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Abstract 
 

Title: Development of Recyclability Index: A Design for Assembly and Disassembly 

Approach 

Author: Darshan Yadav 

Advisor: Beshoy Wahib Morkos, Ph. D. 

Designing products for recyclability is driven by environmental and 

economic goals. Several Design for Assembly(DFA) rules and parameters can be 

used to gauge the recyclability index of product designs. These indices can be used 

for comparative analysis of the recyclability of different products. This assists the 

designer in making design choices related to the product’s end of life. However, 

many of the existing recyclability indices are only available after design and 

manufacturing decisions are made. If such design decisions could be made earlier 

in the design process, when the design space is less bound, recyclability could be 

considered earlier. A case study was performed to determine if DFA parameters 

could be utilized to determine product recyclability. The parameters were obtained 

from existing DFA time estimate tables. The results of the study indicated that the 

recyclability of the product, as defined by established recyclability metrices, could 

be predicted through DFA measures. A negative correlation was realized between 

recyclability and insertion time. Components that required greater time to mate 

during assembly adversely affected the recyclability of the product. Conversely, 

handling time was found to have no predictive capabilities on product recyclability. 

These findings were then used to develop a recyclability index that utilizes the DFA 

measures, allowing designers and engineers to determine recyclability earlier in the 

design process. 
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Nomenclature 
 

 Accessibility Rating This is a rating of how accessible a part or sub 

assembly insertion location is for manual 

assembly. 

Handling Code A two-digit code generated from Boothroyd 

Dewhurst DFA tables used to determine handling 

time 

Handling Time Time required for manually picking up and 

positioning the part or subassembly 

Insertion Code A two-digit code generated from Boothroyd 

Dewhurst DFA tables used to determine insertion 

time. 

Insertion Time Time required for manually picking up and 

positioning the part or subassembly. 

Resistance Rating This is a rating of how much resistance a part or 

sub assembly has against being assembled or 

disassembled 

Total Operation 

Time 

Time required to manually assemble the entire 

product using individual components. 
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Chapter 1 

Introduction 
 

 Recyclability index is a measure of how well a product can be reformed 

into its constituent elements. Currently, the methods used for design for recycling 

either occur during the material selection process [1,2] or after prototype 

development. This is either too early or too late in the design process to consider 

the recyclability of the product. The ideal phase to consider recyclability in the 

design process would be during conceptual design [3]. In this phase, the designer 

can compare the recyclability of different design concepts and use it as a metric 

for final concept selection. 

 This research explores how designers can use the design for assembly 

(DFA) parameters to predict the recyclability index of a product. The recyclability 

index was developed using principles of design for disassembly (DFD) and material 

recyclability. The study led to development of a tool that designers could use to 

determine product recyclability during the conceptual design phase of the design 

process. This tool would enable designers to make decisions that would consider 

the environmental impact that the concept could have. 
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Motivation 

 Minimizing the environmental impact that a product would have is one of 

the principal challenges that engineers and product designers face in the 21st 

century. Greenpeace estimates that every year 20 to 50 million tons of waste is 

generated from discarded electronic products alone [4]. This waste has a 

significant impact on the environment that we live in. The waste that humans 

generate pollutes the land, air and water that is essential for human life [5,6]. 

 One manner in which the impact of this waste can be reduced is by 

recycling. Recycling is the process of collecting and processing materials that 

would otherwise be discarded as trash and turning them into new products [7]. 

Recycling has been a common practice in human history since ancient times. The 

amount of resources required to recycle a material is less than creating new 

material. For example, recycling aluminum uses only 5% of the energy required by 

virgin production [8]. In spite of the benefits of recycling, only 34% of the solid 

waste generated in the United States was recycled in 2014 [9]. This is largely due 

to the element that product designers do not have access to the information 

related to product’s end of life such as how the product is to be discarded; is it 

going to be recycled; how is it going to be recycled, etc. This leads to products 
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being designed in a way that it might be near impossible or too expensive to 

recycle the product. This percentage of recycled waste could increase if product 

designers had a tool that would enable them to determine the recyclability indices 

of design concepts early in the design process without investing significant 

resources. 

Intellectual Merit 

 At present, most work in determining product recyclability is based on a 

qualitative approach rather than a quantitative approach. The engineer, based on 

his level of expertise and experience, determines the recyclability of a product 

using some of the indices presented in the subsequent background section. These 

ratings are subjective from one designer to another, and hence, the result is often 

inconsistent across different engineers. Another gap in most present work is that 

it only allows engineers to gauge whether or not a product is recyclable. There is 

no way for an engineer to quantitatively compare two or more products or 

product designs and determine which one is more suitable for recycling. 

 Another gap in the present work is the lack of application of the product 

recyclability data early in the product design phase. Most of the recyclability 
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indices are used for products that have already been manufactured. The primary 

application for these indices are to determine if and how they should be recycled 

as they approach their end of life. This leaves room for a poorly designed product 

as far as product recycling is concerned. An ideal example of this is Pringles’ chip 

container. Although its design is very trivial in terms of engineering it is made up 

of three different types of materials (plastic cap, cardboard body and metal 

bottom). This makes its recycling a difficult process. 

 The purpose of this research is to address these two major issues in 

product design engineering. This study aims to create a quantitative approach so 

that engineers can determine not only if the product design is recyclable, but 

which design iteration is more suitable for recycling. Using Design for Assembly 

parameters to determine product recyclability also allows engineers to gauge the 

feasibility of product recycling early in the design phase and make key design 

changes if necessary without an added risk of losing resources. 

Broader Impact 

 The outcome of this research will have an effect on product design practice 

on multiple different levels. As discussed earlier, the key and immediate focus is to 
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support the design process to make more environmental friendly products. This 

work also has the potential to influence how designers take into account the end-

of-life of the products being design. This section discusses the impact of this work 

on different areas of product design and realization process. 

 From the design process standpoint, using Design for Assembly(DFA) 

parameters to predict recyclability can introduce some modification the way DFA 

is utilized. DFA focuses on optimizing the assembly time; the outcome of this 

research might motivate some engineers to pay more attention to other 

parameters such as handling and insertion time as well as operations, how to 

assemble different parts (orientation and method-wise) or if there should be just 

one part or as many parts as possible. For example, if it is discovered that 

assembly of parts in certain ways impacts recyclability or having more assembly 

operations with certain assembly techniques has a relationship with recyclability 

or having a certain number of parts produces an optimum design for recycling, any 

of these three observations will play a role in how engineers will approach the 

design challenge. 

 On the product realization front, this change of focus in design process will 

dictate how products are manufactured. If it is discovered that certain assembly 
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processes make it impossible for recycling, the product developers will now be 

cognizant about it and try to avoid certain material manufacturing and assembly 

process. Since the first step of recycling a product is to dismantle it, the results can 

also influence the placement and post processing of assembly operations such as 

adhesives and soldering. The engineer at the time of developing a product now 

can also easily visualize how changing the location of a solder joint will change its 

recyclability. 

 These changes will help not just design engineers, but also manufacturing 

companies and third-party recyclers. At present, recycling is done by material 

category. For example, plastic waste is recycled at one place, and metal scrap is 

recycled by some other company. This research will now give a chance for product 

manufacturers to dictate how the recycling process is done and where. The 

manufacturers will be able to appeal directly to the customers if they do in-house 

recycling. This will also help recycling of products that have proprietary parts 

inside. 
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Research Questions and Objectives 

 This research aims to answer two fundamental research questions to fill 

some of the gaps addressed earlier. One research question is to explore for any 

possible correlations between recyclability of the product and parameters 

obtained from DFA.  

 A case study experiment was conducted in order to validate the hypothesis 

presented in Table 1. Once statistically significant data points were gathered for 

analysis, they were investigated for any associations between recyclability and 

DFA parameters. The second research question is a follow up question upon 

successful verification of the first hypothesis. In order to determine the viability of 

using DFA parameters to predict recyclability, it is first essential to determine 

what parameters have an effect on recyclability, if any. A mathematical model was 

required to test the proposed hypothesis. Furthermore, the mathematical model 

itself needed to be tested to ensure that the conclusions of the research were 

accurate. In order to achieve this goal, a mathematical model was developed using 

the relationships established while validating the first hypothesis. This model was 

then used to determine recyclability of different products, and then the results 

were examined to ensure that use of the model was practical. 
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Table 1 Research Questions 

  

Research 
Question 

1 

Question 
Is there any correlation between product 
recyclability and Design for Assembly parameters? 

