
ABSTRACT 

ABDELGHANI, AHMED OSAMA ABDELFATTAH. Towards Informed Design Decisions in 

Part Consolidation for Additive Manufacturing. (Under the direction of Dr. Scott Ferguson). 

 

 

Part Consolidation (PC) is one of the effective ways to simplify product structure. Published 

examples report part count reductions exceeding 50%, weight reductions spanning 5%-60%, 

reliability improvements, minimized assembly operations, improved performance, and reduced 

number of failure modes by eliminating system interfaces. With the increased attention towards 

Part Consolidation by Additive Manufacturing (AM) from academia and industry, the need 

provide means to quantify the impact of part consolidation on costs throughout product’s lifecycle 

has increased. On the other hand, most products and systems emerge from predecessors which 

makes change propagation in the original product inevitable. To (re)design products for AM-

enabled part consolidation, products are changed as a change to one part of the product will result 

in changes to other parts. However, the effects of change propagation related to AM-enabled part 

consolidation are rarely investigated. This work aims to help organization understand the 

implications of using part consolidation for redesigning their products along with providing a cost 

model that quantifies the impacts of part consolidation on costs during different product lifecycle 

phases. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Additive Manufacturing 
 

Additive Manufacturing (AM), popularly called "3D Printing," has attracted increasing 

interest from academia, industry and the general public. Additive Manufacturing uses an additive 

process of manufacturing parts by depositing materials layer upon layer as contrary to that of 

conventional subtractive manufacturing. Complex designs can be printed using AM with 

significant potential for reducing material waste, enhancing performance, functional integration, 

and reducing part count  [1], [2]. 

Previous work and case studies from academia and industry show various applications of 

AM’s unique capabilities of AM:  consolidating parts for better functional performance, 

consolidating parts to reduce assembly time, customizing geometry to use case, using 

metamaterials to achieve desired material properties, using material distributions to achieve 

desired behavior, embedding functional component, replacing internal structures with lightweight 

cellular/lattice structures, optimizing structural topology or geometry and creating multi-functional 

artifacts with reconfigurable structures [3].  

These unique capabilities of AM offer the potential of revolutionizing countless industries. 

Rather than using AM for just prototyping and tooling, companies are exploring how they should 

(re)design their end products for AM and integrate AM technologies in their production systems 

and operations. Manufacturing, automotive, aerospace, medical, electronics and education are 

among these industries [4].  
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1.2 Part Consolidation 
 

One of the effective ways to simplify product structure and a main benefit of AM 

technologies is Part Consolidation (PC). Published examples report part count reductions 

exceeding 50%, weight reductions spanning 5%-60% [5], reliability improvements, minimized 

assembly operations, improved performance, and reduced number of failure modes by eliminating 

system interfaces [6]. Part Consolidation by Additive Manufacturing can overcome the limitations 

of traditional processes and produce complex geometries. As a result, some parts are no longer 

required to be separately manufactured and assembled later; instead, these parts can be 

consolidated into a single component [7].  While this reduces production and assembly efforts, 

there is only a limited understanding of the correlations between part consolidation and the 

possible change propagations in product portfolios when (re)designing for part consolidation.  

1.3 Additive Manufacturing Cost Models 
 
Many AM cost models have been developed as good cost estimates are critical towards 

making decisions in any successful and efficient organization.  Cost model accuracy affects the 

quality of the decision made by designers, technology users, AM and prototyping service 

providers, manufacturing organizations and investors [8].  Cost elements typically encountered in 

different AM technologies can be easily modeled such as labor, machine, material, power source, 

warm-up time, build rate and energy consumption. However, most of these cost models generally 

focus on well-structured costs within the manufacturing process without considering the impacts 

of using AM on the other stages of a product’s lifecycle [9], [10]. A possible explanation is that 

most of these models focus on estimating the cost for a single part produced by AM, rather than 

considering a full product or a subassembly [11].  
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1.4 Research Objectives 
 
The goal of this research is evaluating the impacts of part consolidation using AM on 

product lifecycle costs. This work will also expand on the existing AM cost models by 

incorporating the impacts associated with part consolidation. The research aims to answer the 

following questions: When is it beneficial/optimal to use part consolidation by AM in 

product design? 

From this main objective, other relevant questions arose: 

1) What are the existing tools and methods to help organizations understand and estimate 

the lifecycle costs associated with implementing AM? 

2) What are the potential impacts of AM on products from a change management point of 

view? 

We identified two literature gaps through reviewing the AM literature: 

1) Quantifying the impacts of part consolidation on product cost in lifecycles stages other 

than manufacturing, as organizations fail to systematically evaluate the impacts of PC. 

2) Evaluating change propagation caused by PC in product design. 

To fill these gaps and achieve the aforementioned research objectives, the following tasks were 

completed: 

1) Use a literature review to evaluate the significance of how part consolidation may impact 

the costs of AM. Two areas are specifically addressed in the literature review: Part 

Consolidation and AM Cost Models. 

2) Interviewing AM experts and studying literature case studies to define the important 

factors to consider when redesigning for AM & PC. 
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3) Evaluate the change propagation in a product caused by AM-enabled PC through using a 

case study.  

4) Develop a new scope for AM cost models to help designers understand the ramifications 

of part consolidation at early design stages.   

1.5 Thesis Structure  
 

The remainder of this research is organized as follows: Chapter 2 reviews the current 

literature concerning AM technologies, applications, design for Additive Manufacturing 

methodologies, Part Consolidation, change propagation in products redesigned for AM and cost 

models for AM.  Chapter 3 focuses on the change propagation aspects related to (re)designed 

products for AM-enabled Part Consolidation. Chapter 4 provides insights on AM benefits, design 

inputs, tradeoffs and cost concluded from interviews and surveys with AM experts and engineers. 

and shows the development of a cost model that accounts for PC impacts. Chapter 5 proposes the 

basis for a modified AM cost model with a wider scope that accounts for costs incurred in different 

product lifecycle stages. A case study of a consolidated CubeSat is provided to show the 

application of the model. Chapter 6 concludes with a discussion of insights gathered, limitations 

of this research and areas of future work. 
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CHAPTER 2  

LITERATURE REVIEW 

This chapter reviews the literature concerning AM benefits, limitations, Design for AM 

methods, AM-enabled part consolidation, existing AM cost models and evaluates how change 

propagation analysis are used in product design generally and in products designed and produced 

by AM specifically.  

2.1 Additive manufacturing  

2.1.1 Introduction  

Review articles in the field of AM cover various aspects. Some reviews focus on the current 

AM processes  and describe possible applications [12]–[17].  Other reviews discuss the challenge 

of industrializing AM, especially around the issues of part reliability and part reproducibility [18]. 

Researchers have also reviewed geometrical and surface effects [19]. Other researchers have 

reviewed AM materials [20]–[22] with focus on specific materials such as metals [23]–[25] and  

ceramics [26], [27].  AM history and current state of the art of  processes have also been the focus 

of other academic reviews [28].  

Research in AM resulted in advancements to AM processes, materials, processes, software, 

equipment, and integration. This has allowed the use of AM directly and indirectly for prototyping. 

Custom designs with suitable materials properties have been used in making molds, dies, tools and 

in testing prototypes. The current trend of AM research is focused on using AM for direct 

fabrication of fully functional products. There are opportunities for open-source and reduced cost 

printers that are capable of printing final custom parts for industry. The development of AM design 

methods has also become essential to unleash the full potential of AM. Over the last 10 years, the 

market share of AM using metals has grown due to the increased attention from academia and 
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industry [29]. Research also shows the economic feasibility of adopting AM when considering 

small or medium production volume for plastic parts [30].  

2.1.2 Benefits/Advantages 

Research in the field of AM has demonstrated the potential for revolutionizing the way 

products are designed and manufactured. The increased interest and investments in AM 

technologies are justified, as the layer-wise additive method creates opportunities for design 

benefits in terms of reducing design complexity, providing on-demand production, reducing time 

to market, developing AM-enabled business models, reducing material waste, and reducing 

assembly efforts. Kumke et al. [31] categorized AM potential into levers and value propositions. 

Levers are what AM can provide but is not the end itself (e.g., the ability to manufacture undercuts 

or non-uniform wall thicknesses). Value propositions use levers to benefit the customer of a 

product (e.g., reduced energy demand due to lightweight design, and/or for its manufacturer, e.g., 

reduced costs).  In Figure 2.1, a total of 22 concrete levers and 27 concrete value propositions 

interconnected by 290 relations are identified by Kumke et al.  These relations are represented in 

the form of a semantic network that can be continuously updated with the realization of new AM 

applications or technologies.   

 
Figure 2.1 Network of AM design potentials. Adapted from [31] 
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2.1.4 Applications  

The potential for AM has been partially realized through many applications in the 

aerospace, automotive, biomedical and energy fields. According to [28], AM applications are 

categorized into five commercial application areas: (1) concept models, (2) machining forms, (3) 

patterns, (4) prototyping, and (5) manufacturing. 

 Concept models are low-accuracy, low-strength design aids used for displaying the basic 

geometry of a design before manufacturing. Machining forms are used for near-net-shape 

fabrication; initial fabrication of a component to be close in size and shape to the finished product. 

Machine forms have low accuracy but can be large and strong parts. Patterns are used for creating 

casting models such as investment casting patterns or sand-casting patterns.  Patterns must have 

high accuracy and good surface finish so that accurately casted parts can be produced. Prototypes 

are widely used in industry to verify design and product functionality before setting production 

lines for mass production. Prototypes must be as accurate as possible to the actual product. Also, 

the strength of the prototype is important since the prototype will be tested as if it is the actual 

product. Direct manufacturing of AM parts for end-use parts with high quality requires high 

accuracy and strength.  

2.1.3 Challenges  
 

Despite the promised benefits of AM and the continuous advancement in AM techniques 

in the recent years, many challenges before the full potential of AM can be realized. For many 

industries, there is a trade-off between achieving cost-efficient development and manufacturing 

and satisfying the expectations of customers with respect to functionality and performance [32]. 

