
 

Faculty of Industrial Economics, Blekinge Institute of Technology, 371 79 Karlskrona, 
Sweden 

Master of Science in Industrial Management and Engineering 
June 2018 
 
 
 
 
 

A Cost Breakdown and Production 
Uncertainty Analysis of Additive 

Manufacturing  
A Study of Low-Volume Components Produced with Selective Laser 

Melting 

Jonas Barsing 
2018 



 

  ii 

This thesis is submitted to the Faculty of Industrial Economics at Blekinge Institute of 
Technology in partial fulfilment of the requirements for the degree of Master of Science in 
Industrial Management and Engineering. The thesis is equivalent to 20 weeks of full time 
studies. 
 
The authors declare that they are the sole authors of this thesis and that they have not used any 
sources other than those listed in the bibliography and identified as references. They further 
declare that they have not submitted this thesis at any other institution to obtain a degree. 

Contact Information: 
Author(s): 
Jonas Barsing 
E-mail: joba13@student.bth.se 
 
 

University advisor: 
Henrik Sällberg 
Department of Industrial Economics 

Faculty of Industrial Economics 
Blekinge Institute of Technology 
SE-371 79 Karlskrona, Sweden 

Internet : www.bth.se 
Phone : +46 455 38 50 00 
Fax : +46 455 38 50 57 



 

iii 

ABSTRACT 
 
 
Background 
Additive manufacturing has recently gained cogency as a final part manufacturing technique. 
The method uses a layer-upon-layer technique to build three-dimensional objects. This 
technique has many advantages creating new opportunities regarding production. 
 
Purpose 
The purpose of the study is to investigate cost elements, cost drivers, their weight distribution, 
and to explore production uncertainties of the additive manufacturing process. The production 
uncertainty parameters of the explored uncertainties are then evaluated to investigate how some 
of them impacts the production cost of the case component.  
 
Method 
The following study have used qualitative data collection methods in terms of interviews 
together with a pre-study and a sensitivity analysis tool to identify cost impacts of uncertainty 
parameters. Five primary interviews were performed with employees at the company with 
relevant knowledge of the studied field.  
 
Results 
The result shows that the product cost can be divided into two categories of material cost and 
manufacturing costs, these two categories then have different cost elements that drives cost. 
The explored uncertainties of the process consist of both aleatory and epistemic uncertainty. 
The explored production uncertainty parameter that affects the final product cost the most is 
the time needed to finish the AM build. 
 
Conclusions 
Considering production uncertainty is important in order to have reliable and accurate cost 
estimations. The three explored production uncertainties that have the most significant impact 
on the final product cost is the yearly machine running time, the SLM machine time needed to 
finish the component, and reduced manning time in the operations. These three uncertainty 
parameters should, therefore, have a larger focus than variables that do not have the same 
impact on the final product cost, to create better cost estimations.   
 
Keywords 
Production uncertainty, Product cost, Additive manufacturing, Cost estimation, AM  
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SAMMANFATTNING 
 
 
Bakgrund 
Additiv tillverkning har på senaste tiden fått slagkraft som en produktionsteknik för 
slutprodukter. Additiv tillverkning använder en lager på lager teknik för att bygga tre-
dimensionella objekt. Denna teknik har många fördelar som skapar många nya 
produktionsmöjligheter.  
 
Syfte 
Syftet med studien är att undersöka kostnadselement, kostnadsdrivare, fördelningen av 
kostnader och att utforska produktionsosäkerheter inom additiv tillverkning. De utforskade 
osäkerhetsparametrarna inom processen är sedan studerade för att se hur de påverkar den 
slutgiltiga produktkostnaden.  
 
Metod 
Följande studie har använt kvalitativa datainsamlingsmetoder i form av intervjuer tillsammans 
med en förstudie och ett utvecklat känslighetsanalysverktyg för att identifiera 
kostnadsförändringar på grund av förändringar i osäkerhetsparametrar. Fem stycken intervjuer 
har genomförts med anställda på företaget som har relevant kunskap inom området.  
 
Resultat  
Resultatet visar att produktkostnaden kan delas upp i två kategorier, materialkostnad och 
tillverkningskostnad. Dessa två kategorier består sedan av olika kostnadselement som driver 
kostnader. De utforskade produktions osäkerheterna inom processen består av två typer av 
osäkerheter beskriven i teorin. Den produktionsosäkerhetsparameter som har störst påverkan 
på produktens slutkostnad är SLM maskintiden som krävs för att bygga komponenten.   
 
Slutsatser 
Att beakta produktionsosäkerheter i kostnadsuppskattningar är viktigt för att uppskattningarna 
ska vara tillförlitliga och korrekta. De tre studerade produktionsosäkerheterna som har störst 
påverkan på den slutgiltiga produktionskostnaden är årlig maskinanvändning, SLM 
maskintiden som krävs för att bygga komponenten och bemanningstiden för operationerna. 
Dessa tre osäkerhetsparametrar bör därför ha ett större fokus eftersom de har störts påverkan på 
slutresultatet.   
 
Nyckelord 
Produktionsosäkerheter, produktkostnad, additiv tillverkning, kostnadsuppskattning, AT 
 



 

v 

PREFACE 
 
I want to thank my supervisors at GKN Aerospace Sweden and at Blekinge Institute of 
Technology for their commitment and the time they spent to support me. A big thanks to my 
supervisor Henrik Sällberg at BTH who have assisted me during the project with valuable and 
essential guidance. I would also like to express sincere gratitude and appreciation to my 
industrial supervisors, Christo Dordlofva and Staffan Brodin. Your support and guidance have 
helped to motivate me during this process. You have assisted me, as both speaking partners and 
as a knowledge bank during the whole process. You can make simple explanations of complex 
systems. Without my supervisor’s significant commitment, this process would have been much 
harder.    
 
I would also like to thank the employees at GAS who have contributed to the study with great 
engagement during meetings and interviews with valuable feedback and great ideas. 
 
 

Jonas Barsing 
 
 

Blekinge Institute of Technology 
M.Sc. in Industrial Management and Engineering 300ECTS 

Master Thesis 30 ECTS 
2018-06-10 



 

vi 

NOMENCLATURE 
 
Acronyms 
 
AM Additive manufacturing 
3D Three-dimensional  
CAD Computer-aided design 
ISO International Organization of Standardization  
GAS GKN Aerospace Sweden 
PBF Powder bed fusion 
SLM Selective laser melting 
EBM Electron beam melting 
STL Stereolitography (Standard tessellation language) 
EDM Electron discharge machining 
HV Högskolan Väst 
OEE Overall equipment effectiveness 
NDT Non-destructive testing 
DT Destructive testing 
 
Explanations 
 
Additive manufacturing  Process of joining materials to build a 3D model, 

usually layer upon layer. 
 
Powder bed fusion AM process in which thermal energy fuses regions of 

a powder bed together. 
 
Selective laser melting  A powder bed fusion method.  
 
 
Support structure Support material is used to avoid the component from 

becoming deformed during the build.  
 
Build chamber  Enclosed location within the AM system where the 

parts are fabricated 
 
Weight distribution  The impact a factor have on an overall value.  
 
Uncertainty The lack of certainty, a state of limited knowledge 

where it is not possible to exactly describe the existing 
state or future outcome.  
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1 INTRODUCTION 
 
The following chapter contains an introduction to the area studied which leads to the purpose 
of the performed study. The chapter begins with a background description and a problem 
discussion where the subject and problem describes the relevance of the work. Thereafter the 
case company is introduced and the objective and delimitations are stated. The chapter ends 
with a synopsis of the thesis.  
 

1.1 Background 
 
The concept of additive manufacturing (AM) has been studied for more than 50 years, and the 
first commercial system was introduced in the 1980s. It took almost two decades of research 
before AM became competitive against other traditional manufacturing techniques and gained 
cogency as a production technique of final parts due to technological advances (Achillas, 
Aidonis, Iakovou, Thymianidis, & Tzetzis, 2015; Wohlers Associates, 2016).  
 
AM uses the principle of layer-upon-layer manufacturing, and the component is created by 
gradually joining and adding new layers of material upon the previously added layer to form a 
3-dimensional part (3D) from a computer-aided design (CAD) model. This process of 
manufacturing parts differs significantly from traditional manufacturing process. AM, unlike 
traditional manufacturing methods, build the part by only using the amount of material needed. 
Traditional manufacturing, however, remove material from a block or sheet to achieve the 
desired part geometry (Wohlers Associates, 2016), (Chen, He, Yang, Niu, & Ren, 2017). 
Comparing AM with traditional subtractive manufacturing show a significant advantage of 
reduced raw material waste (Huang, Liu, Mokasdar, & Hou, 2013) reducing the amount of raw 
material that needs to be purchased.  
 
Research has also proven the AM technology to be highly beneficial in the manufacturing of 
high-cost low-volume products due to low tooling initial costs. Low-volume manufacturing of 
high-quality production commonly needs high upfront investments and include labor-intensive 
operations with a large number of tasks, that must be completed (Heike, Ramulu, Sorenson, 
Shanahan, & Moinzadeh, 2001). Low-volume manufacturing is common in the aerospace and 
automotive sector (Schneider, 2010). The high beneficial rate in these fields is because of the 
many advantages of AM.  
 