Hypothesis 
Design for Assembly parameters are associated with 
recyclability of a product to a certain degree. 

Validation 
Method 

Conduct a case study experiment and analyze the 
data for any relationship between DFA parameters 
and recyclability. 

Research 
Question 

2 

Question 
Can the product recyclability be projected via Design 
for Assembly parameters? 

Hypothesis 
Some Design for Assembly parameters will have a 
predictive impact on product recyclability. 

Validation 
Method 

Utilize the data from the case study to develop a 
preliminary mathematical model. 
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Chapter 2 

Background 
 

 The background section starts with Design for Disassembly (DFD) followed 

by Design for Assembly (DFA), Remanufacturing (DfReman) and Reuse (DfReuse). 

to establish a clear understanding of the difference between all these design 

approaches, what kind of different information can be obtained from each of 

them and the degree to which they influence this research. Also described in the 

background are recyclability indices from literature that are used in the study to 

develop an enhanced recyclability index that integrates both material and 

disassembly ratings. Then, the method that was used to conduct the case studies 

is described, followed by the case study description and case study analysis. The 

results and data obtained from the case studies are presented in the subsequent 

section. This section presents the data obtained, the types of analysis performed 

and the final results followed by the various inferences that are drawn from the 

results of the case studies. Conclusions and future work are presented in the final 

section.  
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Design for Disassembly 

 DFD is a formal method by which designers and engineers consider the 

disassemblability of a product during the initial phase of design. This is motivated 

by various factors including, but not limited to: maintainability, serviceability, 

reparability, recyclability, component reuse, and waste.  Specifically, disassembly 

is the “process of systematic separation of a product into its components, 

subassemblies, materials, and other groupings” [10]. 

 Often, disassembly occurs after the product’s end of life, where on average 

only 15% of a product’s mass is reclaimed (for reuse, recycling, and/or 

remanufacturing) [11]. The remaining 85% mass is typically discarded in landfill. 

From a reuse perspective, it is ideal to make the product easy to disassemble into 

multiple separate components, however, there is time lost in dismantling 

multiple, small parts [12]. To alleviate this, designers can either reduce the 

number of parts by integrating multiple functionality into components or can 

design the product in a manner to facilitate the dismantling of the parts. Since 

component functionality is often constrained by requirements and feasibility, 

designers opt to consider product disassembly as the preferred route. 

Disassemblability is defined as the ability to optimize the design and disassembly 
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process for removal of specific parts or materials in a manner which will 

simultaneously minimize costs and maximize the material value reclaimed [13,14]. 

To formally consider disassemblability in design, DFD serves as a design tool for 

designers early in the design process when decisions such as material, geometry, 

and fastening methods can be made. 

 DFD is a technique which focuses on designing the product for easier 

disassembly and material retrieval [15]. For cost-effective and easy disassembly, 

process designers prefer using DFD principles. DFD is executed primarily to replace 

an item and relocating it for subsequent reassembly [16]. DFD primarily focuses 

and proposes aspects, such as disassembly sequence generation, different 

metrices for disassembly evaluation and feasibility of disassembly operation 

independently [17,18]. However, there is limited research performed on how to 

achieve a more holistic approach to solve DFD issues from the remanufacturing 

perspective [19]. Moreover, in most of the cases DFD analyses is specific to 

product and not generalized [20].  
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Design for Assembly 

 DFA is a systematic analysis process whose primary function is to minimize 

the assembly cost of a product by streamlining the product design for assembly 

process [21]. It is widely accepted that the majority of manufacturing cost can be 

estimated during the design stage - before any manufacturing, manufacturing 

systems analysis and tooling development is undertaken. DFA is characteristically 

applied to small subassemblies or small discrete consumer products.  

 DFA provides a quantitative method for evaluating the costs associated 

with assembly operations and manufacturability of the design during the design 

stage itself [22,23]. The primary motivation behind DFA analysis is to reduce the 

part count which will eventually lead to reduced assembly cost [24]. This means 

that the resulting product design will have fewer parts and therefore, will have 

lesser manufacturing processes associated with it, fewer interfaces between parts 

and fewer parts that can fail individually [25]. For instance, each part has a 

tolerance specified by the designer or in other words allowable error, in its 

specifications. The accumulation of tolerances across various parts in an assembly 

leads to different sets of tolerance which can be a limiting factor in final product 

quality. Additionally, different tolerance sets at these parts and each part 
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interface is a potential candidate for assembly failure [26]. When a designer 

reduces the part count he or she reduces the possibilities of individual part 

failures, tolerance stack up, and part interface problems associated with the 

assembly. A secondary use of DFA principles is to ensure ease of assembly of the 

product [27,28]. After performing the DFA analysis on a product, the expected 

results are as following: 

 Reduced material cost 

 Reduced labor and/or automatic assembly cost 

 Reduced assembly cycle times 

 Higher product quality and reliability 

 Until recently, designers did not consider the difficulties related to 

manufacturing of the individual parts assembled and simultaneous engineering 

[29,30]. With more growing concerns towards environments, engineers and 

designers alike are required not only morally but also by the government to be 

more cognizant regarding ease of disassembly for recycling/reuse as well as 

servicing - in fact, it is becoming a common practice to include costs affiliated to 

end of product life cycle with total life cycle costs in simultaneous engineering 

[31]. 
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 DFA however, has some application boundaries. Since the primary function 

of DFA is to optimize assemblies, it is usually applied on smaller and medium-size 

products, or for the numerous sub elements of larger systems. Implementation of 

DFA leads to better product reliability and ease of use of the product especially 

while servicing; however, DFA alone does not help in accounting customer desires, 

setting product requirements, technical functional specifications, or conducting 

engineering functional analysis [32,33]. 

 DFA, contrary to what the name may suggest, is not simply a reversal of 

the DFD process. DFA and DFD have significant difference in the respective 

approaches used. DFA principles are meant to optimize the manufacturing and 

assembly of the product. It does not take into account the status of the product at 

its end-of-life. DFD on the other hand is meant to impact the end-of-life product 

disposal. This primary difference means that DFA and DFD principles do not often 

intersect and is one of the gaps that this work tries to fill. 
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Boothroyd-Dewhurst Method for DFA 

 The Boothroyd-Dewhurst method for DFA was first proposed in 1980 by 

Boothroyd and Dewhurst [34]. It is both one of the most widely used method in 

the industry and supported financially by many corporate giants like A.M.P. Inc., 

Digital Equipment Corp., G.E. Co., Philips, IBM Corp., Siemens, Xerox, etc. This has 

led to improvement in the method over multiple iterations that has made the 

method easier to apply both manually and with the use of microcomputer 

software versions by reducing the data required to perform the analysis [21]. 

 The Boothroyd-Dewhurst method is useful to quantify the efficiency of a 

design in terms of assembly for both manual and automatic operation. It is 

important to note that while minimizing the cost of assembly with this method, 

the functionality of the product is not affected. Assembly cost can be determined 

at the design stage of the product which makes it flexible to change the product 

design.  

 In Boothroyd Dewhurst method for DFA, the objective is to eliminate 

redundant parts instead of reducing the assembly cost itself. The following 

parameters are obtained by using the Boothroyd Dewhurst method of DFA: 

 Number of parts 
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 Number of different materials 

 Type of material 

 Number of fasteners 

 Type of connection between parts/subassemblies 

 Accessibility to joints 

 This information is used to determine the Insertion Code, Insertion Time, 

Handling Code, Handling Time and Total Operation Time using the Boothroyd 

Dewhurst method. The aforementioned terms have been defined in the 

nomenclature. 

Design for Remanufacturing and Reuse 

 Design for remanufacturing and reuse are two design approaches for 

product recovery near the end of product life cycle. One of the key advantages of 

these approaches is the reduced requirement of processing and production of raw 

material and hence, it helps reducing the production cost significantly. 