Gao et al. [33] explains some of the major challenges to AM:  
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• Personal fabrication vs. mass manufacturing: AM is currently more suitable for 

custom low-volume production. For other scenarios, the cost for achieving 

economies of scale via mass production using AM can be significantly larger than 

other conventional techniques such as injection molding. 

•  Building scalability vs. layer resolution: There is an inherent trade-off between 

layer resolution and the scale of printed parts. The smaller the layer thickness, the 

better surface finish. However, this could significantly increase build time and cost.  

• Material heterogeneity and structural reliability: Despite significant developments 

in making more materials available for use with AM, the selection is still limited. 

It is challenging to obtain the required material properties considering AM 

anisotropic properties.  

• Repeatability and consistency in the produced parts and AM intellectual property: 

Developing standards for material, process, calibration, testing and file format is 

essential to ensure repeatability and consistency across parts and machines. Also, 

researchers have been exploring how to protect intellectual property by generating 

encryption via embedding certain 3D information into spectrum domain and 

making internal structures only visible under terahertz waves. 

 

2.2 AM design Methods 

Although AM technologies have allowed designers to overcome many of the limitations of 

conventional manufacturing, there is still a gap between AM potential and available design 

guidelines, tools and standards limiting the full utilization of AM capabilities[34]. Conventional 

design methods remain unable to enable the design freedom and opportunities created by using 

AM technologies. The nature of design changes in AM compared to the traditional Design for 
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Manufacturing (DFM) rules which become less suitable to use with AM technologies and 

processes [35]. Yang [36] classifies design methods related with AM into three main groups, 

design guidelines, modified design theory and methodology, and Design for Additive 

Manufacturing (DfAM).  

2.2.1 General design guidelines 

The objective of design guidelines is establishing a general set of rules or guidelines that 

can be followed. These guidelines or heuristics should be checked and applied on a case-by-case 

basis. Designers with sufficient skills and knowledge are more capable of properly interpreting 

these guidelines and heuristics. Corney et al. [37] introduced major design guidelines and applied 

them to a case study of a mix device as shown in Figure 2.2. The optimized device had reduced 

part count and enhanced functionality, capturing some benefits of using AM. 

 
Figure 2.2 An optimized mix device using the guidelines in [37]. Advantages of reduced part count, less assembly 

effort and advanced functionality are realized. 

 

2.2.2 Modified design theory and methodology 

Rodrigue et al. modified DFMA methodology to facilitate designing related to AM [38]. 

Constraints related to geometry and assembly become less significant. Figure 2.3 summarizes their 

proposed redesign methodology; it starts with problem definition, then checking opportunities for 

part consolidation. The method aims to achieve optimization with respect to satisfying product 
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requirements and preventing failures based on FMECA (failure modes, effect, and criticality 

analysis) [39]. 

 
 

Figure 2.3 AM Redesign Methodology [38] 

 

2.2.3 Design for Additive Manufacturing-DFAM 

DFAM equips designers with tools and methods necessary to avoid the constraints in 

conventional design methods. Different part features, materials and geometries can be realized 

with AM processes. Consequently, different design rules and guidelines are needed to fit the 

unique capabilities of AM processes [10]. For example, a designer’s effort in designing a product 

for assembly could be significantly reduced if AM has been used to consolidate parts and reduce 

the part count and interfaces.  AM processes differs from conventional process in many aspects 

such as: batch sizes, production times, and cost drivers. Therefore, the need to develop new design 

rules and methods for AM has become a necessity. Many researchers have proposed different 

frameworks to support DFAM in the past decade [31], [36], [40]–[46]. A sample DFAM 

framework is shown in Figure 2.4 [47].  

Consolidation 

of parts 

Optimization for 

preventing failures 

Problem 

Definition 

 

Optimization for user 

requirements 

 

Implementation of the 

solution 
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Figure 2.4 Global framework for DfAM. Adopted from [47] 

2.3 AM-enabled Part Consolidation 

Part consolidation is one of the unique design freedoms enabled using AM processes. The 

following subsections discuss part consolidation methods and economic aspects. 
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2.3.1 Part Consolidation Methods 

Part count reduction has received increased attention as industrial organizations work to 

reduce the time and costs of design and manufacturing. Part consolidation is one effective approach 

for reducing part count. Part consolidation is defined by [5] as “the process in which multiple 

discrete parts are designed and fabricated together into a single part, thus reducing the number 

of fabricated parts and the need to join those parts together”. Reducing part count eliminates the 

need for tooling, fasteners and fixtures, reducing the assembly time, cost, and effort. Part 

consolidation has been intensively studied in Design for Assembly (DFA) and Design for 

Manufacturing (DFM) research. Boothroyd [48] defines 3 main questions that a designer should 

ask when exploring if part consolidation is possible:  

1. “During the operation of the product, does this part move bodily with respect to all other 

parts already assembled? 

2. For fundamental reasons, does it have to be a different material? 

3. Does the part have to be separate from all other parts already assembled because otherwise 

assembly or disassembly of other separate parts cannot be carried out?” 

Part consolidation, however, can also result in more complex parts and designs. AM 

processes are different from traditional manufacturing, and established correlations between 

design complexity and manufacturing cost may not hold. Therefore, a new body of knowledge is 

necessary to exploit the benefits of part consolidation with AM technologies. 

Research focusing on part consolidation is limited. Corney et al. [37] discussed the possible 

benefits realized by part consolidation and AM technologies. Also, they emphasized the 

importance of educating engineering designers for this new technology. Rodrigue et al. [49] 

introduced a design methodology for AM that consolidates and optimizes a product following the 
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DFA guidelines. Atzeni et al. [30]  compared production cost between Injection Molding and AM. 

Geometric and economic differences were also explored. Their study found that AM combined 

with redesign can be economically competitive to Injection Molding for medium volume 

production of plastic parts. Maidin et al. [50] developed a design feature taxonomy and a computer-

based design support tool to aid AM designers. Four consolidation approaches were identified: 

instant assembly features, fasteners removal features, multiple functional parts and dual material 

features.  Ponche et al. [51] proposed a numerical method based on a (DFAM) methodology that 

allows the optimization of manufacturing paths to obtain a realistic CAD model. They also 

addressed optimization of functional surfaces and volumes to realize part consolidation. Similarly, 

Yang et al. [5] integrated functions based on the function surfaces and volumes. They also include 

structural optimization to exploit AM benefits in lightweight design, showing that part 

consolidation with AM is more effective than by using traditional DFMA methods.   

Schmelze et al. [52] defined a (re)design approach for PC based on relative motion between 

parts and part material. Their approach is demonstrated on a multipart hydraulic manifold where 

part consolidation helped achieve a 60% weight reduction and height shortening of 53% . 

Improved performance and minimized leak points were also reported. Others involved a multi-

objective topology optimization aiming to consolidated parts by AM and achieve optimal 

structural performances [5], [37]. Horn et al. [53] presented two case studies for complex 

mechanical assemblies consolidated into single lightweight components (Figure 2.5).  A 

comparative study was presented in [54] comparing the structural performance of consolidated 

AM parts and the multi-piece assemblies. Although AM part consolidation demonstrated greater 

potential for improving structural performance, performance is affected by the anisotropic 

properties of AM materials in the build direction.  
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Toward identifying potential candidates for PC, consolidation rules were revised from 

conventional manufacturing that consider AM constraints and capabilities [55], [56]. These 

consolidation rules provide a numerical framework that can be used as a foundation for automating 

the part identification process for part consolidation. A different approach was used in [57]; they 

use a modular identification method considering maintenance and product recovery to suggest 

parts to be consolidated based on part and interface complexities. 

 

Figure 2.5 (A) a lightweight robotic hand designed specifically for additive manufacturing using EB that utilizes 

stochastic network structures as well as hydraulic and pneumatic actuation. (B) Lightweight, compact underwater 

robotic system fabricated using EB in which the robot base, hydraulic pump, reservoir, and accumulator are combined 

and integrated into a single structure. Adopted from [53] 

 

The lifecycle and sustainability impacts obtained by part consolidation using AM technologies has 

also been explored.  Yang et al. [58] discusses the lifecycle effects of AM-enabled PC and provides 

a set of design rules to support optimal identification of part candidates for PC. LCA Lifecycle 

Assessment model is used for comparing compare the environmental performance between 

assembly design via conventional manufacturing and part consolidation via AM [59]. Effects of 
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weight reduction, prolonged life expectancy, and improved functional performance are 

investigated. 

2.3.2 Economic implications of part consolidation 

Despite existing research into the benefits of part consolidation by AM, and the proposed 

design methods for realizing this capability, the economic impacts of PC are not well studied [11]. 

Few empirical methods exist for quantifying the impacts of part consolidation through the 

product’s lifecycle. Lindemann et al. [60] proposed a methodology to select and redesign part for 

consolidation and provided general economic aspects of AM. The methodology helps in asking 

the right question and reducing the required efforts. Weller et al. [61] discusses how functional 

integrated designs could reduce costs for assembly and production especially in products that 

requires intensive assembly. An assessment of the effects of AM at organization level is provided 

while also identifying some economic and technological characteristics of AM.  Research by [30], 

[62] has shown that part consolidation can facilitate more efficient assembly of products. This 

leads to an opportunity for selling more products and shortening lead time, which can help satisfy 

demand and improve the customer experience.  

Thomas et al. [11] discusses how part consolidation can be used to reduce or eliminate 

inventory, transportation, and supply disruptions. They emphasize that many costs within the 

supply chain and inventory are hidden. Aliakbari [63] emphasized the role of part consolidation in 

lean manufacturing as it could reduce assembly processes and non-value adding operations such 

as transportation, as well as reducing labor and cycle time. Similar findings are discussed in [64]; 

they point to the existence of significant opportunities on the supply side of operations from 

eliminating pre-assembly activities. Umeda et al. [65] emphasizes the impacts of part consolidation 
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on decentralized production. Inventory, transportation, time to market and lead time are affected 

and can be greatly reduced.  