Research reveals that additive manufacturing is cost-effective for manufacturing small batches 
with centralized manufacturing. However, with increased automatization and speed, distributed 
products might become more cost-efficient using AM. Economic of scale may lead to a 
reduction of raw material cost, which later will propagate the adaptation of AM further. Other 
cost benefits to consider while looking at AM are that the products may have new abilities, 
extended lifespan, or reduced labor, time or natural resources needed to produce the products 
(Baumers, Dickens, Tuck, & Hague, 2016; Thomas, 2016). 
 
However, there are also drawbacks; AM offers a low production speed of larger batches, which 
is a significant disadvantage for production of large volumes. There is also some material and 
surface quality limitations of the process increasing the need for post-processing. These are 
some parameters that increase the uncertainty level of the manufacturing cost of AM (Curran, 
Raghunathan, & Price, 2004; Ian Gibson, 2017). 
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Uncertainty can be explained as unknown future happenings that cannot be predicted within 
reasonable limits. Thus, the outcome of the uncertainty is unpredictable and therefore hard to 
quantify (Cox, Blackstone, & APICS--The Educational Society for Resource Management, 
1998). Variables of uncertainty in production involve scrap, break-down, and processing time, 
according to Wazed et al.  (2009).  
 
Within cost estimation, the sources of uncertainty are usually the parameters in the cost 
elements and drivers in which the predicted future is not clear. Examples of this are variability 
of raw material costs, machine time,  and finished part quality (Torp & Klakegg, 2016).  
 
Estimation of cost for aerospace components started to be observed and studied during the 
Second World War (Tammineni, Rao, Scanlan, Reed, & Keane, 2009). However, until the 
1980s the main driver of aerospace products was technology, and the focus was on the product’s 
quality, reliability, performance, and durability. Today, costs are acknowledged as a vital part 
and highly prioritized in aerospace development projects (Curran et al., 2004).   
 
The cost models of the AM literature mostly use parametric and analytical estimation 
techniques and have been developed to be used in different AM processes with different 
purposes. There is therefore not just one obvious choice of model. Moreover, production 
uncertainties should be included in an estimate to increase credibility in the estimations 
(Schröder, Falk, & Schmitt, 2015).  
 

1.2 Problem Description 
 
In recent years, the aerospace industry has been facing new technological progress with new 
policies that aim to reduce the costs and improve the efficiency of the market. This drives the 
industry into having to develop new innovative solutions improving product qualities1. Which 
is possible due to new technological development such as AM. AM allows producers to create 
more advanced geometries increasing the design flexibility which makes it possible to improve 
the customization of products produced (Félix, Dias, & Clemente, 2017; Huang et al., 2013).  
 
According to Campbell, Bourell, & Gibson, (2012) the AM market has grown steadily and has 
reached a phase where the technique has gotten major attention from industries manufacturing 
highly complex or customized components. Research has shown AM to be cost beneficial in 
low-volume high-cost production because of the substantial capital investments and long lead 
times needed to produce these types of products (Curran et al., 2004). However, because of the 
rapid technological advancement, the maturity level and lack of international standards2 of the 
AM process increases the uncertainty level of the method. According to Saad & Gindy (1998) 
many research publications have traditionally listed machine uncertainty as the most crucial 
factor that can influence production cost. However, the number of previous research that 
include production uncertainties in cost estimation of AM is low. Including uncertainties in 
evaluating the production cost is of interest to study because it increases the knowledge of how 
uncertainties could affect the final product cost. 
 

                                                 
 
1 Refers to product qualities (e.g. lower product weight, higher durability of the product etc.)  
2 Refers to production standards set by organizations such as International Organization of Standardization (ISO)  
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Previous research has developed different tools to calculate the production cost of AM. The 
existing models are suitable for different product-stages and different AM techniques and tend 
to be very component specific (Schröder et al., 2015). Comparing these cost models show that 
there is a consensus that some cost elements should be considered when looking at the 
production cost of AM, examples of this is machine cost and post-processing costs. Most of 
these models do not take single cost elements into account making it hard to locate cost driving 
factors and how the weight of these cost elements are distributed (Schröder et al., 2015). One 
study made by Lindemann et al. (2012) identified four primary cost elements and their weights. 
However, factors within these elements were not investigated making it unmanageable to know 
what sub cost elements that had the most substantial impact on the primary cost elements and 
how a change in these drivers could affect the product cost.   
 
Finding cost elements of high weight and exploring uncertainties within these drivers have not 
had the same attention as other subjects of the AM and cost estimations literature. It is of 
relevance to explore this, since knowing how production uncertainties of AM could affect the 
manufacturing cost, will increase the trustworthiness of the estimated result.  
 
Reliable cost estimates are of great significance in the aerospace industry because of the 
complexity of projects and high investment costs with many different companies and 
stakeholders involved in the product development process. Decisions based on wrong estimates 
could lead to expensive consequences that could jeopardize the company (Curran et al., 2004). 
 

1.3 Purpose 
 
The purpose of this thesis is to explore production uncertainties in AM cost elements and to 
study how the explored production uncertainties in low-volume high-cost production could 
affect the product cost of an AM part. Based on the problem description, it is of interest to 
investigate which cost elements that should be included in an AM cost estimation and the 
weight distribution of these elements to capture the complete cost of the process. It is also 
essential to find production uncertainties in the process to be able to investigate how these could 
impact the final cost of the product. Linking cost elements of high weight together with 
production uncertainties of the process is of relevance since it will help to understand how 
production uncertainty parameters affect the final cost of a low-volume high-cost component 
which will increase the trustworthiness of the cost result. Previous cost estimation of AM lacks 
the production uncertainty aspect, which means that this research could help fill the gap in the 
literature. 
 
A cost element and driver determine the cost behavior within a production activity (M. E. 
Porter, 2004). It is therefore important to locate these drivers to understand how they affect the 
final product cost. This leads to the first research question: 
 
Q1  Which cost elements could be included in the AM process of low-volume high-

cost production and how are these cost elements weighted?  
 
Production uncertainty in these cost elements have not been focused on in the research of AM 
cost estimation giving the cost models a lack of certainty. This leads to the second research 
question:  
 
Q2 Which production uncertainties are relevant to consider in the AM process?  
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When the production uncertainties are located, they must be assessed and analyzed to 
understand how they affect the cost elements which in turn affect the final production cost. 
Leading to the last research question: 
 
Q3 How do the production uncertainty parameters of the greatest weight impact the 

final production cost of the product produced with selective laser melting?  
 
In general, this thesis will add on to previous research of cost models for AM by addressing 
questions that yet have not been discussed in this context. 
 

1.4 Delimitations 
 
The scope of the research is limited to cost estimation and production uncertainty of the AM 
process of powder bed fusion (PBF), selective laser melting (SLM) because of the appropriate 
attributes for end-use components within the aerospace industry producing low-volume high-
cost components. The areas included in the AM process are build preparation, build, remove 
and cleanup, post-processing, and inspection and testing only focusing on recurring costs. 
Development costs, file processing costs, and supply chain costs are not included in this study. 
 
The literature review and the analysis of data have been performed at a level of aggregation that 
allows generalization of the findings in the context of cost estimation and production 
uncertainty of AM. Uncertainty variables that were used to explore how the total product cost 
is affected were chosen by investigating the most significant cost elements in the study. Some 
production uncertainty parameters were not further investigated due to the low importance of 
these cost elements' impact on the production cost. 
 
The data collected from interviews presents only concerns of staff members interviewed at a 
single organization. Which could be seen as a limitation regarding the generalizability of the 
findings.    
 

1.5 Company Description 
 
GKN Aerospace has about 17,950 employees, and about 2,440 of these are stationed at the site 
in Trollhättan, Sweden (“GKN Aerospace Sweden - GKN Sweden,”). GKN Aerospace has a 
global customer base with sales of £3,423m in 2016. The business is focused on four main 
areas; aero-structures, engine-structures, electrical wiring, and niche products, such as electro-
thermal ice protection, transparencies, fuel - flotation systems, and bullet resistant glass. GKN 
Aerospace has significant participation in most of the civil and military programs and is the 
world leading multi-technology tier-one aerospace supplier (“GKN at a Glance | About GKN | 
GKN Group,”).   
 
GKN Aerospace Sweden (GAS) is part of the Engine Systems and represent three fields; space, 
commercial aircraft, and military aircraft. The manufacturing site in Trollhättan is characterized 
by a complex and advanced environment using a job shop layout. The product segment studied 
in this thesis work is low-volume high-cost products. (“Turbiner - GKN Sweden,”).  
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1.6 Thesis Outline 
 
The first chapter describes the purpose of the master thesis and introduces the reader to the 
subject. This thesis has the following main areas presented in Figure 1 followed by a description 
below. 
 
 
 
 
 
 
Introduction 
The purpose of this chapter is to give the reader an introduction to the studied subject. The 
problem discussion is presented together with the purpose of the study. The chapter ends with 
delimitations of the study and an overview of the studied organization.  
 
Theoretical Framework 
The chapter of the theoretical framework has the purpose of giving the reader a theoretical 
background of earlier published literature. The chapter first describes AM Powder Bed Fusion 
and is then followed by product cost and production uncertainties.   
 