Remanufacturing is defined as the process of reconditioning a product by the 

means of cleaning, inspection, disassembling and replacing components if 

necessary and testing the product in order to ensure that the new product either 
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meets or exceeds the minimal required standards [35]. Reuse is termed as utilizing 

a used part or component of a product in order to make a new product [36]. 

 

Figure 1 Product Life Cycle Phases [35] 

 To further distinguish the difference, Figure 1 illustrates different phases of 

a product life cycle that are affected by remanufacturing and reuse. From the 

figure, it is clear that part reuse is associated with product assembly process while 

remanufacturing phase can occur either at the product assembly stage or during 

the product usage once it has been deployed. Since, remanufacturing and reuse 

require utilizing old parts and components they are only preferred for products 

with mature technology instead of developing technology. Design for reuse has 

been accounted for in this study. However, due to the limitation of the scope of 

the study, it was not possible to incorporate design for remanufacturing, 
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Recyclability of Materials 

 At product end of life, the ideal approach for disposing the product is 

recycling it to its constituent elements [37]. However, designing a product with 

recyclability considerations is challenging, thus multiple methods have been 

formulated to determine and compare the product recyclability. The methods can 

be segmented into two distinct elements – recyclability of materials and 

disassembly rating of parts or joints. A brief background of both of elements is 

given in this section, along with a discussion of the relevant indices that were used 

in the study. 

 Recyclability is defined as the ability of a material to regain the properties 

it possessed in its virgin state, where virgin state refers to the material in its purest 

form before being processed or shaped for a specified use defined by the designer 

[38]. This can be estimated by devaluation of the respective material’s cost [39]. 

This is performed by factoring cost of the material after first use, the cost 

associated with recycling the material (disassembly cost, processing, 

transportation, distribution, etc.) and cost of the recycled material.  A material 

with higher recyclability index has little to no difference between the recycled and 

the virgin material. 
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 Villalba proposed a material recyclability index based on market values of 

any material [1]. Recyclability of the material is calculated by equation (1) which is 

based on value of materials at three different stages of product life cycle. The 

three values being value of material during first production or virgin state, value of 

material after its use and value of material after it undergoes recycling. The value 

of recycled material is always less than the value of material in virgin state 

because recycled material loses mechanical properties due to recycling process. 

Recyclability index of material lies between 0 to 1, with 0 representing non-

recyclable material and 1 representing perfectly recyclable material (i.e. recycled 

material retains all the properties of the virgin material). In this research, a part 

that can be used without any operations except for disassembly (DfReuse) after 

the product life cycle is also considered perfectly recyclable.  

𝐌𝐑 = 𝟏 +  
𝐕𝐩 − 𝐕𝐫

𝐕𝐦
− 

𝐕𝐦 − 𝐕𝐫

𝐕𝐦
=  

𝐕𝐩

𝐕𝐦
 (1) 

 Where, 

  MR= Material Recyclability 

  Vp= Value of material after it is recycled (in USD) 

  Vm= Value of virgin material (in USD) 

  Vr= Value of material after use (in USD) 
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 It is important to note the difference between recyclability index of the 

material and how much the material is actually recycled. Since the recyclability 

index is based on price instead of mass, if the material has a high recyclability 

index, it does not necessarily mean that most of the material used in the product 

is recuperated. 

Disassembly Rating of Part/ Subassembly 

 Recyclability of a part or subassembly depends on its ease of disassembly 

from the remainder of the product. There are a number of pre-existing rating 

systems that compare the ease of disassembly of different types of joints. A 

review of these methods is presented in the subsequent section.  

Review of Disassembly Rating Methods 

 For products that need servicing or will be recycled at the end of life cycle, 

the designer must consider its disassembly sequence and deciding that sequence 

can be a difficult decision at early stage of the product design. Dewhurst proposed 

a conceptual disassembly diagram based on type of attachment, obstructions, etc. 

that can be used with a computer based algorithm in order to optimize the 
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disassembly sequence [40]. The diagram is a cost model based on relationship 

between DFD, Design for Service and DFA. 

 Methods Time Measurement (MTM) is one of the most widely accepted 

technique used for DFD analysis. MTM provides a set of predetermined time data 

for various actions required to perform in order to disassemble a product with 

manual labor. However, this is a time-consuming process as it requires data such 

as weight of the part, precise distance moved by the part/tool, etc. This means 

that the said method renders inapplicable for generalization purpose because 

almost all real-life disassembly processes vary with one another to some degree. 

 In the 1970s, Zandin developed a new work measurement technique, 

Maynard Operation Sequence Technique (MOST) based on MTM technique. It 

provides predetermined time data based on sequence of basic motions that a 

worker would perform [41]. The basic principle behind MOST is that all 

disassembly operations can be divided into sub activities. These sub activities 

follow a certain repetitive pattern which can be generalized such as “reach the 

object”, “grasp the object”, “move” and then “place it to the desired location”. It 

was also observed that these sub activities usually occur in the same order except 

for changing the tool or some other minor operations. MOST follows three 
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standard set of sequence models to estimate the time required to disassemble by 

an average skilled worker: General Move Sequence for movement of 

unconstrained objects, Controlled Move Sequence for movement of constrained 

objects and Tool Use Sequence for hand tools. These sequences are then used to 

calculate Time Measurement Units (1 TMU = 0.036 sec) based on activities carried 

out by worker. It is advantageous over other time measurement techniques 

primarily because it is much faster, efficient and consistent [42]. 

 Dowie and Kelly presented tables for disassembly time similar to DFA table 

by Boothroyd and Dewhurst. These tables are based on direction of motion, 

degrees of freedom, resistance to disassembly, accessibility, type of operation 

(manual or tool assisted) and type of joint (screws, snap fits, adhesive, etc.) [43]. 

Bras suggested a multiplicative model for recyclability rating based on type of 

material, their mass and type of joint [44]. The materials are categorized based on 

how easily recyclable they are with current technology. The joints are rated based 

on their separability. A more time consuming joint or one that requires tools or 

machining gets poor rating. 

 Kroll performed a study to evaluate ease of disassembly for recycling by 

using disassembly evaluation chart. Key components of this rating were based on 
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accessibility of the tool, required positioning of the tool, required force for 

disassembly and additional time required for more difficult disassembly operation. 

Each part/ disassembly operation is then rated on a scale of 1-4 based on their 

difficulty. The rating of the product is then compared against an alternate design 

of the same product to calculate the efficiency of the current DFD operation. This 

efficiency rating can also be interpreted as a relative cost of disassembly operation 

with reference to a base product. One major drawback of this method however is 

that these ratings are subjective and hence it may lack consistency if the study is 

performed by a different designer. 

Disassembly Rating Used 

 A subassembly with more fasteners will consume more time to assemble/ 

disassemble and consequently will have a lower rating while an integrated part 

design or one that uses press-fits instead of fasteners will have a higher rating [1]. 

To determine the recyclability rating of a subassembly/joint a reference point is 

required. Press-fits are one of the prime examples of a favorable recyclable 

connection [45]. 

A recyclability index for various types of joints was developed by Chiodo 

[45]. Table 8 details the developed index and the parameters used. The table is 
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not prescriptive and is meant for comparative analysis. The scale is based on the 

types of fasteners that are used in securing various parts together using the 

principles of disassembly. The scale is a Likert-type scale with ranging from 1 to 3 

with 1 being "good recyclability”, 2 is “average recyclability” and 3 is “poor 

recyclability” [45]. The ratings were assigned to each type based on the 

comparative recyclability of the assembly operation with respect to a press-fit 

connection. Under this system, counterintuitively, printed circuit boards have low 

recyclability since they have a high number of adhesive bonds (solder joints) which 

would need removal before recycling the board. This would increase the time and 

labor required to recycle the part. 

This method was selected over others that were surveyed because of the 

possible generalization. The primary limitation of this method is the limited 

resolution (since there are only three possible ratings). However, Chiodo’s method 

is much more objective (from a ratings perspective) than the other methods since 

it has categorized the ratings to the selection of a type of assembly operation 

instead of multiple different user dependent input parameters like accessibility, 

time, difficulty, etc.  
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State of the Art End of Life Management Tools 

In the section below, a review of the recent current state of the art tools 

for determining recyclability or end of product life management is presented. A 

comprehensive table (Table 2) with the limitations of each tool/ method is also 

included. 