Stevenson et al. [66] discussed the adoption additive manufacturing and the importance of 

understanding the economic implication of part consolidation on justifying the adoption of AM 

technologies. A case study problem is used for developing an empirical cost model capable of 

quantifying the impacts of AM-enabled part consolidation. This case study demonstrates how part 

count can be reduced by up to 93%, and associated costs can be reduced by 85%.  Three main 

stages for technology pre-installation are identified (Figure 2.6): evaluation of potential benefits, 

impacts, and applications; justification based on analytical, strategic or financial reasons; and 

planning the implementation process. 

 

Figure 2.6 The three stages for technology pre-installation [66] 

 

2.4 Change Management  

Part consolidation is one of the causes of change propagation during the production phase 

of the product life cycle [67]. Designing for AM, often through redesigning parts that have been 

manufactured in traditional manners, will result in engineering changes [68]. Those engineering 

changes can propagate—resulting in further changes and additional rework.  The nature and extent 



   

17 

 

of the correlation between change propagation and designing for AM is rarely discussed in 

literature nor clearly understood.  

Understanding the probabilities and impacts of change propagation within a product or a 

system that is redesigned for AM can help designers avoid large delays or unexpected spending in 

design projects [69]. Further, the correlations between AM features (such as part count reduction) 

and change management calculation can be used for quantifying the impacts of change propagation 

in early design stages. Quantitative measures that could assist the designer in understanding the 

tradeoffs between part consolidation and change propagation include: 

• Change difficulty using change propagation measures extracted from the literature,  

• Ratio of final and initial interfaces, 

• Ratio of final and initial unique components. 

2.5 Cost models for AM 

Investigating the costs incurred by AM is of interest to several parties, including the 

research community, technology users, prototyping service providers, software developers, AM 

technology vendors and the investment community. Cost estimates are essential for manufacturing 

organizations to optimize their processes, design products and decide which new technologies to 

adopt. As these estimates become more accurate, decisions can be more successful and effective 

[8]. Costs related to productivity, quality and flexibility are categorized into well-structured costs 

and ill-structured costs [70]. Figure 2.7 shows the relationship between these categories and 

provides examples.  

Most existing AM cost models focus on the well-structured costs related to productivity 

such as: raw material cost, energy cost, and labor. There is much less focus on other cost elements 

related to lifecycle costs beyond production. However, assembly costs were considered in [30], 
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[61], [62]. Thomas and Oettmeier et al. [11], [64] point to the possible benefits of AM within the 

supply chain. Other researchers have discussed product quality from tolerance stack-up [71]. 

 

 
Figure 2.7 Types of costs in product cost estimation. Adapted from [70] 

 
 

Generally, cost models provide estimates and represent the relationships between different 

cost elements. One of the popular techniques for AM cost models is the activity-based cost model. 

Implementing activity-based costing requires understanding the processes, production activities, 

and operations used in designing and making the product.  This method is used in one of the earliest 

AM cost models, a paper published in 1998 by Alexander et al. (Figure 2.8) [72]. In their model, 

every process time, including the build time, is estimated. Cost rates are multiplied by the time 

estimates to obtain the indirect costs of AM processes including maintenance, machine 

depreciation, labor and overhead. Direct costs are also estimated, including raw material and 

energy cost. Direct and indirect costs are added together to give an estimate of the overall cost of 

all units within the build of the AM process.  
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Hopkinson and Dickens [73] performed a cost analysis that compared injection molding as 

a traditional manufacturing method with additive manufacturing processes in terms of the unit cost 

for parts. The result of their comparison was that material properties and surface finish should be 

considered so that organizations could consider AM methods. They also found that AM 

technologies can be more economically efficient when considering low-volume production. 

  
Figure 2.8 Summary of an activity-based AM cost model [72] 

 

Ruffo et al. [74] advanced Hopkinson’s model by accounting for the cost impacts of 

investments and overheads. They included labor, material, machine absorption, production, and 

administrative overheads into their costing model. Costs are categorized into (1) Direct costs, a 

fixed value based on the quantity of materials and part volume, and (2) Indirect costs which are 

variable and depend on time. Ruffo and Hague [75] continued model development by considering 

the ability of AM technologies to print different parts simultaneously, rather than producing copies 

of the same parts.  This concept leveraged the use of a mix of components on the build platform 
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that could result in reduced costs. A mathematical model was provided that studied cost allocation 

for build jobs with mixed components in Selective Laser Sintering (SLS).  

Lindemann et al. [7] took a lifecycle-based approach to analyze costs for metal AM using 

Activity-Based Costing. The model was used for understanding the cost drivers that contribute to 

the unit cost and facilitating the decisions related to the justification of AM adoption.  All costs 

relevant to AM processes were modeled investigated including:  

• CAD Preparation,  

• Machine Preparation,  

• Build Process,  

• Support Removal,  

• Surface Treatment,  

• Verification and Documentation.  

The cost model is applied to a sample Stainless Steel part for production at 4500 h/year, 

and results were provided showing that the major cost driver was machine costs (74%), followed 

by material costs (12%) and preparation and post-processing (12%). Rickenbacher et al. [76] 

expanded the cost model of Lindemann et al. by accounting for multiple geometries and part 

quantities in the same build job. By optimizing these geometries and quantities in a case study, 

they showed that achieving a 41% cost reduction was possible. Table 2.1 includes the article 

reviews related to cost models and estimation for AM and their different scopes.  

2.6 Summary 

The literature reviewed in this chapter helped in gathering the background information 

related to the first research question defined in chapter 1:  
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• What are the existing tools and methods to help organizations understand and estimate 

the lifecycle costs associated with implementing AM? 

 

Table 2.1 Review papers on AM cost estimation 

No Author Year Scope 

1 

Niazi et al. [77] 2006 Generic hierarchical cost estimation classification 

2 

Lan [78] 2009 Focused on Web-based Rapid Prototyping and Manufacturing systems. 

3 
Thomas and 

Gilbert [9] 
2014 

Aimed to identify potential for cost-effective AM and means for cost 

reduction when using AM technologies. Categorized AM costs into ill-

structured costs, well-structured costs, product enhancements and quality. 

4 
Lindemann and 

Koch [79] 
2016 

Focused on the integration of additive manufacturing technologies into 

existing product development processes. Discussed methods for early and 

accurate cost estimation and product selection processes. 

6 

Thomas [11] 2016 
Proposed an approach for examining AM’s societal costs from both a 

monetary viewpoint and a resource consumption viewpoint. 

7 
Thomson et al 

[10] 
2016 Described the costs associated with DfAM. 

8 
Busachi et al. 

[80] 
2017 

Focused on investigating cost models for defense applications and categorized 

the cost models into intuitive, analogical, and analytical. 

9 
Costabile et al. 

[81] 
2017 

Analyzed literature about AM cost models from an operations management 

point of view with discussion of their strengths and weaknesses. 

10 

Gisario et al. [82] 2019 
Investigated AM economically considering AM cost models, spare part 

digitalization and environmental consequences for the aviation industry 

11 

Kadir et al. [83] 2020 

Used basic classification techniques to categorize AM cost studies: cost 

model development (method-based, task-based, system-based, hybrid-based) 

and cost model utilization (architecture-based or software-based). 

 

As discussed, whilst AM brings new opportunities for cost savings, there is not enough 

understanding of the product lifecycle impacts. Accurate cost estimates are critical for 

manufacturing organizations and engineers to successfully optimize their design decisions and 
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decide which AM technologies to adopt. Whilst many AM cost models can accurately account for 

production costs, they do not usually consider the cost benefits and impacts resulting from part 

consolidation or AM generally. It is also clear that designing for AM, often through redesigning 

parts that have been manufactured in traditional manners, will cause engineering changes. Those 

engineering changes can propagate, and so do costs. These costs associated with change 

propagation are partially understood, especially in the context of part consolidation applications. 

Researchers refer to some of the main benefits and challenges of part consolidation by AM: 

 

“It becomes possible to reduce the complexity of assemblies by combining multiple parts or 

functionalities in just one part. This is just one opportunity to save costs in the production phase, 

although the production process itself may be more expensive, strongly depending on the part. 

Furthermore, it offers more potentials in costs saving, as there is no need for tooling and 

warehousing of production tools. Thus, producing parts directly ready for usage can shorten the 

time-to-market, as changes can be applied short-termed.” 

Lindemann et al. [60] 

 

“The problem is that design freedom of part consolidation is heavily stifled by the requirements of 

Design for Manufacturing (DFM), which leads to the limited reconstruction by only deleting 

fasteners and merging existing parts together. Moreover, part consolidation stagnates without 

taking into consideration of structural optimization of the merged design space to achieve better 

performance; therefore, a global optimal consolidated structure is not achieved.” 

Yang et al. [36] 
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CHAPTER 3   

UNDERSTANDING THE IMPACTS OF CHANGE PROPAGATION IN 

AM-ENABLED PART CONSOLIDATION 

Redesigning products for Additive Manufacturing often requires implementing 

engineering changes where a change in one part results in changes to other parts. Part consolidation 

enabled by Additive Manufacturing is usually sought when products are redesigned for AM. 

Accurate prediction of change propagation caused by part consolidation is necessary for 

understanding the ramifications of DfAM on the redesign effort. Some questions arise when we 

consider the intersection of AM, AM-enabled part consolidation and change management: 

• How does AM-enabled part consolidation affect the propagation of design changes 

in a product that is redesigned for AM?  

• Does AM-enabled part consolidation increase or reduce the change risk?  

• If AM-enabled part consolidation increases the change risk, can we optimize how 

we consolidate the parts for less change risk?  

• What methods can be used for using change propagation predictions as a driver for 

selecting candidates for part consolidation?  

In product design, it becomes important to consider the tradeoff between integrality, 

achieved through part consolidation, and modularity. Integral designs make the engineering 

changes more costly and tedious compared to modular designs. Product variants are often achieved 

through modular product architectures where changes in a part do not lead to changes in other 

parts. [ref- Modular product design] developed a method that evaluate this balance considering 

product adaptability, component interface costs, manufacturing costs and cost of post-processing 

activities. Their method combines functional modelling with a genetic optimization algorithm to 
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select optimal product architecture.  Work by Yang et al. [55] emphasized the need for part 

consolidation when considering product modularization, as part consolidation would allow for 

easier maintenance, improved serviceability, a could prevent the propagation of failures. 