Methods 
The chapter describes the methods and working process of the research substantiated by 
literature. The chapter starts with presenting the research process and then the different data 
collection methods. This is then followed by explaining the data analyzing process and the 
reliability and validity of the study. 
 
Results 
The result of the gathered data is presented in this chapter. The result contains identified cost 
elements, cost drivers, and production uncertainties of the AM process, the weight distribution 
of the cost elements, and how some of the identified production uncertainty parameters impact 
the product cost.  
 
Analysis 
An analysis of the collected data combined with the literature of the theory chapter is presented. 
The analysis connects the result with the theory of product cost and product uncertainty and 
discusses similarities and differences. 
 
Conclusion  
The aim of the conclusion is to answer the research questions and to explain why production 
uncertainties in cost estimations are important to consider. 
 
The report then ends with presenting the sources that have been used in the thesis followed by 
the appendix. The Appendix shows the questions asked during the interviews and the purpose 
with these questions. 
 

Figure 1: Thesis structure 
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2 THEORETICAL FRAMEWORK 
 
The following chapter has the purpose of giving the reader an understanding of the relevant 
theories used in the study. First, this chapter introduces the manufacturing technique of powder 
bed fusion and selective laser melting. After that, theory behind production cost, cost 
estimation, cost elements, cost drivers, and a review of existing cost models and calculations. 
Lastly, the chapter ends with theory of uncertainty introduced together with uncertainties within 
the AM process, production uncertainties and cost estimation uncertainties. 
 

2.1 Additive Manufacturing 
 
The selected method and focus of this research is the powder bed fusion (PBF) technique 
because of the studied components size and complex geometry that is suited for the PBF 
method. However, within the terminology of additive manufacturing, there are seven approved 
categorized technologies that are distinctly different from one another (Wohlers Associates, 
2016). 
 

2.1.1 Powder Bed Fusion  
 
PBF is a technique that uses thermal energy to melt and fuse selective regions of a powder bed 
together to create a structure according to a CAD model. When the layer is completed, the 
building platform will be lowered to a predetermined distance, and a new layer of powder will 
be applied to the platform with a recoater rake. The process will then be repeated until the 
desired part is entirely built. The uncertainty level of the completeness level of the build is a 
vital aspect of the quality of the finished product, affecting the production cost if the product 
result is not within the specific requirements. Figure 2 show the procedure of a PBF process. 

 
The energy source of PBF is either an electron beam or a laser. The technique enables near-full 
density parts to be built which gives it an advantage over other manufacturing techniques of 
direct part manufacturing (Wohlers Associates, 2016; Fox, Moylan, & Lane, 2016; Porter, 
Velez, Hayes, McCrabb, & Hall, 2016).  
 
The two methods representing a laser or electron beam energy source of PBF is commonly 
named Selective Laser Melting (SLM) and Electron Beam Melting (EBM). These two systems 

Figure 2: Schematic diagram of the powder bed fusion process (published with permission, Dordlofva 2018) 
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have different qualities which affect the building process of a product, and therefore, also the 
costs regarding these elements. 
These two systems have different manufacturing attributes, laser-based PBF systems produce 
a better surface finish and finer feature detail than electron beam systems, which could reduce 
the need for post-processing of surface roughness and the costs involved in these actions. 
Electron beam systems tend to be more expensive, but faster, impacting the manufacturing time 
and cost. EBM also produce less residual stress in the component, resulting in less need for 
extra use of material as support structure, which affects the cost of raw material. These are some 
parameters that affect the uncertainty of production cost (Wohlers Associates, 2016; Fox, 
Moylan, & Lane, 2016; Porter, Velez, Hayes, McCrabb, & Hall, 2016). (Dordlofva, 2018) 
 
It is important to know and identify the cost elements and drivers in the AM process and 
evaluating the weight these have on the production cost to be able to asses further how the 
explored production uncertainties alter the end price of the product. Both product cost and 
production uncertainties within the AM process will be discussed further in this chapter.  
 

2.2 Product Cost 
 
The product cost can be defined as the cost caused by a manufactured product that would not 
occur if the product was not manufactured. Meaning that the product cost is the cost of 
producing a product. The way the product cost is calculated can vary depending on the product 
type, purpose and how it is produced. Absorption costing is a method in which the product is 
carrying all the costs associated with its manufacturing. The cost elements included in this 
method are direct and indirect costs (Aniander, 1998).  
 

2.2.1 Cost Estimation Techniques 
 
A cost estimate is a prediction about the future. There are different techniques to estimate the 
cost of a product, and they can be classified into four categories:  
 

 Intuitive – the cost estimates are estimated from previous experiences. 
 Analogic – the cost estimates are based on relationships and comparisons of other 

similar designs. 
 Parametric – estimates the cost by expressing it as a function of cost drivers using 

characteristics such as weight, dimensions, and materials as a peer unit basis.  
 Analytical – estimates the cost of a product by breaking down the product and 

manufacturing process into operations and activities that represent the different 
resources consumed during the production.  

 
These cost estimation techniques can then be divided into qualitative and quantitative 
techniques. Quantitative methods include parametric and analytical techniques, while 
qualitative methods include intuitive and analogic techniques. The difference between these 
two methods is the level of information details considered and the accuracy of the result (Niazi, 
Dai, Balabani, & Seneviratne, 2006). According to Layer et al. (2002) the result of a cost 
estimation must be accurate even if the product is complex. The models used often determine 
the costs in a lump-sum, which means that the cost driving product characteristics are not 
identified, these cost characteristics also tend to be product specific.  
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2.2.2 Cost Elements and Drivers  
 
A cost driver is the cause of which a cost occurs and is often measured by activities (e.g., 
number of setups, set up hours). It is the factor that influences the expense of specific business 
activities and drives the costs up (Gunasekaran & Sarhadi, 1998). The cost driver must be 
relevant to the event of which a cost occur (Swamidass, 2002). A cost element is a 
categorization of cost drivers within a specific field. An example of a cost element is the cost 
of material which could include cost drivers such as weight and material cost.  A cost element 
help to allocate expenses to get a better accuracy of the production cost of a product (Cooper & 
Kaplan, 1992). According to Gunasekaran & Sarhadi (1998) the allocation and selection of the 
cost elements and cost drivers are the most important aspect of analyzing the estimated cost.   
 
Some characteristics of the production cost have been identified in the AM literature as being 
cost driving. The primary cost elements identified the theory are the cost of material, build 
costs, preparation costs and post processing costs. These cost elements lack a breakdown of 
smaller cost elements, which would help to understand what is included in the cost. Lindemann 
et al. (2012) have calculated the weights of these drivers visualized in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 illustrates the base of the product phase of AM inspired by Lindemann & Koch (2016) 
with focus on the manufacturing of products. The two main categories selected below, material 
cost and manufacturing cost have been chosen to represent the different cost centers within AM 
and to locate cost elements and drivers within these centers. 
 
 
 
 

4%

12%

76%

8%

Cost Breakdown

Preparation cost Material cost Build cost Post processing

Figure 3: Cost breakdown (adapted from Lindemann et al., 2012) 
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2.2.3 Cost Model Estimation of AM 
 
Many cost models have been developed for the usage of AM with different approaches to 
evaluating the production cost of a component. These models have been developed over time 
with add-ons and redefinitions of the key value drivers. The models also present differences in 
accuracy and how advanced they are to use in order to estimated production cost. The more 
advanced a cost estimation is, the more accurate it could be. However, the more advanced it is, 
the harder it is to use the model, which may cause the model not to be used. The purpose of the 
different models is also dissimilar making it not obvious to only use one model. Table 1 explains 
the input variables of the equations presented below. These equations are used in the study to 
verify the result.  
 
Table 1: Nomenclature description of presented equations 

 

Nomenclature Description 
CMaterial Total cost of material [€] lt layer thickness [mm] 
M Mass of product [kg] Vp Process velocity [mm3/s] 
CPowder Material cost [€/kg] ld Laser beam diameter [mm] 
TBuild Total time of build [h] CBuild Cost of producing a part [€/part] 
N Number of layers CMachine Machine cost per hour [€/h] 
TP Idle time between layers [s] CConsumable Cost of consumables in a build [€/part] 
dp Density of part [kg/m3] MachineCost Machine purchase cost [€] 

�̅�P Average cross section of part [mm] h Machine depreciation time [years] 
APhr Area rate hatching the interior of the part [mm2/s] upt Machine time [hours/year] 
APsr Area rate scanning the interior of the part [mm2/s] Cpost Cost for post-processing activity [€] 
ds Density of support structure [kg/m3] Tpost Time required for post-processing [h] 

�̅�𝑆  Average cross section area of support [mm2] COper Operator’s hourly rate [€/h] 
ASr Area rate scanning the support [mm2/s] CTools Hour cost including all required tools for post-processing 

[€/h] 
SA Surface area of part [m2] CPre Operation costs before build [£] 
    

Concept & 
Definition 

Design and 
Development 

Manufacturing 
PBF 

Shipping and 
Installation 

Operation & 
Maintenance 

Material Cost Manufacturing Cost 

Product Cost 

Figure 4: Product development of AM (Inspired by Lindemann & Koch, 2016) 
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Hopkinson & Dickens (2003) generated a model to identify the unit cost for different batch 
sizes to find the break-even point comparing two different AM technologies. The cost 
considered was machine costs, personnel costs, and material costs. The material cost was 
calculated using Eq. (1). 
 