Multicriteria Matrix Methodology 

The Multicriteria Matrix [46] methodology is based on the classical 

multicriteria analysis techniques. The objective of this methodology is to identify 

potential end-of-life (EOL) value of components from an industrial product and to 

identify eligibility of those components for EOL management. In the “Multicriteria 

Matrix” methodology, all the components of the product are ranked on a 1 to 5 

Likert scale for five parameters - Residual/market value of components, 

Environmental burden, Weight, Quantity of the particular component in the 

product and Ease of disassembly. Weighted scores are determined for each 

component in the product, with the weights being determined by the strategic 

priorities of the manufacturer. This score is then used to determine the EOL status 

of the component. 
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Partial Disassembly Sequence Planning Based on Cost Benefit Analysis 

 In this study, the authors propose a method in which they use a life cycle 

impact assessment tool to perform cost-benefit analyses to find an optimized 

disassembly stopping point [47]. The crux of the method is a set of cost analysis 

rules that are used to determine the optimized stopping point for the disassembly 

plan. The rules are listed below:  

Rule 1: Remove the part that has the highest economic benefit first. 

Rule 2: Remove the parts that can be removed in the same disassembly direction 

before removing the parts that can be removed in different disassembly 

directions. 

Rule 3: Remove the parts that use the same tool before removing the parts that 

use different tools. 

Rule 4: Change disassembly directions by 90 before changing disassembly 

directions by 180. 

Rule 5: Reorder the parts to create disassembly plans that are optimized for the 

number of tool changes. 

Rule 6: Select the stopping point that has the maximum (total benefits - total 

costs). 
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Rule 7: Select the stopping points that have at least 85% of the maximum (total 

benefits - total costs) and at most 70% of the corresponding environmental 

impacts. 

Rule 8: If there is more than one stopping point in Rule 7, select the stopping point 

with the highest (total benefits - total costs) in Rule 7. 

Integration of Design for X Approaches in Lean Design 

 In this method, the authors suggest the integration of DfX approaches in 

the range of methodologies of Lean Design [48]. In order to do this, a theoretical 

integration model based on the Characteristics-Properties-Modelling is proposed. 

The proposed integration model in shown in Figure 2 [49,50]. The authors then 

followed up by analyzing 12 DfX approaches from 16 sources. The analysis 

provides two support functions for design engineers to establish a holistic view of 

product design. First, a wide range of qualitative design guidelines are gathered 

from different sources and provided in a compact overview. Later, the analysis 

points out the qualitative effects of each qualitative design guidelines on several 

product properties. Thus, design engineers can choose those guidelines, which 

have a wide effect on product lifecycle or they can select a qualitative design 

guideline for a specific stage or virtue. 
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Figure 2 Integration Model for Design for X into Lean Design [49] 
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Table 2 Limitations of State of the Art Methods 

Tool/Method Major Limitations 

Multicriteria Matrix 
Methodology 

Three out of five parameters have subjective 
ratings. 

Parameter weights are subjective and scenario 
dependent. 

The scores are used to compare components in 
the same product to each other. Not easy to 
compare different design concepts. 

Partial disassembly 
sequence planning based on 

cost-benefit analysis 

Complete product is not reused or recycled. 

Method cannot be used to compare recyclability 
of multiple design concepts. 

There is a tradeoff between disassembly time 
and environmental impact because of change in 
disassembly procedure. 

Integration of Design for X 
approaches in Lean Design 

The tool provides no quantitative metrics to 
compare two concepts. 

The tool is based only on a theoretical model of 
analyzed processes. No case studies were 
conducted to make or validate the model  

No information is provided regrading trade-offs 
to other product properties 
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Chapter 3 

Research Approach and Experiment Method 
 

 In this research, four case studies were conducted on different types of 

products - a Fused Deposition Modeling (FDM) 3D Printer Head, a Security Alarm 

Siren, a Stapler, and a 3-Hole Punch. A total of 45 heterogeneous components 

were surveyed during the case studies. The analysis on the case studies was 

performed independently by the author and one other graduate student, then the 

average values were used to obtain the results. Both individuals calculated the 

assembly and insertion time using the Boothroyd Dewhurst method of DFA. 

Case Study Approach and Product Justification 

 In order to explore the possibility of any relationship between DFA 

parameters and product recyclability, a case study approach was deemed the 

most suitable. Since the focus of the research was to perform retrospective 

analysis to identify any correlation between DFA parameters and recyclability, a 

protocol study or a user experiment would likely yield less impactful results. 
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 The selection of products and research methodology were based on 

previous work [51]. The four products were selected to include a wide range of 

assembly and disassembly operations involved in their manufacturing such as 

mechanical fastening, press fit, adhesive bonding, soldering, rivet joints, etc. Two 

of the products – the 3D printer head and the Security Alarm Siren are 

complicated products which are expected to be easily disassembled and recycled. 

The other two products – Stapler and 3-Hole Punch are common every day office 

products. These products are not as complicated in their construction but are 

widely used. Hundreds of thousands of these products are replaced or discarded 

every year across the world. These four products represent a wide range of data 

points across different industry sectors and were selected to ensure the creation 

of a generalized model. Also, there were just enough data points between these 

four products to draw a statistically significant conclusion from the case study 

experiment. The product selection was done this way to ensure that the model is 

applicable to commonplace items and is as generalized as possible. Since the 

primary research goal was to discover whether or not there is a relationship 

between product recyclability and DFA parameters in the first place, it would have 
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been counterintuitive to perform this study on a larger pool of subject than what 

is necessary. 

Study Subjects 

3D Printer Head 

 The cost of 3-D printers over the years has reduced significantly and 

consequently have become an attractive option for domestic additive 

manufacturing for hobbyists and technology enthusiasts. 3-D printing is now 

making its way into households as it is attractive for every age group. The printer 

head of a 3-D printer controls what a printer can print and how fast it can print. It 

is the part that is most likely to malfunction first and that too frequently due to 

clogging in the nozzle and hence, makes itself a favorable candidate for recycling. 

 Here, a printer head subassembly of an Up-Box 3D Printer has been 

analyzed for its recyclability. Its parts are made up of different metals as well as 

PLA plastic which makes its recycling a tedious process as all the components must 

be separated from each other in order to recycle them. 
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Security Alarm Siren 

 Security alarm systems are one of the most common household products 

in the market. The security systems and protocols are ever improving as we make 

more progress towards smart homes with the emergence of Internet of Things. 

Disposal of old and even current security systems make it an attractive option for 

this case study. 

 A SimpliSafe alarm siren is analyzed here. It becomes an interesting 

product for this study due to variety of operations involved in the assembly 

process such as soldering, mechanical fastening and use of adhesives. 

Stapler 

 Staplers are the most widely used office tools worldwide. Because of the 

simple function and structure, consumers desire more than just functional 

features. The product form is more important than its function these days. It is 

often the case that the design whose form is favored by consumers is the product 

that really meets the market needs. Therefore, it is important to get rid of the 

non-trending staplers from time to time. 
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3-Hole Punch 

Much like staplers, 3-hole punch machines are one of the most commonly 

used office tools throughout the world. Although they are durable, it is difficult to 

repair one if any part fails. The punch used for this case study is made up of steel 

mostly except for the chip tray which is made of plastic. The base and connector 

are riveted together. Press fit is used to assemble the base and chip tray. Two rivet 

bolts are used to assemble side connectors, handle and punch springs on either 

side. Punch guide is screwed mechanically with punch guide base. 

Case Study Steps 

 The steps in the case study are listed as follows: 

Step 1: The Boothroyd-Dewhurst Method was used to find the handling and 

insertion codes for each individual components of the product. 

Step 2: The handling time, insertion time, and total assembly time for all the 

components were calculated using Boothroyd-Dewhurst DFA Tables. 

Step 3: The recyclability indices of each of the components and the overall 

recyclability of the product was calculated using the method described in 

the following subsection.  
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Step 4: The data was analyzed to identify correlations between the different 

variables. 