Consolidated designs have fewer mating interfaces and better reliability; however, designers need 

to achieve the right balance between a modular and integral design. Yang also proposed a 

framework for detecting candidates for part consolidation using a set of heuristic rules to support 

an automatic reasoning process [55]. 

 Interactions and functional relations between parts need to be understood which supports 

better decisions in product design and change management. In the next subsections, we apply one 

of the popular change prediction methods to a case study to demonstrate the effect of part 

consolidation on change propagation in products. 

 

3.1 Explanation of CPM method  
 

While modularization can help mitigate some of the risks of engineering changes, 

propagation of design changes is still inevitable. A commonly cited method in the literature for 

exploring change propagation in products and systems is the Change Prediction Method (CPM) 

introduced by Clarkson et al. (Figure 3.1) [67].  

In the CPM process, product data is used for examining the component relationships. These 

relationships are used for creating dependency matrices—represented using Design Structure 

Matrices (DSMs)—to indicate how change may propagate though a system or a product. Change 

relationships are presented as a combination of likelihoods and impacts, which take on values 

between 0 and 1 (Figure 3.2). Clarkson defines Likelihood (l) as “the average probability that a 

change in the design of one sub-system will lead to a design change in another by propagation 
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across their common interface” and Impact (i) as “the average proportion of the design work that 

will need to be redone if the change propagates”. 

 

 

Figure 3.1 Clarkson’s Change Prediction Method [67] 

 
Figure 3.2 Likelihood, Impact and Risk Matrices. Adapted from [67]  

 

Once likelihood and impact values are estimated—usually by an expert engineer who has 

experience with the product/system—the combined risk is calculated form both direct and indirect 

dependencies between components. Finally, product risk matrices can be derived and presented in 

the form of a single matrix. Within each cell, the width of the rectangle indicates the likelihood 
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while the rectangle’s height reflects the impact. The area of the rectangle is the risk.  To understand 

how the algorithm works, the combined risk of change propagating to part b from part a in the 

subsystem 𝑢 is defined as 𝑅𝑏,𝑎 where: 

𝑅𝑏,𝑎 =  1 −  𝜋 (1 −  𝜌𝑏,𝑢) (1) 

 

𝜌𝑏,𝑢 =  𝜎𝑢,𝑎  𝑙𝑏,𝑢  𝑖𝑏,𝑢  (2) 

 

 

where 𝜌𝑏,𝑢 is the risk of change propagating from u to b, 𝜎𝑢,𝑎  is the likelihood of change reaching 

sub-system u from a, 𝑙𝑏,𝑢 is the direct likelihood of change propagating from u to b and 𝑖𝑏,𝑢 is the 

direct impact of such a propagation. The execution of this algorithm is illustrated in Figure 3.3. 

 
Figure 3.3 Execution of the CPM algorithm. Adapted from [67] 

 

3.2 Applying CPM to a case study 
 

CPM is applied to a case study and used to assess and compare the change propagation 

potential before and after use of part consolidation enabled by Additive Manufacturing. The case 

study is a throttle pedal assembly [84], where a cost analysis was performed to evaluate how design 

changes influenced predicted product cost. The pedal was used in the work of Yang et.al [56]  to 

demonstrate how a numerical algorithm could be used for identifying part consolidation 

candidates. The result of their analysis consolidated the pedal into 9 groups as shown in Figure 
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3.4. The original design of the pedal is comprised of 13 components without counting washers and 

fasteners and retrieved from an open-source CAD database [56]. 

 
Figure 3.4  (A) Exploded view of the original design of a throttle pedal (13 parts) (B) Exploded view of the 

consolidated design (9 groups) using the numerical approach in [56]   

 

CPM algorithm is used to compare the average likelihood of the components of the original 

design versus the consolidated design. Three different cases are explored with a unique component 

serving as the change initiators (Shaft, Left Case, Bearing).  First, the direct dependencies between 

components are estimated (a designer’s experience in the chosen product is highly desirable for 

more accurate and informative results), then the CPM algorithm is used (setting indirect 

propagations to 3 steps) to obtain the combined dependencies (direct and indirect).  Direct 

likelihood and impact of change propagation are estimated for every pair considering the 

component initiating the change. The initial direct and indirect dependencies matrix between 

components for the original unconsolidated design is shown in Figure 3.5. The same matrices for 

the consolidated design suggested by [85] are shown in Figure 3.6.  
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Figure 3.5 The product risk matrix considering the direct dependencies (left) and indirect dependencies (right) 

between components in the original design of the throttle Pedal 

 

 

Figure 3.6 The product risk matrix the direct dependencies (left) and indirect dependencies (right) in the 

consolidated design of the throttle pedal 

 

The average combined likelihood is higher than its value in the original design in the three cases, 

as summarized in Table 3.1:  
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1) Case 1. When change is initiated by C5- Shaft or the module containing C5-Shaft.  

2) Case 2. When change is initiated by C12- Left case or the module containing C12-Left Case. 

3) Case 3. When change is initiated by C6- Bearing or the module containing C6- Bearing 

 

Table 3.1 Comparison of average direct/indirect Likelihoods in original design and consolidated design 

  Case 1 Case 2 Case 3 

Original 
Design 

Consolidated 
Design 

Original 
Design 

Consolidated 
Design 

Original 
Design 

Consolidated 
Design 

Avg. direct 
likelihood 

75% 61% 66% 59% 75% 75% 

Avg. combined 
likelihood 

54% 69% 55% 69% 65% 68% 

 

The average direct likelihoods of change propagation in the consolidate design are either 

equal to or lower than direct likelihoods in the unconsolidated design. However, the average 

combined likelihood percentages are higher in the consolidated design compared to the original 

unconsolidated design. These findings show that there is a higher possibility for changes to 

propagate in consolidated products. This comes as a result of the higher complexity in the system 

with combining together. These consolidated parts can probably have more complex interfaces 

with surrounding parts or group of parts. Additionally, one consolidated part can be 

multifunctional allowing a change in this part to be of more significance.  

Despite of the well-known benefits of consolidation, engineers need to understand the possible 

knock-on effects of their design decisions in assemblies, products and systems. Impacts of change 

propagation caused by part consolidation can make the realized benefits of less value and 

significance, especially when engineering changes are initiated frequently for customization or 

development purposes. Hence, understanding the costs associated with these changes is also 

important for more effective engineering decision-making process. 
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3.3 Costs of change propagation  
 

As change propagates, the cost of redesign often increases. To better evaluate and quantify 

the impacts of change propagation in a product redesigned for AM-enabled part consolidation, 

cost is taken into consideration by building on existing change and cost prediction methods. We 

use the methodology presented by Georgiades et al. [85] for predicting and assessing the 

propagation of change and the cost associated with it. Their approach uses a DSM to quantify 

likelihoods of propagation, much like in CPM. However, cost weight is introduced as a new 

measurement. Cost weights are knowledge-based and estimated from experience, as is the case 

with likelihoods of propagation. Cost weights allow the evaluation of cost propagation due to 

design changes by focusing on the costs imparted by an initiating component. Costs are not 

modeled in dollar amounts but are modeled as relative costs taking on values between 0 and 1. 

The probability of propagation between two components (considering direct and indirect change) 

is calculated by using probability rules for independent events as in CPM method.  For each critical 

path between components, the path probability (𝑝𝑝𝑛) is the product of all the direct probabilities 

between components.  

𝑝𝑝𝑛 =  𝜋 (𝑑𝑝𝑖𝑗) (3) 

 

The combined probability 𝐶𝑝𝑖𝑗 of all paths from the initiating component (i) to the receiving (j) 

is calculated as: 

𝐶𝑝𝑖𝑗 = 1 −  𝜋 (1 −  𝑝𝑝𝑛)  (4) 

 

The path cost (𝑝𝑐𝑛) is the sum of all cost weights (𝑐𝑤𝑖) in the path: 

𝑝𝑐𝑛 =  ∑ (𝑐𝑤𝑖) (5) 
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To aggregate the costs of all paths between two components, each path probability is multiplied 

by the respective path cost. Then all paths are summed. The sum of all paths is then divided by the 

combined probability to get the aggregate cost (𝐴𝑐𝑖𝑗): 

𝐴𝑐𝑖𝑗 =  
∑ (𝑝𝑝𝑛 × 𝑝𝑐𝑛)

𝐶𝑝𝑖𝑗
 

 

 

(6) 

We apply these equations in the throttle pedal case study. We apply the cost impacts 

between a single pair of components in the original design (C5- Shaft to C6-Bearing), and its 

parallel in the consolidated design which is the module containing the Shaft and the Bearing (G7 

to G6). G7 consists of (Shaft, Right case and Pin), and G6 consists of the Bearing only. 

Change propagation paths in both the original and consolidated designs for the specific chosen 

case are shown in Figure 3.7 and Figure 3.8. The number above the squares are the cost weights 

of parts/groups as estimated and the numbers on the lines are the direct change propagation 

likelihood between the parts/modules connected by these lines.  

 

 
Figure 3.7 Change propagation paths between C5-Shaft and C6-Bearing in the original design. Cost weights are 

above the squares while the direct change propagation likelihoods are the numbers on the lines. 
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Figure 3.8 Change propagation paths between the module containing Shaft G5 and G6-Bearing in the consolidated 

design 

 

Estimations for the cost weights of the parts/groups in the original design and the 

consolidated design are provided in Table 3.2 and Table 3.3 respectively.  

