this: 

1. Disassembly performance has a considerable impact on the efficiency of taking 

non-recyclable and/or hazardous materials apart from the product.  

2. The applicability of EoL options is depending on the Disassembly performance. 

By this way, Disassembly enable product’s life extension, and to increase 

product’s environmental value.  

This method, first, aims at creating quantitative evaluation charts of product design in the 

light of Disassembly parameters. Incorporating the evaluation of disassemblability score 

of a product into the sustainability score card will be the second assignment. Mital and 

Desai (2003, p.274) exemplify this tables successfully. As a single example for 

quantifying parameters, 
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Table 13: Scoring system of numeric analysis of disassemblability (Adapted from Mital and Desai, 2003) 

Disassembly force 
Twisting motions 

with pressure 

exertion 

3 Little effort 

4,5 Moderate effort 

6,5 Large amount of 

effort 

 

Creating ‘scoring system’ for quantified analysis of disassembly performance for 

sustainability score cards can include the information below (Mital and Desai 2003, Kroll 

and Hanft 1998) 

 Disassembly force 

 Material handling 

 Requirements of tools 

 Accessesibility of joints 

 Positioning 

 Disassembly time of each component and the whole product 

 The ratio of Disasembly depth  

 The ratio of used recycled material 

 

Product End-of-Life implementation and cost:  

Each EoL option requires different kind of operation, cost, time-spent, work-load, 

warranty, service system as mentioned in the chapter conceptual framework. For this 

reason, product design should consider these factors at design phase of product 

development. The most valuable EoL option is a strategic decision and must be taken into 

consideration at early phase. At this point, EoL cost, product/component/material 

durability, disassemblability and service system are essential points. In Furniture 

industry, some companies are interested in Reuse and Resell options (e.g. Swedish 

furniture companies Offect and EFG have already a service in this concept). However, 

the question is, whether any product can be remanufactured, reused or refurbished without 

a strategy. EoL cost, for example, might show the company if a remanufacturing option 

is valuable for a particular product or not.  

Automated disassembly: 

If a take-back system and EoL implementation is considered, in the future, ‘level of 

automation’ can also be considered in furniture industry. Because, some new rapports 
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show that furniture waste is at a considerable rate. For example, Veolia16, doing business 

in waste management era in France and work with Eco-mobilier is a non-profit eco-

organization to collect used furniture. According to their research, the company aims at 

processing 400.000 metric tons used furniture in the long run. Ikea has a second hand 

platform online and the total number of members, who would like sell furniture, is almost 

25.00017. Along with environmental awareness, these numbers can increase. For this 

reason, automated disassembly becomes an irresistible option for disassembly operations.  

Design for Disassembly 

Product reutilization via EoL options is partly depending on easy disassembly operation 

and customer awareness. The opportunity to reutilize a piece of furniture can be provided 

at the design phase of product development. For this reason, first, disassemblability 

parameters present crucial and handy tools. Second, product characteristics have an 

impact on reutilization. At this point, the improvement of furniture design can focus on 

some particular features of products. such as long sides of wardrobe, single piece sofa 

frame, weight of products. In this sense, tool-less assembly- disassembly techniques, for 

example, provide alternatives to avoid permanent joints.  

8 Concluding Remarks 

A single product’s life cycle, from raw material extraction to the user phase,  comprises 

a complex and comprehensive resource and energy supply chain, which lead to pollution 

and emisions. In linear business model, products are disposed at EoL phase as waste. 

Then, producing a new single product requires the same amount of resource and energy 

consumption. Alternatively, circular business model aims at reducing resource and energy 

consumption via a repetitive reutilization of resources. At this point, EoL options plays 

an essential role, and provide a closed loop system in which materials and products are 

regained via multiple life cycles. However, an crucial question is environment impact of 

EoL options. There is a hierarchical differences between EoL options in terms of resource 

and energy consumption. For instance, depending on which materials are used on a 

product and how easy to acess and separate recyclable materials, recycling operation 

would also require a big amount of energy. For this reason, products’ possible 

                                                 
16 http://www.veolia.com/en/our-customers/achievements/industries/circular-economy/france-eco-

mobilier 
17 From an interview with an employee from sustainability department at Ikea 
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reutilization process via EoL options should be a strategic decision at product design and 

development phase.   