Recyclability Index Calculation 

 The recyclability of each joint was determined using the information in 

Table 8. This rating was given as conclusion between multiple independent 

reviewers. The material recyclability of the part or subassembly was determined 

using Equation (1). The various material values were obtained by conducting 

market surveys for the appropriate materials. If the entire part or subassembly 

was reused, then the material recyclability of the part or subassembly was 

considered 1. 

 Recyclability Index of the product was then determined as the average of 

product of Recyclability Index of the Material and Disassembly Rating of the parts 

or subassemblies as an extension of the DFA table. The disassembly ratings were 

obtained based on Chiodo’s proposed recyclability rating. In order to obtain the 

disassembly ratings, the original disassembly rating was normalized on a scale of 

0-1, 0 representing a component that cannot be disassembled while 1 represents 

an ideal disassembly operation. This normalization was introduced in [52]. The 
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primary reason for this was to give equal weightage to both the material 

recyclability and disassembly rating when determining product recyclability. As 

mentioned in [52], the previous work done in [51] had disassembly ratings on a 

scale of 1-2-3. This meant that an equal change in either the disassembly rating or 

material recyclability would result in different values of part recyclability. For 

example, for a part with material recyclability of 1, a 50% reduction in material 

recyclability would result in 50% decrease in part recyclability. On the other hand, 

if the disassembly rating of a part was to reduce from 3 by 50%, the new 

disassembly rating would be 2 (because this was on a scale of 1-3, the midpoint is 

2 instead of 1.5). This lead to a different change in the outcome of part 

recyclability in both cases. Equations (2) and (3) describe the mathematical 

process used. Equation (2) is based on the multiplicative model. When multiplying 

the material recyclability (scale 0 to 1) with the disassembly rating (scale 0 to 1), 

the order of magnitude of the product is the same as the disassembly rating. This 

model represents the equivalent dependencies of material recyclability and 

disassembly rating on part recyclability accurately. It should be noted that product 

recyclability obtained using this multiplicative model does not represent absolute 



37 
 
 
 

 

recyclability of a product as it considers only two of many parameters related to 

product recyclability. 

𝐑𝐢 = 𝐌𝐑 ∗ 𝐃𝐑 (2) 

 Where, 

  Ri= Overall Recyclability of the ith Part 

  MR= Material Recyclability of the ith Part 

  DR= Disassembly Rating of the ith Part 

 Equation (3) is the average of all the part recyclabilities of the product. 

𝐑𝐩 =  
∑ 𝐑𝐢

𝐧
𝐢=𝟏

𝐍
 (3) 

 Where, 

  Rp= Recyclability of the Product 

  Ri= Overall Recyclability of the ith Part 

  N= Total Number of Parts 

Data Analysis 

 In order to determine recyclability of a product using the proposed 

method, information regarding the product material, material recyclability and 

part assembly is required. The data from the case studies is presented in tabulated 
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form in Table 9 through Table 12 (attached in Appendix B). This data was then 

analyzed to determine the correlation of recyclability with different parameters 

obtained from the Boothroyd Dewhurst DFA method. 

 Linear regression is a statistical approach which is used to model a scalar 

relation between one dependent variable and one or more explanatory variables 

[53]. In this study, the overall recyclability was used as the dependent variable and 

the insertion time, handling time and total time were operated as the explanatory 

variables. These variables were selected because of the number of data points and 

variance as compared to product specific variables like number of parts or types of 

joints. 

 Multiple linear regressions are used to analyze dependency of a variable 

on two or more independent variables [54]. Different multiple linear regression 

analysis were conducted to verify the correlation between the recyclability of each 

individual part or subassembly with different combinations of insertion time, 

handling time and total operation time, handling and insertion codes.  

 After conducting the regression between recyclability indices and different 

combination of variables mentioned above, a correlation between the Insertion 

Time and recyclability index of each individual part or subassembly was observed. 
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To determine the specific physical qualities of the component assembly affecting 

the recyclability of the component, a further regression was performed comparing 

recyclability with the Boothroyd Dewhurst DFA insertion and resistance codes. The 

regression presented a strong correlation between the recyclability and insertion 

codes of the components and is discussed in the results section. 

Study Assumptions and Limitations 

 Despite trying to create a generalized mathematical model that is 

applicable across a wide range of products, there are certain limitations to the 

work. Following are the assumptions made in order to conduct the case study and 

limitations of this study: 

 Every part that has been assembled needs to be dismantled in order to 

recycle the product. This means that, if a steel screw is used to assemble 

two steel plates, they all need to be disassembled first in order to recycle 

them, while in general practice it might not be necessary. 

 If a part or subassembly can be used in its current condition, the material 

recyclability of that part or subassembly is assumed to be 1. This means if a 
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part is being reused, as it is in some other product, its recyclability index 

will only be affected by the disassembly rating of the part. 

 The material recyclability scale that was used for this study only considers 

the monetary impact and value of recycling. The scale however, does not 

consider the environmental impact associated with recycling. For example, 

factors such as environmental cost of recycling a material (pollution) or not 

recycling a material (landfilling the waste material).  

 None of the disassembled parts are remanufactured and used in another 

product. If a car is sent for recycling and the engine can-not be used in 

another car in the current condition, it needs to be discarded under 

current set of assumptions. In an actual scenario, it might be possible to 

just make some changes to it and use it in another new car. 

 Although the model is based on a wide range of products, its application 

has not yet been verified on industrial products such as pumps or engines, 

etc. The subjects of the case study were simple in design and had very few 

subassemblies, if any. The model’s performance on large and complex 

systems is unknown. 
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 The disassembly ratings are based on Chiodo’s work [45]. This means that 

the limitations of that research are also applicable here. Major gaps in that 

research were a.) lack of higher resolution (scale of 1-2-3) and b.) it is 

based on the technology of that time (2005). Even though the scale is valid 

at present, in the future it needs to be reworked to accommodate the 

change in technology. 

 Despite Chiodo’s model [45] accounting for the cost and time required for 

disassembly operations, the recyclability index proposed in the model does 

not directly and accurately consider disassembly process parameters. Due 

to the limited resolution of disassembly ratings, it is unknown how much 

influence the disassembly parameters have on overall recyclability index. 
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Chapter 4 

Product Analysis 
 

 Case study test was conducted on the previously explained products in 

order to demonstrate the use of the recyclability index developed. The analysis on 

the case studies was carried out and then the average values were used to obtain 

the results. As stated previously, both the individuals calculated the assembly and 

insertion time using the Boothroyd Dewhurst method of DFA. 

FDM 3D Printer Head 

 

Figure 3 Disassembled 3D Printer Head 

 The servo motor in the Figure 3 is taken as base for the assembly process. 

The circuit board, filament guide, hot end guide and rotor covers are attached 
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with the motor with the help of fasteners. Motor and magnet are glued with each 

other. The case and fan are attached with the fasteners. Nozzle is screwed on the 

hot end itself. The case and filament guide are assembled with the help of press fit 

to complete the whole assembly. 

 The assembly time for this design from DFA analysis is approximately 174 

seconds and the recyclability index of the product is 0.671. The complete analysis 

is detailed in Table 9. Here, the stepper motor, connections and fan have 

recyclability index of 1 because they can be used as a whole in another printer 

head assembly to utilize design for reuse concept. The board on the other hand 

has recyclability index of 0 because it will be rendered useless due to difficulties 

associated with separation of its components and/or the materials they are made 

from. The magnet glued to the servo has a poor recyclability index of 0.33 due to 

difficulties associated with the disassembly operation of adhesives despite it not 

losing its magnetic properties. It is clear from the table that replacing the 

fasteners will improve both the assembly time and recyclability as they are the 

greatest contributors.  
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Security Alarm Siren 

 

Figure 4 Disassembled Alarm Siren 

 The base of the assembly is indicated in Figure 4.The speaker is secured in 

the assembly by the speaker cover with the help of fasteners. Cables are soldered 

on to the system. Printed circuit board and its cover are glued with the help of 

adhesive with the speaker cover and printed circuit board respectively. Antenna is 

attached via press fit to the base. This connection is made difficult due to 

restrictive access to the assembly point. Battery cover and back cover are 

assembled to the base with the use of fasteners to complete the assembly.  