 
Table 3.2 Estimated cost weights of parts in the original design 

Component C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 

Estimated Cost Weights 0.2 0.1 0.2 0.3 0.4 0.5 0.3 0.1 0.7 0.3 0.3 0.4 0.1 

 
Table 3.3 Estimated cost weights of parts/groups in the consolidated design 

Group/module G1 G2 G3 G4 G5 G6 G7 G8 G9 

Estimated Cost Weights 0.7 0.5 0.3 0.1 0.3 0.5 0.6 0.2 0.2 

 

Applying (3) to the path probabilities in the unconsolidated design case: 

Path 1  𝑝𝑝1 = 0.8 × 0.5 × 0.15 = 0.06 
Path 2  𝑝𝑝2 = 0.85 
Path 3  𝑝𝑝3 = 0.85 × 0.7 = 0.595 
Path 4  𝑝𝑝4 = 0.5 × 0.25 × 0.5 = 0.0625 
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Applying (4) to get the combined probabilities between C5-Shaft and C6-Bearing in the 

unconsolidated design case: 

𝐶𝑝56 = 1 −  𝜋 (1 −  𝑝𝑝𝑛) = 0.9464  

Applying (5) to get the cost of change paths in the unconsolidated design case: 

𝑝𝑐1 =  0.4 + 0.3 + 0.1 + 0.5 = 1.3 
𝑝𝑐2 =  0.4 + 0.5 = 0.9 
𝑝𝑐3 =  0.4 + 0.3 + 0.5 = 1.2 
𝑝𝑐4 =  0.4 + 0.3 + 0.4 + 0.5 = 1.6 

 

Applying (6) to get the aggregate cost for the change propagation path between (C5- Shaft to C6-

Bearing) in the unconsolidated design case: 

                                 

𝑨𝒄𝒊𝒋 =  
∑ (𝒑𝒑𝒏 × 𝒑𝒄𝒏)

𝑪𝒑𝒊𝒋
=  

𝟏. 𝟔𝟓𝟕

𝟎. 𝟗𝟒𝟔𝟒
= 𝟏. 𝟕𝟓 

 

Repeating the same calculations for the consolidated design propagation paths (The group 

containing the Shaft, and the group containing the Bearing), we get the combined probabilities 

between the module containing Shaft G5 and G6-Bearing:  

𝐶𝑝76 = 1 −  𝜋 (1 −  𝑝𝑝𝑛) = 0.97 
 

And the aggregate cost for the change propagation path: 

𝑨𝒄𝒊𝒋 =  
∑ (𝒑𝒑𝒏 × 𝒑𝒄𝒏)

𝑪𝒑𝒊𝒋
=  

𝟐. 𝟗𝟑𝟖

𝟎. 𝟗𝟕
= 𝟑. 𝟎𝟐𝟖 

 

Following the same steps above, aggregate cost calculations and path probabilities can be 

repeated for every combination of components and for every possible propagation paths.  

Aggregate cost of change propagation path increased by 73% in consolidated design compared to 

the unconsolidated design. This means that design changes in the consolidated designs can be 73% 

more costly than analogous changes in the unconsolidated design.  
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3.4 Summary  
 

As shown in the chapter, engineering changes are often required when redesigning parts 

for part consolidation. Implementation of these engineering changes often requires developing new 

tools, validating design through prototyping, changes in manufacturing process, changing 

materials or other requirements that will add to the overall cost of the product. Implemented 

changes can have higher impacts on cost when parts are consolidated. Knowing that, a better 

evaluation and sensitivity analysis of the system to change should be performed to assess the cost 

impacts of change propagation in the system. Changes in certain parts can be more costly, hence 

they should be avoided or combining these parts with others should be avoided in the design stage. 

These estimate of change costs emphasizes the need for designers and companies to evaluate their 

(re)design changes for AM while considering the consequent possibilities of change propagation 

on their products. Also, they assist in the decision-making process during design and management 

of engineering changes. In the next chapter, we seek insights from AM engineers and practitioners 

on their decision-making process and the methods they use to evaluate the cost impacts of AM 

design decisions.  
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CHAPTER 4   

INTERVIEWS AND SURVEYS WITH INDUSTRY EXPERTS  

4.1 Survey purpose, structure, and background of the participants  
 

For accurate and realistic AM cost modeling, additional data must be gathered from AM 

engineers and practitioners in the industry. It is crucial for the practicality of this research to 

understand the real-world challenges facing engineers during designing for AM, optimizing 

product cost and choosing the right manufacturing processes. We asked industrial practitioners 

working in the AM field about their opinions and experience in different situations related to 

Design for Additive Manufacturing, Part Consolidation and Change Management.  The questions 

aimed at developing an understanding of the real challenges that AM practitioners and companies 

face when adopting AM, designing for AM, or trying to maximize their benefits from using AM 

technologies.  The purpose of conducting surveys and/or interviews with experts from the industry 

is to evaluate the effectiveness of the current tools and guidelines for DfAM, provide enhanced 

tools that facilitate AM design decisions, and justifying the observed need for more insightful and 

accurate cost models which account for impacts of designing for AM and Part Consolidation 

decisions. 

Both open-ended and close-ended questions are used in the survey. Open-ended questions 

are designed to produce rich answers and qualitative data while giving the participants to freely 

express their thoughts and give examples from their own experiences. Close-ended questions are 

designed to produce more specific data that can be easily quantified and ranked.  

As detailed in Table 4.1, the survey is divided into 4 sections; the first section aims at gaining 

increased insight into the most important benefits that designers and engineers try to realize by the 

application of AM. Additionally, the questions aim to evaluate the utility and practicality of the 
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existing methods of DfAM for engineering companies and designers. In the second section, 

participants are asked to share their thoughts on the importance of different product lifecycles costs 

when (re)designing for AM besides evaluating the difficulty of cost estimation in the same context.  

 

Table 4.1 Questions of the conducted survey 

Participant Background 

1 Job Title / Function 

2 What is your Industry? 

3 Number of years of Professional Experience 

4 Number of years of Professional Experience with AM 

AM benefits, design tradeoffs and used DfAM methods 

5 Based on your product design experience, what benefits do you hope to obtain from AM? 

6 When designing for AM, what inputs are required? 

7 When redesigning for AM, what are some of the design trade-offs you consider? 

8 What design methods, guidelines, tools, or software do you use when designing for AM? 

Effort distribution and considered cost elements in a product lifecycle 

9 When (re)designing for AM, which of these cases do you focus more on: single parts, sub-

assemblies, or full products? What percentage of your work is spent on each case? (sum 

to 100%) 

10 Which cost elements of a product’s lifecycle are you likely to consider when designing for 

AM? Use a scale of 0-5, where 0 is not likely and 5 is very likely. 

11 How certain are you about the estimated (re)design costs in early design phases? Use a 

scale of 0-10, where 0 is very uncertain and 10 is very certain. 

  Part Consolidation use, benefits, and impacts 

12 When and where in the process do you consider Part Consolidation when redesigning a 

product for AM? 

13 To what extent is it easy to decide when to consolidate a few components into a single 

AM module, and when it is not? Answer on a scale of 1-5 where 1 means (not at all easy) 

and 5 means (very easy). 

14 In your opinion, which cost elements of a product’s lifecycle are likely to be affected by 

Part Consolidation? Use a scale of 0-5, where 0 is not likely and 5 is very likely. 

15 What guidelines/heuristics do you use for identifying candidates for part consolidation? 

16 How does Part Consolidation benefit your (re)designs for AM? 

Awareness of Change Propagation impacts 

17 When designing an assembly or a product, how certain are you in assessing the impacts 

of your (re)design decisions of one part on other parts (possibilities of change 

propagation)? Use a scale of 0-10, where 0 is very uncertain and 10 is very certain. 

18 What is a missing tool that would help you the most in designing for AM? 
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Also, AM products are categorized into three categories: single parts, sub-assemblies, and 

full products; participants determine the percentage of their efforts which are spent on each of 

these categories. Questions in the third section are more focused on Part Consolidation, its 

guidelines and methods in product design and its impact on the product lifecycle costs. 

Finally, the fourth section asks the participants to evaluate the difficulty of estimating 

change propagation impacts when (re) designs for AM and part consolidation. Furthermore, we 

ask the experts to suggest a missing tool they can make use of in AM production or designing 

activities which could facilitate their work. 

After creating the survey, it was submitted to NC State University IRB (Institutional 

Review Board) system for approval. Any research with human subjects at NC State must go 

through the NC State IRB to check its risk, benefits, and data security. Participants were contacted 

by one of two ways: email or phone calls. Participants receive an email about the study with a link 

to the survey on Google Forms. The introduction to the form will discuss the project and ask for 

consent. Those who provide consent will participate in a questionnaire to get their insights on the 

topic. For people contacted over the phone, the research project is introduced, and participants are 

asked for consent.  

We interviewed around 13 industry experts working in different fields and industries: 

academia, research and development, manufacturing, steel making and forming, metal casting, 

plastics, orthopedic implants, instruments, and chemical industries. The participants occupy 

different positions in different functions including research and development sector heads, 

management directors, senior AM application engineers, project managers and lead engineers. The 

survey participants have a wide range of years of professional experience: from 3 to 36 years. 

While they have from 3 to 13 years of additive manufacturing experience.  
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4.2 Interpretations from survey answers  
 

The following will demonstrate the answers received and discuss the gained insights and 

their contribution to the fulfilment of research objectives. 

4.2.1 Benefits realized by AM application 

The survey participants mentioned various and similar benefits that their businesses realize 

with the use of AM including:  

• reduced weight,  

• faster prototyping,  

• efficient use of material,  

• enhanced functionality,  

• enhanced manufacturability,  

• cheaper production for small quantities,  

• greater design freedom,  

• reduced assembly time and cost,  

• shorter process chain,  

• reduced development time,  

• shorter time to market.  

As shown in Figure 4.1, most of design effort is spent on single parts rather than sub-

assemblies or full products. However, when working with assemblies and considering the 

consolidation possibilities, they report benefits more specifically in assembly time and cost, lighter 

assemblies, better part aesthetics, simplifying supply chain, increasing possible solution space, and 

opening opportunities for optimized consolidated parts. Some reported other significant benefits 
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such as the ability of part consolidation potential to drive clients towards AM adoption and using 

it for production rather than prototyping only:  

“We don’t necessarily go out looking for specific types of opportunity. For sure, it’s nice to work 

from a system-level down because we can understand the context we’re working in. If we can see 

an opportunity to improve the overall product by simplifying something elsewhere, we’ll do that. 