 𝐶𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 𝑀 ∗ (𝐶𝑃𝑜𝑤𝑑𝑒𝑟 ∗ 𝑊𝐹) (1) 

 
Ruffo, Tuck, & Hague (2006) extended Hopkinson and Dickens’ model by dividing the cost 
into either direct or indirect costs capturing the indirect costs of the production process. The 
indirect costs were calculated with Eq. (2). Their model was validated for small to medium-
sized batches. 
 
 

𝐶𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 =  
∑ 𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑜𝑠𝑡𝑠

𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
∗ 𝑇𝐵𝑢𝑖𝑙𝑑 (2) 

 
Baumers et al. (2016) created a cost model using more advanced calculations of the build time 
considering the machine energy usage as a direct cost. The result of the study was that the 
energy cost was small in comparison to other cost drivers such as machine cost and labor cost. 
Piili et al. (2015) presents a time estimation equation where the build time is proportional to the 
summation of time for fusion the powder, idle time between layers, and time for support 
structure generation. This is shown in Eq. (3) and consists of both eq. (4) and (5). 
 
 

𝑇𝐵𝑢𝑖𝑙𝑑 = 𝑁 ∗ (𝑇𝑃 + 𝑑𝑃 ∗ (
�̅�𝑃

𝐴𝑃ℎ𝑟
+

�̅�𝑃

𝐴𝑃𝑠𝑟
)) + 𝑑𝑆 ∗ (

�̅�𝑆

𝐴𝑆𝑟
) (3) 

 
 

�̅�𝑆 =
𝑆𝐴 ∗ 𝑙𝑑

𝑁 ∗ 𝑙𝑡
 (4) 

 
 

�̅�𝑃 =
𝑉𝑝

𝑁 ∗ 𝑙𝑡
 (5) 

 
Fera et al. (2017) further developed Baumers’ cost model having a more significant focus on 
the different steps of the AM process to evaluate process costs.  They also present an equation 
for calculating the cost of a build. Eq. 6 show how this is done. 
 
 𝐶𝐵𝑢𝑖𝑙𝑑 = 𝑇𝐵𝑢𝑖𝑙𝑑 ∗ (𝐶𝑀𝑎𝑐ℎ𝑖𝑛𝑒) + 𝐶𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐶𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒 (6) 

 
Fera et al.  (2017) calculate the machine cost by using Eq. (7) 
 
 

𝐶𝑀𝑎𝑐ℎ𝑖𝑛𝑒 =
𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝐶𝑜𝑠𝑡

ℎ ∗ 𝑢𝑝𝑡
 (7) 

 
Rickenbacher et al. (2013) presents an equation for calculating the cost of pre-
preparation and post-processing, this formula is edited to a sum equation to consider all 
pre-preparation and post-processing techniques required. See Eq. (8). 
 

𝐶𝑃𝑜𝑠𝑡/𝑃𝑟𝑒 = ∑ 𝑇𝑃𝑜𝑠𝑡/𝑃𝑟𝑒(𝑖) ∗ (𝐶𝑜𝑝𝑒𝑟(𝑖) + 𝐶𝑇𝑜𝑜𝑙𝑠(𝑖))

𝑛

𝑖=1

 (8) 
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The total cost of products produced with AM is the sum of four main components presented by 
di Angelo & di Stefano (2010) in Eq. (9).  
 
 𝐶𝑇𝑂𝑇 = 𝐶𝐵𝑢𝑖𝑙𝑑 + 𝐶𝑃𝑜𝑠𝑡 + 𝐶𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 + 𝐶𝑃𝑟𝑒 (9) 

 
 
This is an overview of relevant cost models within AM to estimate the production cost of a 
product. The purpose and aim of the different models are summarized in Table 2. 

Cost Model Main Purpose Main Cost Elements Cost Estimate Technique 
Hopkinson and 
Dickens (2003) 

Created a cost model that was used 
to compare costs of AM with 
traditional manufacturing 
techniques to find the batch size 
break-even point of the production.  

- Machine Cost 
- Labor Cost 
- Material Cost 

Parametric and analytical approach. 

Ruffo, Tuck and 
Hague (2006) 

The authors present advances and 
discussions on the limits of the 
previous work done by Hopkinson 
and Dickens through a direct 
comparison between the newly 
developed cost model and Hopkins 
and Dickens cost model. The new 
model considers more aspects of the 
cost spectrum. 

Cost breakdown into direct and 
indirect costs. 
 
Direct Costs: 

- Material 
Indirect Costs:  

- Production overhead 
- Administrative 

overhead 
- Machine  
- Labor  

A mix between parametric and analytic 
approach.  

di Angelo & di 
Stefano (2010) 

A cost model estimating the cost of 
AM suited for web-based e-
commerce. Significant cost driving 
factors of layered manufacturing are 
identified.  

- Material 
- Labor 
- Machine 
- Power consumption  
- Non-production 

labor and 
maintenance 

Parametric cost estimate  

Rickenbacher et al. 
(2013) 

The current work presents advances 
and discussions on the limits of 
previous work through a direct 
comparison between older cost 
models and the new cost model. 
The older models do not adequately 
take pre-and post-processing into 
account.  

- Cost of post-
processing 

- Cost of removal 
- Cost of build 
- Cost of setup 
- Cost of preparation 

Parametric approach.  

Piili et al. (2013) The aim of the study is to discuss 
and define the opportunities of the 
AM PBF process using a cost 
estimation model. The result shows 
that the maximum utilization of the 
build platform is key in lowering 
the build cost. 

- Machine cost  
- Material cost 
- Energy cost 

Parametric approach.  

Baumers et al. 
(2016) 

The purpose of the article is to 
construct a new model based on 
previous literature to perform an 
inter-process of EBM and SLM cost 
performance. 

- Production overhead 
- Administration 

overhead  
- Labor 
- Machine cost 

Parametric approach.  

Fera et al. (2017) Built on Baumers et al.’s cost model 
considering more cost aspects 
regarding the AM build in order to 
evaluate process costs for relevant 
AM technologies.  

Preparation: 
- Operator and PC 

Build Job 
- Operator and PC 

Setup 
- Operator, machine, 

inert gas, and 
material change.  

Building 
- Machine, gas, 

energy, material, 
and waste factor.  

Removal 
- Operator, machine, 

and inert gas.  

Analytic approach.  

Table 2: Cost model analysis 
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2.3 Uncertainty  
 
Uncertainty derives from the incompleteness of knowledge necessary to forecast future events, 
and the inability to act and control the result. Reducing the lack of knowledge involve learning 
processes and boosting the ability to frame choices to reduce uncertainties (Dosi & Egidi, 1991). 
Walker et al. (2003) define uncertainty as “any deviation from the unachievable ideal of 
completely deterministic knowledge of the relevant system.” (Walker et al., 2003) meaning that 
uncertainty is a deviation from an ideal system. Risk can thereby be quantified while 
uncertainties not, making risk management a method to manage uncertainties. 
 
The nature of uncertainty can be divided into two areas, aleatory and epistemic. Aleatory 
uncertainty includes that neither information nor knowledge can contribute to a reduction of 
uncertainty in the random nature. This relates to the lack of understanding of events in the 
surrounding environment, where outcomes and data are unpredictable (Erkoyuncu, Roy, 
Shehab, & Cheruvu, 2011). Aleatory uncertainty can also be referred to as substantive 
uncertainty (Dosi & Egidi, 1991). Epistemic uncertainty contains the possibilities and 
limitations of the human knowledge. The epistemic uncertainty can be reduced by increasing 
the knowledge level or usage of relevant data (Erkoyuncu et al., 2011). Epistemic uncertainty 
is also known as procedural uncertainty (Dosi & Egidi, 1991). The difference between the two 
areas can be seen in Figure 5 presented by Erkoyuncu et al. (2011)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The challenges in managing uncertainties are mostly driven by the non-static and non-linear 
nature of the uncertainty (Walker et al., 2003). Neglecting uncertainties may lead to higher risk 
since the uncertainties are not considered. If the uncertainties, however, are considered, 
acknowledged, and balanced, the risk could be acceptable and reduced. The relationship 
between these two is that uncertainty is the source of risk, and risk arise when decisions are 
made. This because we expose our self to uncertainty in which the risks lie (Emblemsvåg, 
2003). 
 

2.3.1 Uncertainty within the AM Process 
 
Both aleatory and epistemic uncertainty sources exist in AM manufacturing and the process of 
AM (Hu & Mahadevan, 2017). To easier find production uncertainty sources within the AM 
process, Gibson’s eight-step model will be used. 

Figure 5: Natures of uncertainty (adopted from Erkoyuncu et al. 2011) 

Aleatory Epistemic 

- Stochastic 
- Irreducible 
- Random 

-Lack of knowledge 
-Reducible 
-Subjective 

Hard to access influential information or knowledge 
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Gibson, et al. (2015) has developed a categorization of the AM work process into eight steps 
outlining the necessary procedures for this process. Within these steps, some activities drive the 
cost of the product. The steps are presented in Figure 6. The focus of this study will be to locate 
the cost elements and drivers in these last five steps and to identify relevant uncertainties in 
these steps. 
 