Circular product design aims to propose two essential considerations when a product is 

designed. First, product design should encourage the consumer to use the product for a 

long(er)-term. For example, durability and/or upgradability are some of the essential 

design strategies and features of a paroduct to make this happen. Second, product design 

should enable to extend lifespan of used products. As mentioned before, EoL options 

have an essential meaning for product life extention. In this sense, easy dis- and 

reassembly skills of a product can make this second option actualized. Because, designing 

easy dis- and reassembly product enable the applicability of EoL options.  

Moreover, easy disassemble product design allow to reach and separate hazardous 

materials. The discussion around disassembly is about the ways in which disassembly 

operations can be carried out. This point is related to the first question mentioned above: 

which EoL option is aimed on a product? For example, if a product is designed for 

recycling EoL option and the product does not include hazardous material, then the 

disassembly operation can be carried out through destructive disassembly methods such 

as shredding method. On the other hand, if a product is designed for remanufacturing and 

reusing EoL options, then disassembly operation should be non-destructive. For these 

reasons, Design for Disassembly is a comprehensive and essential strategy within the 

circular product design model.  

 The implementation of EoL options, particularly refurbishing, remanufacturing and 

recycling, might require extra stakeholders during reutilization process such as recycling 

centers, a new production area for remanufacturing operations and/or a logistic provider 

for take-back operations. These new stakehoders can provide product designers and 

developers with valuable and detailed responses about product design and the 

applicability of EoL options. This means that information should be co-constructed and 

shared amongst stakeholders properly. For this reason, this thesis propose an integrated 

and shared ‘information cloud’ instead of using ‘information flow’.  

Furniture, particularly wooden  panel based wardrobes, cabinet type products and/or 

upholstery product group require quite few of connectors, fasteners and some complex 

assembly operations. Thus,  Design for Assembly is another important issue for furniture 

design and ease of disassembly regarding  product simplification. However, easy 
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assembly does not always enable an easy disassembly operation. Design for Disassembly 

has its own considerations, principals and parameters that might be different from those 

of easy assembly. Nevertheless, it would make sense to start with Design for Assembly 

principals to design disassembly friendly product. This study, therefore, proposes a 

roadmap towards design for disassembly.  

In furniture industry, there is an ambition to utilize Design for Disassembly approach and 

its guidelines. In this sense, some solutions commonly consider to ease the disassembly 

of products for customers and/or for recycling. However, there was a lack of disassembly 

oriented metod that can be incorporated at early design phase. Despite exclusive work on 

the notion of design for disassembly of electrical and electronic equipments, vehicles, and 

whitegoods, disassembly of furniture has, so far, received less interest. In recent years, 

there is a recognizable growing interest in the topic and the present study is an early 

contribution to the research area in furniture studies which focus on furniture disassembly 

towards EoL options.  

This study examines the feasibility of developing a comprehensive methodology to 

evaluate furniture products’ disassemblability while, simultaneously, it compiles 

parameters that are intended to guide design for disassembly.  

One of the advantages of the methodology proposed here is that it determines six major 

considerations to evaluate disassemblability and, hence, to ease disassembly: 

Disassembly depth, Flexibility, Reversibility, Design for assembly to ease disassembly, 

and optimization of fasteners and joinery system. Based on these considerations, the study 

compiles a set of parameters that guide the early stages of product development, in 

particular, the design phase. Furthermore, the study provides a step-by-step roadmap for 

the application design for disassembly.  

The study also offers recommendations to further develop the methodology into a robust 

method. The need for such a method is not only an economical but also an environmental 

as well as an ethic one emerging from respect to nature, respect to customer, and respect 

to design. In other words, consume less resources and make waste your new resource; 

provide the customer with the possibility to keep the furniture they like by offering EoL 

options; ensure a long life for a design.  
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Appendix B : Comparison of repairability of different joint systems19 
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Appendix C : Disassembly Evaluation Chart 20 
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