Conversely, we might need to compromise the printed part design to fit in with an overriding 

requirement.” 

 

Figure 4.1 Distribution of design effort between single parts, sub-assemblies, and full products  

 

4.2.2 Inputs required before design process 

With regards to the required inputs for design process, the participants provided different 

answers according to their type of business; some designers require the knowledge of available 

forces, load cases, moments, working media and environmental conditions. Others require inputs 

that are more relevant to the manufacturing constraints to verify AM capabilities and limitations 

such as: minimum wall thickness, budget, tolerances, and machining requirements. Others focused 
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on the product itself, so they require information such as: desired corrosion resistance, heat 

resistance, fatigue resistance and material.  

Almost all the participants mention the need to have a firm understanding of the product 

function and use intention. In this regard, one of the Metal AM experts said that: “You need to 

understand as much as you can about the application, design intent and the market space the part 

is intended to fit into. You need to understand current production volumes, cost per part, 

performance, mass etc. In reality, the vast majority of use-cases for additive right now center on 

displacing a component that already exists. This is usually fairly difficult. Much like any 

manufacturing process, it’s easier to design a part that leverages the benefit of the process if you 

had already considered using that process way back in the concept design stage.“ 

4.2.3 Design trade-offs 

We asked about the design trade-offs that usually challenge engineers when designing for 

AM. Some participants reported the need to compare the cost effectiveness of using additive 

manufacturing technologies to injection molding or other traditional processes. Other trade-offs 

are design skills and design time, surface finish requirements or tolerance requirements and post 

processing capabilities, assembly requirements and product performance. Also, others pointed to 

the trade-off between part printability and the required minimum feature thicknesses.  

 

4.2.4 Used design methods, tools, or software  

The participants were asked to mention the tools and methods that they use when 

(re)designing for AM. TRIZ, Bionic design and design thinking were among the methods 

mentioned. They also use software packages such as Workflow software, Ntopology, Altair Inspire 

and Autodesk Netfabb for topology optimization, CAD software such as SolidWorks and Siemens 

NX, Magics to modify STLs and manipulating them to study how this could affect material 
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choices.  We also asked the participants to name a missing tool they could make use of in designing 

for AM. Some participants wanted better design simulation tool to help them reduce build time 

and more detailed DfAM methods. Some also mentioned the need to have a quantification of AM 

benefits in the product lifecycle at early stages such as lightweight design or improved cooling 

which comes in line with the motivation and goals of this work.  

4.2.5 Considerations when considering Part Consolidation  

When asked about the time within the design process when they consider the possibility of 

part consolidation, all participants check as early as possible at the initial steps of design 

conceptualization. In addition to using their experience, they look for complex parts to verify the 

potential for part consolidation. They examine part interfaces and joint types that could be removed 

by consolidation. Some participants said that they usually need to check how part consolidation 

could affect manufacturing, assembly costs and material costs. However, around one third of the 

participants think that it is difficult or fairly difficult to decide on the parts to be consolidated at 

early design stages. 

4.2.6 Importance of different product lifecycle costs  

As discussed earlier, AM cost models are noticed to focus on well-structured costs within 

the production stage while paying less attention to the possible benefits or impacts of AM in other 

stages of a product’s lifecycle [9], [11]. We asked participants about the product lifecycle costs 

that they are likely to consider when designing for AM. The results, in Figure 4.2, came in line 

with the first observation; costs incurred during manufacturing process are the most considered 

(reported by 92% by the survey participants). ‘Manufacturing’ costs include costs of materials, 

machine, energy and labor. Costs in the stages of ‘Design & Development’ and ‘Assembly’ came 

as the second most considered lifecycle costs during DfAM according to 58% of the survey 
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participants. ‘Design & Development’ costs include costs of technical drawings, tooling, testing 

and prototyping. Around 25% of the survey participants put costs during ‘Operation & 

Maintenance’ stage among the most considered lifecycle elements. Less attention is paid towards 

the costs of ‘Shipping & Installation’ and ‘Disposal’ lifecycle stages. One of the participants 

reflected further on this question saying:  

“It’s almost the entirety of the consideration in a lot of non-aerospace and medical applications. 

It is often a much closer run race than you’d think. As the complexity of the design intent increases, 

the cost benefit of AM becomes more apparent. If you can make compelling arguments regarding 

performance, mass, material etc. all the better. A lot of the time it is thinking of ways to reduce the 

cost per part. That means reduce the duration of the print, maximize the volume utilization of the 

printer, reduce material consumption, and get the printed part as near net as possible. Sometimes, 

it’s actually beneficial to add material to the printed part to make down-stream activities easier 

and therefore cheaper. “ 

To understand the role of part consolidation in AM design decisions and the impact on 

product cost, we asked the participating engineers and experts to rank the most impacted cost 

elements of the product lifecycle by AM-enabled part consolidation (Figure 4.3). More than 90% 

of participants believe that ‘Manufacturing’ and ‘Assembly’ costs are most likely to be impacted 

by the application of part consolidation in products and assemblies. ‘Manufacturing’ costs are still 

the most significant cost driver and ‘Assembly’ costs become more likely to be considered with 

part consolidation. Around 42% of the participants believe that costs during  ‘Operation and 

Maintenance” lifecycle stage are important to consider when part consolidation by AM is used. 

This result aligns with the well-known benefits of part consolidation in reducing assembly time 

and effort.  
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4.3 Summary  
 

The information collected from this survey emphasized that a product lifecycle perspective 

is required to accurately estimate the benefits and impacts of (re)designing for AM and the use of 

part consolidation. AM engineers and experts showed interest in a tool that help them realize the 

cost impacts of their AM design decisions at early stages. Also, they hope for an enhanced Design 

for Additive Manufacturing method that help in finding the optimal designs considering the 

existing design trade-offs including the trade-off between part consolidation, part performance and 

availability of AM materials.  The insights gained from this survey support the importance of the 

research questions asked in this work. Additionally, they explain the need to propose a new cost 

model of a wider scope that resolves the shortages of the existing AM cost model. Such a cost 

model has to account for the benefits and impacts of AM use in different stages of a product 

lifecycle. The next chapter proposes a basis for such a cost model based on the existing AM cost 

models and the answers to this survey. 

 
 

Figure 4.2 Percentage of participants who see the corresponding lifecycle costs as very likely or likely to be 

considered in DfAM process 
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Figure 4.3 Percentage of participants who consider the corresponding lifecycle cost as most impacted by Part 

Consolidation 
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CHAPTER 5 

ASSESSING THE IMPACT OF PART CONSOLIDATION USING A MORE 

COMPREHENSIVE COST MODEL 

5.1 Background on AM cost models 

Cost estimation is critical. Overestimating costs can result in loss of sales while 

underestimation can result in financial shortfalls [83].  However, cost estimation is challenging 

and requires a good understanding of the manufacturing processes and the design and 

conceptualization of the product itself. As a result, many AM cost models have been proposed in 

the literature that cover various AM processes, technologies, products, and materials. 

Kadir et al. [11] summarizes the evolution of AM or Rapid Prototyping (RP) over the 

period from 1980 to 2019. As shown in Figure 5.1, as AM was primarily used for prototyping in 

the 1980s, no cost models for developed. The further development of CAD and CAM systems in 

the 1990s facilitated the commercialization of AM technologies. This commercialization became 

a driving force of cost model development in the late 1990s, with model focus on polymer-based 

AM. Between 2006 and 2009, low-cost 3D printers became available with opportunities for higher 

precision and mass customization. In 2012, cost analysis was performed on the detailed AM 

processes using activity-based costing and analytical approaches which made these models more 

reliable and opened the door to understand the cost drivers of AM.  The continuous growth and 

expansion of AM has ushered in the development of additional cost models to support decision 

making in various applications and with the consideration of new cost drivers such as supply chain 

[86] and logistics & spare part management [38]. 
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Figure 5.1 Evolution of AM cost models along with the technological advancements in AM technologies [83] 

 

5.2 Why is there a need for a new comprehensive AM cost model? 

For manufacturing organizations that consider the use of AM technologies, defining the 

scope of their cost model is critical to the success of their decisions on the adoption and use of AM 

technologies and equipment. Despite an increasing number of the studies where AM cost models 

are developed, these models have been shown to possess limited capabilities and are bound with 

uncertainties [83]. Furthermore, the answers we received from AM practitioners and experts to the 

survey discussed in Chapter 4, reflect the importance of considering additional product lifecycle 

costs beyond production especially when considering some of the AM-enabled features such as 

part consolidation. The existence of such a cost model shall allow engineers, designers, and 



   

47 

 

organizations to consider and quantify the cost impacts of part consolidation on their products and 

manufacturing processes at an early design stage. 

As discussed earlier, there is very little empirical evidence on the lifecycle impacts of AM-

enabled part consolidation. Also, most existing AM cost models focus on the well-structured costs 

related to productivity such as raw material, energy, and labor costs. Although some significant 

benefits and cost savings in additive manufacturing can be obtained from the ill-structured costs, 

most existing AM cost models focus on well-structured costs. For example, the utilization of AM 

in inventory management can make significant cost savings.  An average of $208 billion or the 

equivalent of 14 % of annual revenue was held in inventory for medium- and high-tech 

manufacturing in 2011 with an estimated cost of $52 billion or 3 % of revenue [9]. Besides 

reduction of production costs, part consolidation allows parts to get multiple functionalities. For 

example, weight reductions realized by AM and part consolidation reduce fuel consumption and 

costs. For this reason, other lifecycle costs such as operation, use, disposal might be of interest to 

designers when designing for AM. Other cost elements such as assembly, storage and development 

costs are usually affected by part consolidation and their contributions to the overall cost of a 

product can affect the final decisions towards AM adoption and use. Additionally, such model can 

be used to explore the cost effects of engineering changes on existing products and design 

decisions for new products.  