 
The first step of the AM process is to design a virtual component in CAD with the correct shape 
and geometry. When the CAD model is finished, it needs to be converted into an STL file to 
transfer it into an AM software. The STL file is sliced up into many two-dimensional planes 
and turned into machine code to create a workflow for the machine. (Gibson et al., 2015) The 
last five steps will be described more in detail.  
 

2.3.1.1 Build Preparation 
 
AM machines have some setup parameters that need to be defined before the build. These 
parameters are typically machine and process specific. These parameters include some aleatory 
uncertainties such as variation in powder particle radius and variation of laser scan speed (Hu 
& Mahadevan, 2017) In traditional manufacturing of complex cases, it is common for 
manufacturers to have default settings or saved information from previous batches to help speed 
up the machine setup time and to prevent mistakes from being made. Since AM is new in the 
commercialization phase, information from previous production’s might be limited or not exist, 
contributing to create uncertainty in the setup phase. An incorrect setup procedure could still 
lead to a built part. However, the quality of the final part might not be accepted. Which leads 
to either having to scrap the part or add operations to fix it, both cases increases the production 
cost (Gibson et al., 2015).  
 
In addition to setting the software parameters of the machine, most machines must be physically 
prepared before a build. An operator needs to check that sufficient build material is loaded into 
the machine. The powder used in PBF machines commonly also needs to be sifted and leveled 
as part of the setup operation. In a PBF process, the component is built upon a build-plate. This 
plate must be inserted and leveled inside the build chamber in reference to the machine axis. 
These operations are done manually by a trained operator (Gibson et al., 2015), the operators 
know-how shape the epistemic uncertainty.  
 

2.3.1.2 AM Build 
 
Up till this point, the first few stages of the AM process are semi-automated tasks that may 
require manual control, decision making, and interaction that are dependent on the operator’s 
expertise. It is in the build phase where the layer-by-layer based manufacturing takes place. If 

Figure 6: Generic AM process (Gibson, Rosen, Stucker, 2015) 
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no errors are detected by the operator during the build, the AM machine will repeat the layering 
process until the build is completed (Gibson et al., 2015).  
 
Another uncertainty of the PBF process is that the material properties of the produced part in a 
PBF process could vary on a part-to-part basis as well as to a machine-to-machine basis. This 
factor is not fully understood at present (Frazier, 2014; Slotwinski & Garboczi, 2015) creating 
uncertainty in the material characteristics of the finished part.  
 

2.3.1.3 Removal and Cleanup 
 
In all cases, the component must be separated from a build platform and removed from excess 
build material in the build chamber surrounding the component. Adding another operation to 
the manufacturing increasing the production cost. 
 
It is also necessary to understand that support structures other than the material used to create 
the part itself are needed to help keep the part from warping or collapsing during the build 
process. These structures increase the overall material usage and the waste because it will have 
to be removed since the support are not part of the finished product. Removing these support 
structures needs a significant amount of manual work. Metal parts manufactured with AM may 
require a wire EDM machine, band saw or milling equipment to remove the support structure 
and the part from the base plate. The operator involved in these operations needs a degree of 
knowledge in part removal since poor technique, and mishandling can result in damage to the 
final part increasing the production cost (Gibson et al. 2015).  
 

2.3.1.4 Post-Processing 
 
The post-processing process refers to the stages of finishing the part for application purposes. 
This stage of the process is very dependent on the components specifics and the application of 
the product. Some applications may only need a minimum amount of post-processing while 
others may require careful handling to maintain good precision and finish. The post-processing 
process is usually expensive and requires a significant amount of manual work and machining 
due to the complexity of most AM parts which affects the final cost.  (Gibson et al., 2015). 
 

2.3.1.5 Inspection and Testing 
 
After the post-processing step, parts are ready for use. However, even if parts are made from 
similar material as those available from traditional manufacturing techniques such as casting, 
parts may not behave accordingly to standard material specifications. In some cases, the AM 
process may cause the material to degrade, not bond, or not link and crystallize optimally during 
the build. Some operations may also create small voids inside the part, causing part failure 
under mechanical stress. A result of this is that AM produced parts behave differently from 
parts using a more conventional manufacturing process creating production uncertainty (Gibson 
et al., 2015). These uncertainties of part characteristics make it necessary to inspect and test the 
part both internally and externally before it is used.  
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2.3.2 Production Uncertainty 
 
Uncertainties in production could impact the important factor of a manufacturing system’s 
ability to maintain an unchangeable performance under uncertain conditions (Saad & Gindy, 
1998). In most production systems, the throughput3 time is hard to estimate because of 
production uncertainties such as machine breakdown time and scrap. The time lost in the setup, 
breakdown and scrap increase the manufacturing lead time increasing the machine cost of the 
operation (Azizi, Ali, & Ping, 2015).  
 
Saad & Gindy (1998) divide the source of production uncertainty into two categories based on 
their source of origination. The uncertainties are classified as either internal or external 
depending on whether the origin of the uncertainty is within or outside the boundary of the 
manufacturing system. Koh & Saad (2002) present different manufacturing uncertainties listed 
in Table 3 below. These production uncertainties could either be aleatory or epistemic 
uncertainties.  
 
Table 3: Variables of manufacturing uncertainty 
 

Variables of Manufacturing Uncertainty 
External Uncertainty 

Material Uncertainty - Poor supplier delivery performance due to low quality of material 
delivered, or incorrect items supplied, late delivery, or delivered 
with shortage.  

Internal Uncertainty 
Labor Uncertainty - Lack of Skilled personnel available 

- Absenteeism due to sickness, maternity, or holiday. 
- Schedule worklist not followed due to not being controlled or not 

available to the labor. 
- Labor overload, not enough personnel available to maintain the 

production plan. 
Scrap or Rework Uncertainty - Unacceptable product quality due to labor error, machine error or 

defective new material.  
Machine Uncertainty - Machine overload, limited machine time due to increased demand 

(lead-time). 
- Unplanned machine downtime due to breakdown, planned 

maintenance time exceeded or setup time exceeded. 
- Limitations on machine capacity. 
- Tooling unavailability. 

 
The uncertainties in manufacturing have various effects due to the correlation between the 
operations and resources. Zyngier (2017) have listed three important uncertainties to consider 
within an industrial system and these are material pricing, availability of information and 
product yield4. The lead-time uncertainty is a significant factor in the system performance 
affecting the production cost (Wazed et al., 2009). For example, if the machine downtime 
increases the hourly machine rate will increase due to less availability of the manufacturing 
system. These uncertainties, therefore, influence the cost parameters within the production cost. 
 

                                                 
 
3 Throughput refers to the output, volume or production rate for a process over a specific time-period. 
 
4 A measurement of how many products of a salable quality the company’s process can create.  
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Understanding the level of uncertainty in the system of available data for a cost estimate is an 
important factor in generating valid cost estimates (Thunnissen, 2005).   
 

2.3.3 Cost Estimation under Uncertainty 
 
Uncertainty of cost estimation comes from variability associated with characteristics of the 
product being produced (Chapman & Ward, 2003). The content and results of future processes 
and activities are uncertain and therefore, influencing the planning, execution, result, and 
outcome of the cost estimation. This outcome can either have a positive or negative effect on 
the estimate. These effects could be described as estimation uncertainty5 (Torp & Klakegg, 
2016).  
 
 

                                                 
 
5 Refers to activities and conditions known to present that influence the cost estimation (e.g. variability in cost, 
time etc.)  
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3 METHOD 
 
The following chapter describes the methods used in this study for collection and analysis of 
data. The chapter starts with describing the research process. This is then followed by 
descriptions of how the data was collected and analyzed. The chapter ends with validity and 
reliability of the study.  
 

3.1 Research Process 
 
The research of this thesis have mainly tried to follow a suggested research process by Ghauri 
& Grønhaug (2005) which represent the different stages of the research as a linear process as 
seen in Figure 7. However, to further improve the different stages of the report an iterative 
process6 have been used parallel to this suggested method, and the process has gone back and 
forth between the different stages.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The topic of the thesis is to find cost elements, production uncertainties of AM and to explore 
the uncertainty of cost estimation for AM SLM. The research problem was defined by 
conducting a literature review with the purpose to gain knowledge and build a theoretical 
framework of the subject (Björklund & Paulsson, 2012). The methods used in this research will 
be described in the following chapter. 
 

3.1.1 Choice of Organization 
 
GKN Aerospace was selected as the organization for data collection in this study. The 
Aerospace industry has identified benefits of the AM technique for applications in the industry. 

                                                 
 
6 Refers to a process for arriving at a desired result by repeating a cycle or analysis of operations.  

Figure 7: The research process (adopted from Ghauri & Grønhaug, 2005) 
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GAS manufacture components in low-volume with high-costs where production uncertainties 
could have a significant impact on the production cost. The organization is also actively using 
AM and researching the process, making the organization suitable for this study.  
 