 The assembly time for this product from DFA analysis is approximately 159 

seconds and the recyclability index of the product is 0.667. The complete analysis 

is detailed in Table 10. Here, the speaker can be reused for another product and 
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hence, it has recyclability index of 1. The printed circuit board is again considered 

to be non-recyclable and has recyclability index of 0. The fasteners, despite having 

high material recyclability, require significant effort to disassemble and thus have 

low recyclability index of 0.646. The printed circuit board cover has low 

recyclability index because of the use of adhesive to attach the printed circuit 

board to it. The low overall recyclability and long assembly time are due to use of 

adhesives and a large quantity of fasteners. 

Stapler 

 
Figure 5 Stapler Assembly 

 The stapler used in this case study is made up of plastic and steel parts. 

The base is the bottom of the stapler as seen in Figure 5. Handle and base are 

connected with each other via a pin. The carrier and base are also attached with 

the same pin. Finally, the crimp area is riveted with the base. 
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 The assembly time for this design from DFA analysis is approximately 117 

seconds and the recyclability index of the product is 0.765. The complete analysis 

is detailed in Table 11. The high recyclability rating of the stapler is primarily due 

to most parts being made up of steel which has a high material recyclability rating. 

Another key contributing factor is the high number of press fits and just one rivet 

joint present in the assembly. 

 3-Hole Punch 

 

Figure 6 Three Hole Punch 

 The specific 3-hole punch used in this study is presented in Figure 6. The 

assembly time for this design from DFA analysis is approximately 154 seconds and 

the recyclability of the product is approximately 0.667. Table 12 
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details the complete analysis of the 3-hole punch. Although most of the parts in 

the assembly are made of steel and hence, have high material recyclability. The 

overall recyclability of the product is very low due to rivet joints between most of 

the parts. 
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Chapter 5 

Result of Analysis 
 

 The result of the case study data is presented from Table 3 through  

Table 6. The data gathered from the case studies indicated a strong relationship 

between product recyclability and insertion time. Table 3 details the results from 

the regression analysis conducted. The resulting equation that was developed to 

show the mathematical correlation between recyclability index and the row and 

column numbers from Boothroyd Dewhurst DFA tables can be found in equation 

(4) The Coefficient of Determination for the equation (R2) was found to be 0.325. 

Though on the lower end, the R2 value is only an indicator of how scattered the 

data is around the trend line. The model presented is still viable because the p-

values, as seen in Table 3, are low [55].  

Table 3 Regression Analysis - Recyclability and Iaccessibility, Iresistance 

 Coefficients Standard Error t Stat P-value 

Intercept 0.849 0.049 17.039 - 

Iaccessibility -0.044 0.011 -3.735 0.0005 

Iresistance -0.011 0.008 -1.228 0.226 

Table 4 Regression Analysis - Recyclability and Handling Time, Insertion Time 

 Coefficients Standard Error t Stat P-value 

Intercept 0.799 0.118 6.727 - 

H Time 0.067 0.060 1.123 0.267 

I Time -0.043 0.010 -4.021 0.0002 
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 The low R2 value is also somewhat expected since the case study artifacts 

were selected over a wide range of product verticals. The large spread of 

component types possibly causes the data obtained to be scattered, instead of 

being clustered as it would be for components from similar types of products. 

Table 5 Regression Analysis - Recyclability and Insertion Time, Operation Time 

 Coefficients Standard Error t Stat P-value 

Intercept 0.799 0.118 6.727 - 

I Time -0.040 0.010 -3.746 0.0005 

Op Time 0.0001 0.001 0.095 0.924 

 

Table 6 Regression Analysis - Recyclability and Iaccessibility, Insertion Time 

 Coefficients Standard Error t Stat P-value 

Intercept 0.799 0.118 6.727 - 

I accessibility -0.040 0.010 -3.746 0.0005 

I Time 0.0001 0.001 0.095 0.924 

 

 This equation was then used to construct modified DFA tables with the 

output being recyclability index instead of time. The individual row and column 

numbers were substituted in equation (4), and the output was considered the 

recyclability of the part or subassembly. The results were then tabulated in the 

same Boothroyd Dewhurst DFA tables. These results are detailed in Table 14 

through Table 15(included in Appendix C). 
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𝐑𝐈 = 𝟎. 𝟖𝟒𝟗𝟏 − 𝟎. 𝟎𝟒𝟒𝟐𝐈𝐚𝐜𝐜𝐞𝐬𝐬𝐢𝐛𝐢𝐥𝐢𝐭𝐲 − 𝟎. 𝟎𝟏𝟏𝐈𝐫𝐞𝐬𝐢𝐬𝐭𝐚𝐧𝐜𝐞 (4) 

 Where, 

 RI = Recyclability index of part or subassembly 

 Iaccessibility = Accessibility rating of the part or subassembly 

 Iresistance = Resistance rating of the part or subassembly 

The accessibility and resistance ratings used in equation (4) are obtained 

from the Boothroyd Dewhurst insertion tables. They are represented by the row 

and column numbers respectively in Table 14 through Table 15. 
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Chapter 6 

Recommendations and Discussion 

Recommended Tool 

 Using equation (4) a modified version of DFA tables was developed which 

can help designers calculate recyclability index of a product based on its assembly 

processes. Table 14 through Table 15 represent the modified DFA tables which 

provide designers recyclability ratings based on type of assembly operation, 

resistance and accessibility of a part joint. Using this information, designers can 

calculate and compare overall recyclability of different product designs. Following 

are the recommended steps to apply the proposed tool. 

Step 1:  Formulate conventional Boothroyd Dewhurst DFA table. 

Step 2: Use the information from DFA tables to determine recyclability of 

individual parts and subassemblies using the modified DFA tables. 

Step 3: Calculate overall recyclability of a particular design concept. 

Step 4: Compare different iterations of design concepts to determine which 

concept would be best suited for production. 
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Discussion of Results 

 The results from the case studies reveal interesting and thought-provoking 

findings. The 3D printer head has a higher recyclability index than the alarm siren 

and a lower assembly time, though it had a higher number of parts. The 

conventional DFA rules suggest that the assembly time should be directly 

proportional to the number of parts in the assembly. This phenomenon can be 

explained by the fact that the 3D printer head, while the product is assembled in 

the factory, it is meant to be disassembled and re-assembled frequently in order 

to service it. The alarm siren and 3-hole punch are not meant to be user serviced, 

and hence the disassembly time is not as optimized. Similarly, stapler has a higher 

recyclability than the alarm siren and hole punch because it needs frequent 

replenishment of stapler pins while the other two can operate without any need 

of maintenance. 

 The analysis of the gathered data gives some stimulating results. The 

recyclability of individual parts is inversely proportional to insertion time. 

However, handling time has little to no consequences on part and overall 

recyclability of the product as detailed in Table 4. This is further evident by the 

results detailed in Table 5 and Table 6. Analysis of dependencies of handling and 



53 
 
 
 

 

insertion time as well as insertion and total operation time on overall recyclability 

solidify the notion that product recyclability is indifferent to handling operation. It 

leads to the rational that higher insertion time will lead to lower part recyclability. 

Effectively, a tedious assembly process of two or more parts/subassemblies leads 

to lower recyclability of respective parts/ subassembly resulting in lower product 

recyclability. This means that if a product requires long time for insertion 

operations, the disassembly cost associated with it will also be high. This leads to 

an interesting interpretation that most difficult insertion operations lead towards 

longer and difficult disassembly operations. 

 Conversely, the handling time plays an insignificant role in the recyclability 

so depending on the operations cost associated with handling and insertion 

operations, designers can trade between different insertion operations to increase 

product recyclability. For instance, if there are two insertion operations o1 and o2 

with respective handling and insertion costs h1, h2, i1 and i2, the designer can 

compare the costs associated with both the operations (h1+ i1 and h2+ i2) to 

minimize the insertion time which in turn will increase recyclability.  

 Another observation made from the results is the relationship between 

recyclability and accessibility of the joint between parts. This can be used to 
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compare recyclability of multiple design variations of the same product at the 

early stages of product design. Designers can use DFA analysis to determine the 

recyclability of a product and avoid the need to use both DFD principles to 

facilitate recyclability and then subsequently perform DFA analysis. 