5.3 Development of a new scope for AM cost models 

Baumers and Tuck [87] define 5 steps for constructing an activity-based AM costing 

model.  

1. Model scope for the model needs to be clearly defined,  

2. Build time must be estimated, 
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3. Calculating an indirect cost rate that reflects the costs of AM system purchase, operation 

overheads, and the required labor costs to run this system, 

4. Estimating the direct costs associated with the use of material and energy for the operation 

of the AM system, 

5. Defining the cost per build and per unit printed.   

Schröder et al. [88] mentions essential characteristics for cost model for AM: Calculation 

of print time, post-processing time, maximum number of parts could be printed on the build 

platform, level of part complexity, integration of waste material, support structure and quality 

management methods. The cost elements in the proposed model are derived from the Lindemann 

cost model [7] and refined by the insights received from the survey answers by AM industry 

experts as detailed in Chapter Four. Lindemann uses a time-driven activity-based costing approach 

based on the intrinsic product lifecycle costs as explained in (Figure 5.2).  The survey answers 

help in refining the scope of the desired cost model and defining cost elements impacted by AM-

enabled part consolidation regardless of whether they are well-structured or ill-structured.  

 

Figure 5.2 Activity-based cost model based on the intrinsic product lifecycle costs [7] 
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The answers provided by the experts to the survey demonstrated that an accurate cost model must 

include costs incurred during the ‘Assembly and ‘Operation’ besides ‘Manufacturing’ lifecycle 

phases. Further, the experts indicated in their responses that ‘Assembly’ costs gain more attention 

if part consolidation is considered. Hence, the proposed cost model incorporates the 

‘Manufacturing’, ‘Assembly’ and ‘Operation’ stages to reduce the scope of this research. These 

stages are illustrated in Figure 5.3. 

 

 
Figure 5.3 Scope of the proposed cost model 

 

Many cost model equations have been developed for manufacturing costs, as discussed in Chapter 

Two. First, the part build time is estimated by including the time for machine setup, actual build 

time, and time to cool down. Build time will be multiplied by energy rate and labor rate to get the 

associated costs. The final part cost is expressed as:  

 

𝐶𝑝𝑎𝑟𝑡 = 𝐶𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 +  �̇�𝑒𝑛𝑒𝑟𝑔𝑦 × 𝑇𝑝𝑎𝑟𝑡 +  �̇�𝑙𝑎𝑏𝑜𝑟 ×  𝑇𝑝𝑎𝑟𝑡                                       (7) 

 

𝐶𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is the cost of the raw material, �̇�𝑒𝑛𝑒𝑟𝑔𝑦 is the energy cost rate, �̇�𝑙𝑎𝑏𝑜𝑟 is the 

labor cost rate and 𝑇𝑝𝑎𝑟𝑡  is the time required to print the part. 𝐶𝑝𝑎𝑟𝑡 is the manufacturing costs of 

the part. Product cost can be expressed as the summation of individual part cost and their assembly 

costs. These costs are dependent on the volume of production and will increase with production 

volume: 

 

𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = ∑ 𝐶𝑝𝑎𝑟𝑡

𝑛

𝑖=1

+ ′𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦′ 𝐶𝑜𝑠𝑡𝑠 

 

  (8) 
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The overall product cost will include the costs incurred during the use of this product: 

𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑐𝑜𝑠𝑡) = ∑ 𝐶𝑝𝑎𝑟𝑡

𝑛

𝑖=1

+ ′𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦′ 𝐶𝑜𝑠𝑡𝑠 + ′𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛′ 𝐶𝑜𝑠𝑡 

 

(9) 

 

There are many available methods DFA literature for assembly cost estimation. Also, most 

companies and manufacturing organizations have their own customized models or software to 

estimate assembly time and costs. One of the popular and earliest methods for assembly time 

estimation is proposed by Boothroyd [48], [89]. For example, Table 5.1 helps in estimation of 

assembly time for parts manipulated using one hand and no grasping tools. Using the pre-defined 

indirect cost rate, assembly times can be multiplied by this rate to obtain the estimated assembly 

costs. 

Table 5.1 DFA Manual handling times – one hand without tools [89] 

 

‘Design & Development’ costs are among the most considered lifecycle costs by engineers 

when (re)designing for AM.  Design cost can be estimated using the hourly pay rate for designers 
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and the estimated time to design a part. The experience of experts and engineers can help in 

determining these rates and the estimated design effort required. Also, costs in this step are highly 

dependent on the complexity of the part, hence a complexity factor may be introduced to help in 

design cost estimation. This notion aligns with the complexity factors used in casting industry for 

casted parts [90]. Tooling and prototyping costs contribute to the overall design and development 

cost as well. It is also important to understand that design decisions affect choices of material and 

manufacturing processes. These three factors are interdependent in the engineering domain [87] 

and change in one of them will eventually propagate and result in knock-on effects on the other 

elements as illustrated in Figure 5.4.  

 

Figure 5.4 Interdependence between design, manufacturing, and material choices. Adopted from [87]. 

 

5.4 Use of the proposed model in a case study – CubeSat 
 

To provide a practical application of the proposed cost model, we apply it to a case study 

problem of a CubeSat design. A comparison is conducted between two designs of a CubeSat 

(Figure 5.5). A CubeSat is a miniaturized satellite that can be equipped with high-performance 

payloads and components allowing for remarkable cost savings compared to larger platforms. 

CubeSats are comprised of multiple cubic modules, each of 10 cm × 10 cm × 10 cm in size [91]. 

Part Design

Material
Manufacturing 

Process
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In this comparison, the first CubeSat design will be referred to as the “Unconsolidated design”. 

This design was obtained from the online CAD library Grabcad, and the design consists of 14 parts 

and 18 fasteners [92]. The second design will be called the “Consolidated design”. It is the work 

of Boschetto et al. [93] who used DfAM and Design for Assembly (DFA) methodologies to 

propose a part-consolidated design made of two parts joined by a hinge. The design uses a snap-

fit feature to lock the structure in the launch configuration and a hinge mechanism to enable the 

part-consolidated design. 

 

Figure 5.5 Preview of the unconsolidated design [92] and the consolidated design [93]. 

Print simulations of the two designs on EOS M280 printer are performed to make this 

comparison. The build was setup along with supports in Materialise Magics v22.04, sliced into 

layers using EOS RP Tools v6.4 and simulated on the machine using EOSPRINT v2.  The printer 

uses Powder Bed Fusion – Selective Laser Melting (SLM) technology and a build volume of 250 

× 250 × 325 mm. The material used is Aluminum (AlSi10Mg).  Table 5.2 shows the most 

important cost details related to the use of material, machine, and labor in this specific application. 

The cost rates in this table will be used to calculate manufacturing costs which will added to other 

cost elements to calculate total cost as in equation (9).  

The operator cost is the multiplication of the operator cost rate and the time spent on setting 

up the build, setting up the machine, post processing of the build and the machine. The operator 

Consolidat
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reported 3 hours to setup the Unconsolidated design and 1 hour to setup the Consolidated one. 

Assembly cost is the multiplication of assembly cost rate and the time spent on assembling parts, 

as in the Unconsolidated designs, including handling the parts, screw insertion and tightening. 

Table 5.3 highlights and summarizes the difference between the Unconsolidated design and the 

Consolidated design of the CubeSat.  

Table 5.2 Cost details relevant to the simulation run by EOS M280 

Material AlSi10Mg 

Material Density (g/cc) 2.67 

Material Cost ($/kg) 160 

Machine Rate ($/hr) 104.32 

Operator Cost Rate ($/hr) 100 

Assembly Cost Rate ($/hr) 40 

 

The operator cost is the multiplication of the operator cost rate and the time spent on setting 

up the build, setting up the machine, post processing of the build and the machine. The operator 

reported 3 hours to setup the Unconsolidated design and 1 hour to setup the Consolidated one. 

Assembly cost is the multiplication of assembly cost rate and the time spent on assembling parts, 

as in the Unconsolidated designs, including handling the parts, screw insertion and tightening. 

Table 5.3 highlights and summarizes the difference between the Unconsolidated design and the 

Consolidated design of the CubeSat.  

As shown in Table 5.3, the cost to print and assemble the Consolidated CubeSat design is 

approximately 23% lower than the cost of the Unconsolidated design. The Consolidated design 

requires no assembly effort due to its use of a hinge mechanism and snap fit mechanism. 

Additionally, less build material is required. Also, the volume of the support material is lower in 

the Consolidated design because it is self-supporting.  



   

54 

 

Table 5.3 Comparison between costs build details in consolidated and unconsolidated designs of the CubeSat. 

 Unconsolidated Consolidated 

Number of parts 14 1 

Number of fasteners 18 0 

Build Time (hr) 6.5 6.61 

Volume of Build Material (mm3) 191467.2 74434.63 

Volume of Support Material (mm3) 34536 10949.29 

Total Material volume (mm3) 226003.96 85383.92 

CubeSat Weight (g) 512 199 

Material Cost ($) 96.55 36.47 

Machine Cost ($) 678.08 690.25 

Operator Cost ($) 300 100 

Total Manufacturing Cost ($) 1074.63 826.72 

Assembly Time (minutes) 7.35 0 

Assembly Cost ($) 4.9 0 

Approx. Total Cost ($) 1080 827 

 

Regarding the operator cost, we noticed that it required more effort and time (3 hours) to 

setup fourteen parts of the Unconsolidated design to be printed in the same build all together 

compared to setting only a single part (1 hour). Yet, setting the Consolidated CubeSat design to be 

printed properly requires an experienced operator so that the hinge will be in the proper orientation 

to get the optimum material properties and account for the anisotropic material properties caused 

by the layer-by-layer nature of Additive Manufacturing. Also, it is important to prepare the print 

so that it will be possible to do the required post-processing and remove the support structures 

without deforming the part. Although the Assembly cost is not significant when compared against 

Manufacturing costs, its importance could be more prominent in medium and large volumes of 

production. Eliminating assembly steps could help in reducing sources of errors and enhancing 

product quality. 
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Designing a CubeSat that can be printed as a single part in one print is a non-trivial task. It 

requires a solid understanding of AM capabilities and limitations. The designers of this 

Consolidated design pointed to the challenges related to the integration of the hinge mechanism 

and designing a snap-fit mechanism with the proper latching force and safety factor [93]:  

 

“Several tests have been conducted to investigate the capability of SLM in designing a hinge. The 

problem to consider is the possible welding of the parts. When the laser source hits the powder 

bed, the melted area can be larger than the laser spot.” 