3.2 Research Design  
 
The research design of the thesis is illustrated in Figure 8. A literature review and pre-study 
have been conducted to build a sensitivity analysis tool and to structure qualitative interviews. 
The sensitivity analysis tool, pre-study and primary interviews generated the result presented 
in the thesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3 Literature review 
 

Literature has been used to find information to explain and to get a better understanding of the 
research problem (Ghauri & Grønhaug, 2005). The literature used in the research was from 
external sources of published works, such as books, articles, and research reports that are peer-
reviewed. The literature framework considers topics of additive manufacturing, production 
uncertainty, and cost estimations. After the literature study, the scope and delimitations were 
set which resulted in a research problem. The articles and books used in the literature review 

Literature 
Review Pre-Study 

Sensitivity 
Analysis Tool 

Interviews 

Result 

Observations 

Figure 8: Thesis process 



 

19 

were organized in a matrix, which can be seen in Table 4. The matrix helped to categorize the 
way of working with the literature. The grade given is depending on how suited the information 
of the literature was for the thesis.   
 
Table 4: Literature review matrix 

 

3.4 Data Collection 
 
The data collection process of this study is presented in this section. The primary data of this 
study is internal documents and primary interviews while the secondary data of this thesis is 
the data collected during the unstructured interviews and observations. The qualitative data 
method was used since it was the most suitable method for this study (Ghauri & Grønhaug, 
2005). The process will be described further in this chapter.  
 

3.4.1 Pre-Study 
 
The pre-study was conducted at GAS and Högskolan Väst (HV) with engineers, a professor, 
and business employees. HV have their own PBF system and conduct research of the AM 
process. GKN Aerospace also have a research and technology center in Filton, England which 
focus on AM process and costs. This GKN site have been a support during the thesis work 
which have helped to gain a greater understanding of the thesis topic. The purpose of the pre-
study was to collect and understand the internal documents, such as cost estimating tools and 
reports that are used in the organization. The pre-study also helped to understand different AM 
process used at GAS. The goal was to collect data and to get an understanding of the 
organization that could be used for the research. The pre-study process has been an iterative 
process but most of the work was conducted at the beginning of the thesis process, and the 
methods used are described further below.  
 

3.4.1.1 Unstructured Interviews 
 
During the pre-study phase interviews with experts in the field of the data collected was made.  
The interviews that were conducted were of the unstructured format, meaning that questions 
were asked with a conversational tone that gives the freedom to elaborate and ask follow-up 
questions (Johnston J, 2010). The questions asked were openly formulated to create a 
conversation around the question, to then add supplementary questions to reach a broader and 
more useful understanding of the field (Ghauri & Grønhaug, 2005). The interviewees conducted 
can be seen in Table 5.  
 
 
 
 
 

Literature Review Matrix 
Grade Name Subject Purpose Method Theory Result Conclusion 
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Table 5: Unstructured interviews in pre-study 
 

Unstructured Interviews During Pre-Study 
Interviewee Purpose Date 
Program Manager, Engineer in 
Charge, Product Cost Engineer 

Project information. 2018-01-19 

Process Engineer  Data collection and explanation of 
the data. Locate people of interest.  

2018-02-01 

Method Development Engineer Data collection and cost model 
explanation. Locate people of 
interest for the study.  

2018-02-06 

Method Development Engineer 
and Product Cost Engineer 

Data collection and cost 
estimation explanation 

2018-02-15 
2018-03-09 
2018-04-20 
2018-05-14 

Process Verification Engineer 
and Product Cost Engineer 

Data collection and cost 
estimation explanation. Locate 
people of interest for the study. 

2018-02-20 
2018-03-22 
2018-05-24 

Design Engineer Case component information 2018-04-26 
Business Development & 
Management Analyst  

Cost estimation explanation.   2018-03-14 

 

3.4.1.2 Observations 
 
In order to get a greater understanding of how the AM process works and how it already is used 
in the organization observations was made. The observations conducted during the pre-study is 
visualized in Table 6. The advantage of observations is that first-hand information can be 
collected in a natural setting (Ghauri & Grønhaug, 2005), (Ejvegård, 2009).  
 
Table 6: Observations in pre-study 
 

Observations During Pre-Study 
Guide Purpose Date 
Materials and process engineer Tour of one AM workshop. 

Information about AM and how 
AM is used at the site.  

2018-01-23 

Research engineer AM Tour of center for product 
development together with AM 
engineer and professor at HV. 
Information about different AM 
processes, including a PBF 
system.  

2018-01-24 

 

3.4.1.3 Internal Documents 
 
Internal documents have been used in the form of reports, cost estimation tools, and invoices 
from different departments at the company. These documents were used to get a more in-depth 
understanding of the company’s costs and cost estimation techniques of the AM process to 
construct the cost estimation tool used to create a sensitivity analysis in the thesis. All costs in 
the thesis are based on production costs. The internal documents were also used to understand 
the language spoken during the meetings to accomplish better interviews. 
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3.4.2 Primary Data Interviews 
 
To identify cost elements, drivers and uncertainties in the AM process interviews were 
conducted. These primary interviews followed a semi-structured outline which means that the 
questions were prepared with openly formulated questions (see Appendix A) that the 
conversation revolved around, and additional questions could be added if it was assessed as 
necessary. 
 
The people interviewed was thoughtfully chosen because they work and have knowledge in the 
area of interest to the study. The list of interviewees can be seen in Table 7. It is important to 
find relevant respondents to interview. Therefore, it is important to search and evaluate different 
potential informants, to validate that they possess the right information needed (Martin 
Svensson, 2017). The search of appropriate candidates for the interviews was done together 
with the industrial supervisors at GAS. After each interview, a question was also asked to check 
if the interviewee knew someone else that could be of interest to interview regarding the subject. 
 
Table 7: Primary interviews 

 
The interviewees have different experiences from different fields of expertise which broadens 
the collected data giving a good overview of the different opinions and perspectives of the 
studied field. The interviews were conducted in person with each of the participants and 
followed up by e-mail when data was missing or not complete. The timeframe of the interviews 
was pre-set to 60 minutes, the language spoken was Swedish, and conference rooms were 
booked for the various occasions to make sure that the interviews could be performed without 
interference.  
 
Before each interview, the interviewees were informed about the topic and purpose of the 
interview by e-mail. Preparing them for the interview gave them the opportunity to update 
themselves with information that they thought could be of interest to share. This lead to time 
effective interviews since the start-up time was shorter. 
 

 Interviews  
Interviewee Purpose Why Date 
Product Cost 
Management Engineer  

To identify cost elements, 
drivers, and uncertainties in 
cost estimations.  

The interviewee work 
with cost estimations of 
AM. 

2018-04-10 

Process Verification 
Engineer  

To identify production 
uncertainties, cost 
elements, and drivers. 

The interviewee has 
great knowledge of the 
AM process and 
product. 

2018-04-10 

Buyer To identify production 
uncertainty, uncertain 
variables of cost elements 
and drivers.   

The interviewee has 
knowledge of AM costs 
and the fluctuation of 
them. 

2018-04-16 

Program Manager To locate cost elements, 
drivers and production 
uncertainty.  

Involved in AM 
projects in the 
organization.  

2018-04-13 

Process Engineer Identify cost elements, 
drivers, and production 
uncertainties.  

Involved in 
manufacturing of AM 
in the organization and 
AM projects.  

2018-04-13 
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The interviews carried out had two focus areas. The first part had the aim of identifying primary 
cost elements and drivers of AM (PBF, SLM). The second part had the purpose to identify and 
explore production uncertainties of the AM process. The aim of each question can be seen in 
Appendix A. 
 
Before the interviews each person was informed that the answers of the questions are 
anonymous and asked if it would be okay to record during the interview. In most of the cases 
it was no problem to record. During the recorded interviews only supporting notes where 
needed. When it was not okay to record, more notes were taken. After each interview the records 
was transcribed into text. The records worked as a good backup since it is hard to take 
qualitative notes during an interview.  
 
The questions were openly formulated so that the respondent would not be framed into a 
situation where they must answer a question in a certain predetermined way. The main aim of 
the questions asked was to answer the research questions and to validate the collected data. 
During the interviews, the informant was also studied, to recognize non-verbal signals 
(Johnston J, 2010; Martin Svensson, 2017). The information gathered was assured by 
confirming the data at the end of each interview. The information from the interviews was 
documented during the meeting and analyzed, interpreted and reported afterward. 
 
Except the interviews listed, meetings with two industrial supervisors at GAS have been 
conducted each week of the thesis process with the purpose to discuss and confirm findings.  
 

3.5 Sensitivity Analysis Tool (Cost Model) 
 
A Natural way of modeling uncertainty is to use different variables in a specific case to test 
how the parameters impact the final result (Haldar & Mahadevan, 2000). Therefore, to test how 
the explored production uncertainty variables impact the production cost and to find the weight 
distribution of the identified cost elements, simulations were made with the sensitivity analysis 
tool. The literature review, internal documents, and the pre-study data collected was used to 
build the sensitivity analysis tool to simulate product cost estimations suited for this study. The 
cost model tool was built in an Excel spreadsheet using internal cost variables and equations 
verified in the literature. The cost model delivers a cost estimation based on the information 
entered into the model. Parameters entered was part geometry, operation costs, manning costs, 
inspection and testing methods required, powder cost, and overhead costs. The goal with the 
sensitivity analysis tool was to locate the weight distribution of the cost elements and to identify 
how the explored uncertainty variables could affect the product cost.  
 