 

Figure 7 2D Plot of Recyclability Index versus Iaccessibility and Iresistance 

 Figure 7 illustrates the trend of recyclability index with respect to Iaccessibility 

and Iresistance. The plots illustrate that as the numerical value of both Iaccessibility and 

Iresistance increases, the recyclability of the design decreases. This proves the 
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reliability of the method as a design with more accessibility and less resistance 

allows for quicker disassembly operation. 

 
Figure 8 3D Plot of Observed and Predicted Recyclability Indices 

 Figure 8 is a comparison between the observed recyclability index and the 

predicted recyclability index. Nearly all the observed values are close to the 

predicted values and the ones with high deviations are the ones with significantly 

high or low material recyclability ratings. This suggests that if the material is 

consistent throughout the product, the linear model is viable to use for predicting 

and comparing product recyclability for different designs iterations.  
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Chapter 7 

Conclusion 
 

 This research presents a tool to predict recyclability of a product design at 

early stage of the design process by using DFA principles. A case study method is 

utilized to investigate which DFA parameters impact product recyclability and to 

what extent. The results from the case study data indicated a strong correlation 

between the insertion tables and recyclability index of a part or subassembly. This 

correlation was narrowed down to determine that the row number, which 

represented how accessible the part was during assembly, is the most influential 

parameter on recyclability. The regression data was used to create a mathematical 

relationship between recyclability index and the parameters from the Boothroyd 

Dewhurst Insertion tables. This data was used to create modified Boothroyd 

Dewhurst DFA tables which give the user the ability to determine the recyclability 

index of a product using only the row and column number from the insertion 

tables.  

 The method proposed here aids in determining the recyclability index of a 

product at the early stages of design by considering the materials of the product 
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and the recyclability of individual parts by taking the assembly process used into 

consideration. However, there are certain limitations in the research that must be 

addressed in future. To determine the recyclability of the product it is assumed 

that all assembled parts will eventually be disassembled. For example, if the parts 

assembled with each other are comprised of the same material their part 

recyclability would be high as they are made up of the same material and do not 

require disassembly. However, with the proposed recyclability index, the part 

recyclability will depend upon how they are assembled with each other 

irrespective of the material makeup.  

Future Work 

 This work used four different products with 13, 10, 12 and 10 unique 

components respectively. The results obtained in this study, though statistically 

significant, can be improved by conducting more case studies. More data points 

could reinforce the findings presented in this study and could potentially lead to 

discovery of more correlations. Validation of the model should also be considered 

once enough data points are gathered to generalize the model. Since the original 

intention was to develop a tool that designers could use during the design process  
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Table 7 Conclusion of Research Questions 

  

Research 
Question 

1 

Question 
Is there any correlation between product 
recyclability and Design for Assembly parameters? 

Hypothesis 
Design for Assembly parameters are associated 
with recyclability of a product to a certain degree. 

Validation 
Method 

Conduct a case study experiment and analyze the 
data for any relationship between DFA parameters 
and recyclability. 

Conclusion 

Recyclability of the product is strongly influenced 
by insertion time but is almost unaffected by 
handling time. This relationship led to development 
of a mathematical model for recyclability based on 
accessibility of a joint between two or more 
parts/subassemblies. 

Research 
Question 

2 

Question 
Can the product recyclability be projected via 
Design for Assembly parameters? 

Hypothesis 
Some Design for Assembly parameters will have a 
predictive impact on product recyclability. 

Validation 
Method 

Utilize the data from the case study to develop a 
preliminary mathematical model. 

Conclusion 

Based on the mathematical model developed 
earlier in the study, it is possible to predict 
recyclability using DFA parameters only. Other than 
some minor discrepancies between the predicted 
recyclability and actual recyclability the model 
produces reliable outcomes. 
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 to help design products that are more suitable to recycling. For this, a live user 

experiment and/or a protocol study could be performed where designers and 

engineers are using the model and data is collected to analyze if and how the 

proposed model or tool made any significant contribution in the product design. 

 Conducting different analysis with more products from similar verticals 

could also help in getting better R2 values. In this study, the four products used 

were mainly from the consumer product vertical. More research could be 

conducted to develop different models for industrial and consumer products. 

Different models would likely lead to generation of better predictability equations 

and higher R2 values for the regressions.  

 In current practice, most recyclability indices treat the product as a single 

amalgam of materials [56], instead of an assembly that needs to disassembled 

before recycling. This investigation takes a step towards including the disassembly 

process in determining the recyclability of products. As noted in the background 

section, the disassembly ratings discovered in existing literature have limitations. 

In order to overcome the limitations, it would be necessary to develop a new 

disassembly rating method. 
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 In the proposed method, it is required to determine the recyclability of 

each and every individual part in order to determine the recyclability index of the 

product. Whereas in general practice it is not necessary to determine the 

recyclability of every part of a product. For many products, designers often have 

the liberty of assuming multiple parts as one big part if they are made up of the 

same material or do not need disassembly operations prior to recycling process, 

etc. To improve the accuracy of the tool, a new matrix could be utilized specifically 

to address concepts such as design for reuse [57], design for remanufacturing [3], 

etc. 

 Another interesting observation based on the results of the study was that 

the products that require frequent maintenance and repair tend to have higher 

recyclability rating. This is probably due to the fact that they are designed for ease 

of disassembly by its users. But it would be interesting to see if the frequency of 

repair plays any part in recyclability of the product. Due to the current insufficient 

sample pool of the products it is not possible to draw any conclusions. However, 

with a larger sample size of products (both, those that require frequent 

maintenance and those that do not), it may be possible to make a comparison and 
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determine whether the frequency of repair has any influence on recyclability and 

if so then how much. 

 Once a generalized robust model is developed and verified to be applicable 

for different types of consumer products, it can be integrated into CAD software 

such as Creo Parametric, Solidworks, Siemens NX, etc. The plug-in will be able to 

gather data from the material properties of all the components, the mating 

processes and parameters such as location of joints, accessibility of assembled 

components, etc. used to assemble them automatically. Development of such 

plug-ins would enable designers to come to more consistent and accurate 

conclusions and will make the product design process for recycling much simpler. 
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Appendix A 

Disassembly Ratings 
 

Table 8 Disassembly Rating for Various types of Joints[45] 

 
Material Connection Frictional Connection Positive Connection 

Adhesive 
Bonding 

Welding Magnetic Velcro 
Nut & Bolt 

(metal) 
Spring 

Connection 
Snap Bent Lever ¼ turn Press-turn Press-press 

Disassembly 
 Rating 

1 1 2 2 2 3 1 3 3 3 3 

1 = Poor; 2 = Average; 3 = Good 
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Appendix B 

Recyclability Analysis of Products 
 

Table 9 Analysis of 3D Printer Head Assembly 

  

Part Details Design for Assembly Measures Recyclability Measures 

ID Name 
# of 

Operations 
H Code H Time (s) I Code I Time Op Time(s) Material 

Material 
Recyclability 

Disassembly 
Rating 

Recyclability 
Index 

1 NEMA 17 1 0 0 1.13 0 0 1.50 2.63 - 1.00 1 1.00 

2 Board 1 0 3 1.95 2 0 2.50 4.45 - 0.00 1 0.00 

3 Connections 3 0 3 1.95 0 3 2.00 11.85 - 1.00 1 1.00 

4 Filament guide 1 0 3 1.95 6 0 5.50 7.45 ABS 0.70 0.667 0.467 

5 Hot end guide 1 0 3 1.95 8 0 6.50 8.45 ABS 0.70 0.667 0.467 

6 Hot end 1 0 3 1.95 2 0 2.50 4.45 Copper 0.90 1 0.90 

7 Nozzle 1 0 1 1.50 8 3 6.00 7.50 Copper 0.90 0.667 0.60 

8 Wires 2 8 0 2.45 5 9 8.00 20.90 Copper 0.90 0.667 0.60 

9 Rotor cover 1 0 3 1.95 2 0 2.50 4.45 ABS 0.70 1 0.70 

10 Screws 12 0 1 1.50 2 9 5.00 78.00 Steel 0.97 0.667 0.647 

11 Case 1 0 3 1.95 1 3 5.00 6.95 ABS 0.70 1 0.70 

12 Fan 1 0 3 1.95 2 0 2.50 4.45 - 1.00 1 1.00 

13 Magnet 1 0 1 1.50 7 9 12.00 13.50 - 1.00 0.333 0.333 

Total 27 - 46.53- - 128.50- 175.03 - - - 0.671 
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Table 10 Analysis of Security Alarm Siren 