“If an actual flight model instead of a mock-up is considered, a critical assessment of the snap-fit 

properties such as latching force and factor of safety would be mandatory.” 

 

Additionally, further cost savings could be realized in the ‘Operation’ stage of this 

CubeSat. AM and part consolidation facilitated the production of a lightweight CubeSat structure 

allowing for extra payload or carrying capacity in space missions. A space company like SpaceX 

charges $62 million for 5,500 kg worth of payload [94]. 
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CHAPTER 6  

DISCUSSION 

6.1 Conclusions 
 

Our findings lead us to several conclusions, and even more interesting questions to 

research. Additive manufacturing has emerged as an integral part of modern manufacturing 

because of its unique capabilities like the ability to print complex shapes and to reduce part count 

by consolidating parts in an assembly. Unleashing the potential for AM in different applications 

requires that engineers and practitioners understand the impact of AM when making design 

decisions. Engineers and practitioners must also understand their product on the dimension of 

product lifecycles—from conceptualization and design to product disposal. This research began 

with a thorough literature review focused on understanding the applications of AM, DfAM 

methodologies, and the development of AM cost models. This review revealed two knowledge 

gaps: (1) existing DfAM methods do not account for the impact of implementing engineering 

changes when determining product cost when redesigning a product for AM, and (2) there is a lack 

of quantitative approaches that facilitate the evaluation of AM-enabled features by considering all 

product lifecycle costs. Four research tasks were identified to help understand these knowledge 

gaps and provide more insight about the tools and methods needed for addressing these gaps:  

1) Evaluating the cost impact significance of AM-based part consolidation from a literature 

review of AM methods and studies.  

2) Defining the important factors to consider when redesigning for AM and part consolidation 

by interviewing AM experts and studying literature case studies. 

3) Evaluating the impact of AM part consolidation on the change propagation of products 

through a case study. 
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4) Develop a new scope for AM cost models to help designers understand the ramifications 

of part consolidation at early design stages.   

Clarkson’s change prediction method was applied on a throttle pedal comparative case 

study where the likelihoods and impacts of change propagation were compared in two designs: an 

unconsolidated design and a consolidated one with fewer number of parts. Also, a parallel method 

using knowledge-based cost indicators was applied to evaluate cost along propagation paths in 

both designs. It was noticed that the average of the combined change likelihood percentages is 

higher in the consolidated design compared to the original unconsolidated design in three different 

scenarios with different change initiators. This means that there is a higher possibility for changes 

to propagate in the system as parts get more complex and interfaces get more intricate. Although 

part consolidation can make significant cost reductions in products redesigned to be manufactured 

by AM, it could also increase costs of customization and/or maintenance as parts become 

equivalent to modules making changes in these parts more costly. These findings accentuate that 

consolidation designs are not always economically effective and that engineers need to understand 

how changes may propagate in their products after consolidation. Design decisions shall be 

optimized so that the benefits realized by consolidation can surpass its impacts.  

Additional data was gathered by interviewing engineers and experts working in the AM 

industry. A survey was created to ensure the practicality of this research and to have a better 

understanding of the existing methods that engineers use for designing for AM and optimizing 

cost of AM parts and products. We asked AM practitioners about their opinions and experience in 

different situations related to Design for Additive Manufacturing, Part Consolidation and Change 

Management.  After creating the survey, it was submitted to NC State University IRB (Institutional 

Review Board) system for approval. Any research with human subjects at NC State University 
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must go through the NC State IRB to check its risk, benefits, and data security. Participants were 

contacted by one of two ways: email or phone calls. Participants are first asked for consent before 

having the opportunity to either write their answers on a Google Form or answer over phone. The 

collected answers highlighted the need to methods or guidelines that help designers understand the 

implications of using part consolidation in their designs and the likelihoods of more engineering 

changes. Only 25% of the participants were more than 75% certain in assessing the impacts of 

(re)design decisions of one part on other parts. Also, only about one third of the participants had 

more than 75% of certainty in estimating the (re)design costs at early design phases which 

emphasizes the lack of the quantitative tools capable of estimating the impact of AM design 

decisions on different product lifecycle costs. Additionally, the data collected affirmed the 

increasing importance of considering product lifecycle costs when applying AM-enabled part 

consolidation such as the ‘Assembly’ costs instead of just considering well-structured cost element 

such as ‘Manufacturing’ costs. These insights from AM industry experts agreed with the results of 

the literature review chapter and emphasized the need to develop a comprehensive cost model 

capable of considering the wide impacts of using AM processes and its unique features on product 

design and lifecycle costs.  

Based on the existing AM cost models and the insights gained from the survey, a new scope 

was proposed for an accurate AM cost model in chapter 5. Although most existing AM cost models 

focus on ‘Manufacturing’ costs, it was clear that including other product lifecycles beyond 

‘Manufacturing’ is critical to accurately justify AM design decisions and AM adoption. The 

proposed scope includes ‘Manufacturing’, ‘Assembly’ and ‘Operation’ costs. A case study of a 

CubeSat with two different designs was used to illustrate the use of the proposed model. The two 

designs were simulated on EOS M280 printer. The build was setup along with supports in 
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Materialise Magics v22.04, sliced into layers using EOS RP Tools v6.4 and simulated on the 

machine using EOSPRINT v2. Using data for material cost, assembly cost and cost rates for 

machine and operator, the consolidated version of the CubeSat achieve a 23% cost reduction 

compared to the unconsolidated design. These savings came mainly from ‘Manufacturing’ costs 

and operator cost especially. However, it is consolidation that allowed the operator to spend less 

time in setting the parts up for printing as it is only one part to prepare in the consolidated version. 

Also, since the one part is supporting itself, less support material was required achieving more cost 

savings in the material. Besides savings in material and labor, we noticed savings in ‘Assembly’ 

stage which were not significant compared to the overall cost of the print, however, its significance 

increases with the increase in production volume at an industrial scale. These assembly costs can 

be more valuable in other applications whose production costs are highly dependent on assembly 

process. Also, elimination of assembly steps results in eliminating of error sources increasing 

product robustness and reducing the costs incurred by quality management. 

 These findings emphasize the importance of filling the knowledge gaps related to 

understanding the impact of AM design decisions on change propagation within product design 

journey. Additionally, a holistic cost model for AM with a wider scope is needed to accurately 

estimate the impacts of AM and AM-enabled features, such as product cosnolidation, on different 

product lifecycle elements other than only ‘Manufacturing’. 

6.2 Future work 
 

The findings of this research highlighted the importance of considering the different 

elements of a product lifecycle even if ‘Manufacturing’ is the most significant cost contributor. 

The efficiency of decision-making process in organizations depends on the accuracy of the adopted 

cost models and their scopes whether these decisions are related to DfAM, AM processes, AM 



   

60 

 

adoption or justification. The proposed scope in this cost model can be good fit for some 

organizations depending on their business model, supply chain, AM application and adopted AM 

technologies. However, it is better for organizations to adjust the cost model scope based on their 

understanding of the cost drivers in all elements of their product’s lifecycle.  

The proposed cost element only accounted for ‘Manufacturing’ and ‘Assembly’. However, 

it was clear that AM application and use of part consolidation have wider implications on other 

lifecycle elements that should be investigated as well.  Benefits of part consolidation have been 

reported such as: reduced tolerance accumulation, enhanced product quality, improved reliability, 

reduced operation costs and simplified disassembly at end-of-life stage. Thus, costs incurred in the 

stages of ‘Disposal’ and ‘Operation’ need to be properly included in the model scope for more 

accurate costs and insightful decisions during product design and for the justification of AM 

technology adoption in the first place.  For example, in the CubeSat example provided in chapter 

five, more cost savings could be allocated in the ‘Operation’ stage. AM and part consolidation 

were used to design and build a lightweight CubeSat allowing for extra payload or carrying 

capacity in space missions. A space company like SpaceX charges $62 million for 5,500 kg worth 

of payload. Hence, inclusion of ‘Operation’ costs in the CubeSat cost model can strongly support 

AM use and adoption in manufacturing CubeSat structures. With availability of more resources, 

the case studies provided in this work shall be revisited so that the proposed model scope can 

account for cost savings in the most significant cost drivers within the products. 

Another area for future development is related to understanding the correlations between 

change propagation and AM consolidated products. The comparison of the consolidated throttle 

pedal and the unconsolidated version highlighted the impacts of consolidation on change 

propagation likelihoods. It also affirmed the importance of accounting for future changes in a 
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product when taking consolidation decisions. Other relevant questions arose with this comparison. 

For example, if AM-enabled part consolidation may increase the likelihoods of change propagation 

in product design, then how can part consolidation be optimized with consideration to 

minimization of change likelihoods? Can a method for identification of consolidation candidates 

be developed where limiting change propagation is among the selection criteria? The existing part 

consolidation identification methods follow a set of guidelines and heuristics that do not include 

the ramifications of these part consolidation choices on product family design and the associated 

engineering changes for development and/or customization purposes. Additional case studies in 

different assemblies and products will continue to enhance our understanding. Relevant guidelines 

can be integrated with the existing DfAM methodologies to increase their efficacy.  

The learned lessons from this work are expected to lead to an increase in the number of 

organizations unleashing AM potential and leveraging its capabilities in their design and 

development process. Engineers will be more confident while of taking decisions related to DfAM 

and part consolidation. This work demonstrated optimism that engineers can alter the way how 

they design and manufacture products leveraging AM capabilities equipped by an understanding 

of the impacts of their AM decisions on a holistic level. 
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