The cost model calculates the estimated product cost and divides the cost into different cost 
elements to show the weight of the total product cost. The information was then used to study 
how the different cost elements were weighted. The calculations used to calculate the costs of 
the different operations is based on internal documents and cost estimation techniques at the 
company and was controlled and verified in the theoretical framework. The cost parameters 
used was also located in internal documents.  
 
When the weight of the cost elements was found, uncertainty parameters identified during the 
primary interviews was altered to investigate how the cost of the product changed when the 
uncertainty parameter changed. An example of a parameter changed was powder price; the 
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powder price was changed at intervals of 10% six times. The result of the changes was then 
added into a graph to investigate how the product price changes when the parameter changed.  
 
By altering uncertainty parameters, it was possible to identify which of the identified production 
uncertainty parameters that have the most significant impact on the total product cost. These 
uncertainty parameters should, therefore, be considered more carefully, since they have a 
greater impact on the production cost. 
 
The analysis made it possible to create uncertainty data and to identify how the production cost 
of the studied case vary depending on the change in production uncertainty parameter’s size 
due to uncertainty. 
 

3.6 Data Analysis 
 
There is no standard approach of carrying out interview analysis which is a complexity of 
qualitative data (S. Kvale, 1988). During the research, the collection of data and analysis of the 
data was carried out at the same time. The collected data raised new questions, which initiated 
further data collection. Ghauri & Grønhaug (2005) suggest that the purpose of the data analysis 
is to gain an understanding of the data collected. 
 
The approach used to analyze the collected data is an approach suggested by Miles & Huberman 
(1994). The basic principles are shown in Figure 9. The process of analyzing the data has been 
an iterative process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.6.1 Data Display 
 
The recordings of the interviews were transcribed into text that was used for the analysis. The 
transcription was edited to make it easier to read and understand the answers to the questions. 
Transcription of the interviews is an important process in the data analysis. However, it is vital 

Figure 9: Components of data analysis (adopted from Miles & Huberman, 1994) 

Data Collection 

Data Display 

Data Reduction 

Conclusion: 
Drawing/Verifying 
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to remember that transcriptions are not able to capture all interactions that occurred during the 
interviews. 
 

3.6.2 Data Reduction 
 
The transcribed text was then categorized into recurring and dominant themes through pattern 
matching. This was made by identifying sub-categories when reading the transcripts. The 
transcribed text matching the sub-categories was then extracted into the sub-category.  
 

3.7 Validation and Reliability  
 
The process of validating the thesis and the reliability of the result is presented in this section.  
 

3.7.1 Validity  
 

Validity in research refers to the accuracy of the findings and that the findings measure what is 
meant to be measured. Triangulation is a method which has been used in this study, to assess 
the credibility, authentication, and trustworthiness of the data collected. This strategy involves 
three data collecting methods which are interviews, observations, and literature reviews. 
Combining these aspects based on a multi-method will decrease the risk of not having complete 
and exact data (Alvehus, 2013; Ghauri & Grønhaug, 2005).  
 
Data collected and analysis of the data within the study have during the project been shared and 
discussed with supervisors at GAS to check the validity of the data collected. The sensitivity 
analysis tool has also been verified in several tests where the outcome was compared to two 
other real cases of components produced at the company.  
 

3.7.2 Reliability 
 

Relatability in research indicates the reliability and usability of measuring equipment and that 
the findings are consistent. It often refers to what extent the result would be the same if the 
study is repeated (Ejvegård, 2009). To assure the reliability of the study, the design of the 
research includes structured documentation of the purpose of the studies and planned 
interviews.  
 
This study has been carried out in close collaboration with experts in cost estimation at GAS 
which increases the reliability of the result. However, since the study has been carried out at a 
specific company, some parts of the result may not be generalized to other companies. It is also 
essential to remember that the interviews have been conducted at one company representing the 
perspectives of the respondents in the corporation.   
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4 RESULTS 
 
The following chapter presents the results of the study at GAS. Data are based on interviews, 
document reviews, and simulations of the sensitivity analysis tool. First, identified cost elements 
and cost drivers of AM are presented. Further, production uncertainties are identified and 
presented. Lastly, effects of production uncertainties are examined to investigate how some of 
the explored uncertainty parameters affect the final production cost together with the weight of 
the cost elements and drivers. 
 

4.1 Product Cost 
 
A consensus from the interviews is that the dominant cost factor of AM is the depreciation of 
machines and post-processing to remove support structure. The depreciation cost of the 
machine is high due to the low deposition rate.  
 
The identified cost fields of the AM process are derived from interviews and internal documents 
and can be seen in Figure 10. The manufacturing cost is categorized with the help of Gibson et 
al.’s (2015) last five stages of the AM process (build preparation, build, removal and cleanup, 
post-processing and inspection and testing). The subcategories of these processes each have a 
machine cell containing different cost elements, visualized in Figure 10 as green boxes. If an 
operation is outsourced means that the organization pays an outsource cost.  Each cost element 
of Figure 10 will be explained in Table 8-10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

26 

 

 
 

Cell-Setup 
Cost 

Maintenance 

Software 

Machine 
Depreciation 

Hardware 

Training 

Consumables  

Other 

Energy 

Operation Time  

Salaries  

Operation Time 

Maintenance  

Utility Costs 

Rent 

Manning Cost Facility Cost Machine Cost 

Testing 

Inspection 
Heat 

Treatment  

Surface 
Treatment 

Build 
Cost 

Removal 
Treatment 

Powder 
Testing 

Powder 
Blending 

Post-
Processing 

Inspection 
and Testing 

Removal 
& 

Cleanup 

Build Build 
Preparation 

Manufacturing Cost 

Material Cost 

Part 

Powder 
Waste 

Support 
Structure  

Coupon 

Material 
Overheads 

 

Product Cost  

Outsourced Operation 
cost 

Scrap Rate 

Figure 10: Identified cost elements of AM 

Manufacturing 
Overheads 

Extra 
Operations 

M
ac

hi
ne

 C
el

l  



 

27 

4.1.1 Material Cost 
 
The material cost is the sum of all cost elements associated with the material used in the build. 
The main driving factor of the material cost is the cost of the material used and the weight of 
the product being produced. The material price is based on previous experience, and the weight 
of the components are based on an analytical estimation approach. Table 8 explains the different 
cost elements of the material cost shown in Figure 10. During the unstructured interviews of 
the pre-study, the following material cost elements were identified: part, support structure, and 
material overheads together with their cost drivers. The internal documents confirmed these 
cost elements and drivers, and two more elements were found: coupons and powder waste. 
These cost elements were also confirmed and explained in detail during the primary interviews. 
The estimation techniques were identified in internal documents. All the respondents described 
at least two or more of the cost elements, and drivers presented below, and each cost element 
and driver was mentioned by several interviewees. 
 
 Table 8: Material cost explanation 

 

4.1.2 Manufacturing Cost 
 
The manufacturing cost is the cost of all operations required to finish the part. The different 
costs of the manufacturing process are divided into sub-categories using the steps presented in 
the theory chapter. Each operation in the steps has a manufacturing cell with cost elements. 
When an operation is outsourced, the company do not include costs of a machine cell for the 
operation but instead get a tender from a supplier including all costs covering the process. Table 
9 explains the manufacturing costs of Figure 10. The cost elements in Table 9  was identified 
during the unstructured interviews and in internal documents. These cost drivers and elements 
were then transformed into fitting the AM process described in the theory. These cost elements 
were confirmed and explained in more detail during the primary interviews. The estimation 
techniques were identified in internal documents. All the respondents described at least two or 

Material Costs 
Cost Element Explanation Cost Drivers Estimation Technique 
Coupons The coupons are used to test the quality of the 

build. They are built together with the part. 
The amount of material used depends on their 
weight. The number of coupons per build 
varies depending on the amount of testing 
needed to be done. 

Number of coupons, 
coupons weight, and 
powder price.  

Previous experience and 
analytical approach. 

Part The cost of the raw material used to produce 
the part.  

Weight, and powder 
price.  

Parametric approach. 

Support Structure The amount of support structure needed 
depends on the part and how complex the part 
geometry of the product is. The support 
structure is not part of the finished product and 
will be removed to finish the part. 

Part complexity, weight, 
and powder price.  

Intuitive and analogic 
approach. 

Material 
Overheads 

An overhead cost, covering material expenses 
such as internal and external logistics costs 
and storage. 

Material complexity. Could use an analogic 
approach. 

Powder Waste During the build, some of the powder 
surrounding the part could get semi-melted 
creating powder waste. Most of the powder in 
the build can be reused after sieving. However, 
the amount of new powder used in the build 
needs to be larger in proportion to the reused 
material. Due to the changes in powder 
structure of the used material. 

Powder waste, and 
powder cost. 

Intuitive approach.  
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more of the cost elements and drivers presented in Table 9 and each cost element and driver 
was mentioned by several interviewees. 
 
Table 9: Manufacturing cost explanation 

 

Manufacturing costs 
Cost Element Explanation Cost Drivers Estimation Technique 
Build 
Preparation 

Includes costs of preparing the machine. The 
operations made in this stage of manufacturing is 
blending of the powder batch and powder testing. 
The powder used to build the part need to be 
blended to get the correct material properties and 
tested to make sure that the powder has the right 
material properties. The preparation cost is batch-
size dependent, not design dependent. 