Part Details Design for Assembly Measures Recyclability Measures 

ID Name 
# of 

Operations 
H Code H Time I Code I Time Op Time Material 

Material 
Recyclability 

Disassembly 
Rating 

Recyclability 
Index 

1 Base 1 0 0 1.13 0 0 1.50 2.6 ABS 0.70 1 0.70 

2 Speaker 1 0 1 1.50 2 0 2.50 4.0 - 1.00 1 1.00 

3 Speaker cover 1 0 2 1.80 8 0 6.50 8.3 ABS 0.70 0.667 0.467 

4 Cable connection 1 2 0 1.88 5 9 8.00 9.9 Copper 0.90 0.667 0.60 

5 Printed circuit board 1 0 3 1.95 7 9 12.00 14.0 - 0.00 0.333 0.00 

6 
Printed circuit board 

cover 
1 0 3 1.95 7 9 12.00 14.0 ABS 0.70 0.333 0.233 

7 Battery cover 1 0 3 1.95 2 0 2.50 4.5 ABS 0.70 1 0.70 

8 Back cover 1 0 3 1.95 2 0 2.50 4.5 ABS 0.70 1 0.70 

9 Screws 14 0 1 1.50 2 9 5.00 91.0 Steel 0.97 0.667 0.647 

10 Antenna 1 0 3 1.95 1 3 5.00 7.0 Copper 0.90 1 0.90 

Total 23 - 37.06 - 122.5 159.56 - - - 0.667 
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Table 11 Analysis of Stapler 

 

  

Part Details Design for Assembly Measures Recyclability Measures 

ID Name 
# of 

Operations 
H Code H Time (s) I Code I Time Op Time(s) Material 

Material 
Recyclability 

Disassembly 
Rating 

Recyclability 
Index 

1 Base 1 0 0 1.13 0 0 1.50 2.63 ABS 0.7 1 0.70 

2 Handle 1 0 3 1.95 1 3 5.00 6.95 ABS 0.7 1 0.70 

3 Pin 1 0 1 1.50 0 1 4.00 5.5 Steel 0.97 1 0.97 

4 Hammer 1 3 3 2.51 0 0 1.50 4.01 Steel 0.97 1 0.97 

5 Carrier 1 3 3 2.51 1 4 7.50 10.01 Steel 0.97 0.667 0.647 

6 Spring 3 9 1 3.38 1 3 5.00 25.14 Steel 0.97 1 0.97 

7 Pusher 1 0 3 1.95 1 5 8.00 9.95 Steel 0.97 0.667 0.647 

8 Crimp Area 1 3 3 2.51 6 3 8.00 10.51 Steel 0.97 0.667 0.647 

9 Plastic Connector 1 3 1 2.06 1 3 5.00 7.06 ABS 0.7 1 0.70 

10 Screw 2 0 1 1.50 2 9 5.00 13 Steel 0.97 0.667 0.647 

11 Rivet Spring 1 0 1 1.50 1 5 9.00 10.5 Steel 0.97 0.667 0.647 

12 Rivet Bolt 1 9 1 3.38 1 5 9.00 12.38 Steel 0.97 0.667 0.647 

Total 15 - 34.14 - 83.50 117.64 - - - 0.765 
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Table 12 Analysis of 3-Hole Punch 

  

Part Details Design for Assembly Measures Recyclability Measures 

ID Name 
# of 

Operations 
H Code H Time I Code I Time Op Time Material 

Material 
Recyclability 

Disassembly 
Rating 

Recyclability 
Index 

1 Base 1 0 0 1.13 0 0 1.50 2.63 Steel 0.97 1 0.97 

2 Connector 2 0 3 1.95 1 9 7.00 17.90 Steel 0.97 0.667 0.647 

3 Handle 1 0 3 1.95 1 9 7.00 8.95 Steel 0.97 0.667 0.647 

4 Punch Guide Base 1 0 3 1.95 1 9 7.00 8.95 Steel 0.97 0.667 0.647 

5 Punch Spring 2 8 3 3.34 4 4 8.50 23.68 Steel 0.97 0.667 0.647 

6 Punch Guide 3 0 2 1.80 8 3 6.00 23.40 Steel 0.97 0.667 0.647 

7 Punch 3 0 1 1.50 1 4 7.50 27.00 Steel 0.97 0.667 0.647 

8 Spring 3 0 0 1.13 4 4 8.50 28.89 Steel 0.97 0.667 0.647 

9 Chip Tray 1 0 3 1.95 0 3 2.00 3.95 ABS 0.7 1 0.70 

10 Lock 1 0 3 1.95 1 9 7.00 8.95 Steel 0.97 0.667 0.647 

Total 18 - 32.8 - 121.5 154.3 - - - 0.667 
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Appendix C 

Modified DFA Tables with Recyclability Index 
 

Table 13 Boothroyd Dewhurst DFA Table with Recyclability Index - Separate Operation 

Separate operation 

Mechanical fastening processes (parts in place, not 
secured) 

Non-mechanical fastening Non-fastening 

Metallurgical processes 
Chemical 
processes 

Manipulation 
of parts 

Liquid 
insertion 

None or localized plastic deformation Bulk plastic 
deformation 

Not adding 
material 

Additional material 

Bending Riveting Screwing Solder Weld Braze 

0 1 2 3 4 5 6 7 8 9 

Assembly processes 
where all solid parts are 

in place 
9 0.4513 0.4403 0.4293 0.4183 0.4073 0.3963 0.3853 0.3743 0.3633 0.3523 
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Table 14 Boothroyd Dewhurst DFA Table with Recyclability Index - Part Added but Not Secured 

  

Part Added but NOT Secured 

After assembly, no holding down required to maintain 
orientation and location 

Holding down required during subsequent processes to 
maintain orientation or location 

Easy to align and position 
during assembly 

Not easy to align or 
position during assembly 

Easy to align and position 
during assembly 

Not easy to align or 
position during assembly 

No Resistance Resistance No Resistance Resistance No Resistance Resistance No resistance Resistance 

0 1 2 3 6 7 8 9 

Part and tool can easily reach the 
desired location 

0 0.8491 0.8381 0.8271 0.8161 0.7831 0.7721 0.7611 0.7501 

Part and tool 
cannot easily reach 

location 

Obstructed Access 
OR Restricted 

Vision 
1 0.8049 0.7939 0.7829 0.7719 0.7389 0.7279 0.7169 0.7059 

Obstructed Access 
AND Restricted 

Vision 
2 0.7607 0.7497 0.7387 0.7277 0.6947 0.6837 0.6727 0.6617 
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Table 15 Boothroyd Dewhurst DFA Table with Recyclability Index - Part Secured Immediately 

Part Secured Immediately 

No screwing or 
plastic 

deformation 
after insertion 

Plastic deformation immediately after insertion 

Screw tightening immediately after insertion Plastic bending or torsion Riveting or similar operation 
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No 
resistance 

to 
insertion 

resistance 
to 

insertion 

No 
resistance 

to 
insertion 

resistance 
to 

insertion 

0 1 2 3 4 5 6 7 8 9 

Part and tool easily 
reach the location and 

tool easily operated  
3 0.7165 0.7055 0.6945 0.6835 0.6725 0.6615 0.6505 0.6395 0.6285 0.6175 

Part and 
tool 

cannot 
easily 

reach the 
location 
or tool is 
not easily 
operated 

Obstructed 
access or 

view 
4 0.6723 0.6613 0.6503 0.6393 0.6283 0.6173 0.6063 0.5953 0.5843 0.5733 

Obstructed 
access and 

view 
5 0.6281 0.6171 0.6061 0.5951 0.5841 0.5731 0.5621 0.5511 0.5401 0.5291 