Number of batches, 
number of operations, 
facility space. 

Could use an analytical 
approach. 

Build The cost of manufacturing the piece with AM, 
PBF-SLM is design dependent. Ignorance of 
design effects of the build could drive cost. Angles 
over a certain degree makes it possible to build 
without using support structure, the surface finish 
of the area could, however, have lower quality. 
Not needing support structure save material cost, 
build time and post-processing costs since the 
support structure does not need to be removed. 
The time it takes to complete a build have shown 
to be a significant cost driver.  
 
A factor impacting the time required to finish the 
build is the height of the part. The taller the 
product produced is, the longer it takes to finish 
the build, due to the time constraints of the powder 
recoater rake. A taller build also means that more 
powder will have to be spread out in the build 
chamber which makes it important to be able to 
reuse the powder not used. The time aspect of the 
build has a significant impact on the final product 
cost because of the high hourly machine cost of the 
AM process. 

Product complexity, 
interference factor, 
facility space.  

Could use a parametric 
approach. 

Removal and 
Cleanup 

Includes the costs of removing the produced part 
from the build-plate, examples of methods are 
EDM or band saw. This phase also covers the cost 
of collecting and sieving the used powder. 

Number of parts in the 
build, part dimensions, 
facility space. 

Could use an analogic 
approach. 

Post-
Processing 

The operations necessary to remove support 
structure and to get the right material tolerances of 
the product are done in the post-processing stage 
of the manufacturing. Operations that can be used 
in post-processing are heat treatment, surface 
treatment such as support structure removal 
methods. Some post-processing treatment might 
be necessary to be able to use a specific inspection 
method, because it requires a particular surface 
finish. The most prominent cost driver of the post-
processing is believed to be the cost of removing 
the support structure.  

Tolerances, product 
complexity, number of 
operations, facility 
space. 

Could use an analytical 
approach. 

Inspection & 
Testing 

The cost of testing and inspecting of the coupons 
and part produced including the machining of the 
coupons. The tests could either be non-destructive 
testing (NDT) or destructive testing (DT). If DT is 
conducted on the component, the component 
cannot be used and turned into scrap. Therefore, 
coupons could be used for DT which enables DT 
testing to some extent of the build. 

Number of coupons, 
number of operations, 
facility space, produced 
number of parts, and 
number of batches. 

Could be based on 
previous knowledge 
using an intuitive 
approach. 
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4.1.2.1  Machine Cell Costs 
 
Each of the different processes of the manufacturing stage has a machine cell. The machine cell 
consists of different cost elements. The main areas of cost within the machine cell are facility 
cost, manning cost, machine cost, and manufacturing overheads. Table 10 Explain the costs of 
the machine cell seen in Figure 10. The cost elements, drivers and estimation technique in Table 
10 was identified in the pre-study by studying internal documents. These cost elements and 
drivers were described and confirmed in the pre-study unstructured interviews. 
 
Table 10: Machine cell explanation 

 
 

Machine Cell Costs 
Cost Element Explanation Cost Drivers Estimation Technique 
Facility Cost The facility cost is the cost of the space used to carry out 

an operation. This includes the cost of rent, utility costs, 
and building maintenance. 

Cost per square 
meter 

Could use a parametric 
approach. 

Manning Cost The cost of the personnel needed to carry out the 
operation. This cost includes the operation time of the 
operator and the hourly cost of the operator (salary). The 
main driver of manning cost is the needed manning time 
to complete the operation. 

Manning time and 
manning cost.  

Could use an analogic 
approach. 

Machine Cost The hourly cost of using the machine based on the time 
an operation takes, including all the costs surrounding 
the machine.  

 Consumables: Includes the cost of 
consumables the machine needs to do an 
operation. Examples of consumables of the 
PBF-SLM machine is a baseplate, argon gas, 
energy consumption, recoater blade, and laser. 

 Cell Setup Cost: The cost of setting up a 
machine cell in the factory, including 
machine maintenance, machine depreciation 
cost, software and hardware needed to run the 
machine, and personnel training of the 
machines.  

Consumables, 
machine cost, 
depreciation, 
machine running 
time, and operation 
time.  

Could use an analytical 
approach. 

Manufacturing 
Overheads 

Manufacturing overheads is an overhead cost that 
includes the costs if something does not go according to 
manufacturing plan.  

 Scrap Rate:  The cost of products being 
scrapped in the manufacturing step. The scrap 
rate is an overhead cost and applied to the 
manufacturing, added on to the charge rate per 
machine hour. The scrap rate of AM could be 
higher than traditional manufacturing due to 
the production uncertainties of production 
quality and the repeatability of the process. 
The maturity level of the process is constantly 
increasing which could decrease the scrap rate. 

 Extra Operations:  The extra operation 
overhead ensures that the cost of additional 
operations that might be needed in the 
manufacturing process are covered. It is a 
percentage added on to the manufacturing 
cost. The activities included could be required 
to finish a part that has a small deviation 
needed to be fixed to get the product approved. 

Risk of non-
conformances, 
tolerances, number 
of processes, extra 
inspections,  

Could use an analogic 
approach. 

Outsourced 
Operation Cost 

An outsourced operation is a hired operation conducted 
by a supplier. It could be due to unique manufacturing 
processes that do not exist in the company or cases of 
capacity reasons. 

Supplier base, part 
complexity, 
requirements, and 
ordering volume.   

Could use an Intuitive 
approach.  
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4.2 Production Uncertainty of AM 
 
No matter how good the operation-log is and what knowledge the firm have there is always a 
risk of things going wrong. Production uncertainty is tried to be managed with the help of 
different software. However, workshops still generate some abnormalities. A lot of systems are 
used to minimize the uncertainty level, but it does not always help to increase the repeatability 
of the process.   
 
The repeatability and robustness of the process show the maturity level of the technique. One 
respondent said ”by looking at an early generation of AM machines; they were not robust. Each 
build had a small chance of being completed correctly. Still, the reliability is not as high in the 
AM process as for traditional methods”. However, it is increasing. Mostly due to a higher 
understanding and technological improvements of the AM machines.  
 
The explored production uncertainties of the AM process below is the result of the primary 
interviews. Each of the uncertainty stated in this section was brought up by the respondents and 
mentioned and confirmed by at least one other interviewee. The mentioned uncertainties were 
categorized and merged into the seven categories presented in Table 11. Table 11 summarizes 
the identified uncertainties of the AM Process. Each of these factors affects the AM process 
and leads to production uncertainty.   
 
Table 11: Summary of uncertainty factors in the AM process 

 

4.2.1 Uncertainty Factors in the Build Preparation 
 
The build preparation usually needs a great amount of manual labor. Before a build is started a 
build-plate is inserted into the build chamber by an operator. A build-plate is used because of 
the high-temperature differences throughout the build to lower the risk of the component 
becoming distorted. It is also used to have something to build on. The inserted plate should be 
level and correctly set with the machines axis to get the best result possible. If the build-plate 
is not inserted correctly, the risk of the outcome being oblique increases, which could lead to 
the need of scraping the part.  
 
It is therefore essential to use equipment with the correct tolerances to level the build-plate and 
that the operator knows how to use it. The uncertainty level increases if the equipment used to 
do this operation is faulty or if the operator has limited experience and knowledge in using the 
equipment to insert the build-plate. 

Uncertainty factors of the AM Process 
Build Preparation Insertion of build-plate, material uncertainty, machine 

parameter changes. 
Build Process Laser intensity, positioning of the build, inner tensions 

of the component, missed machine errors, and 
machine time. 

Removal and Cleanup Process Sanitary workplace, human factor. 
Post-Processing Manual work and the number of operations affect the 

total level of uncertainty.  
Inspection and Testing Methods used to test and inspect the component and 

number of test coupons.  
Cost AM Machine Machine cost, automatization grade, and deposition 

rate. 
Material Cost Powder price. 



 

31 

 
Another uncertainty of high significance in the build preparation stage is material uncertainty. 
There is always a risk of getting incorrect material delivered from the supplier even if they have 
certificates and control methods to decrease this uncertainty. The powder size and blending 
could affect the final result. There is also a risk of using material that has been contaminated 
when using reused powder. This could lead to lower robustness of the process causing quality 
problems resulting in needing to scrap the build.  
 
It is not only the material and handling of material that could imply uncertainties in the build 
preparation phase, but the machines themselves too. The machine setups could after a while 
slightly change, making the components produced not meeting the required level. If the 
machine is used to produce different products, the risk of using wrongfully programmed setups 
increase. These uncertainties could be based on the human factor or machine failure which 
could lead to more scrap and costs. This is something that needs to be limited to get a process 
fully repeatable.  
 
The machine might further have hundreds of different settings making it hard to know how to 
use the machine optimally. The settings used could either be preset settings or changed. 
Something that may be of importance depending on the product geometry and how it best is 
built. Examples of changes could be the laser speed or how to start the build. The less experience 
and knowledge of the AM process a firm possess, the greater the uncertainties are. 
 

4.2.2 Uncertainty Factors in the Build Process 
 
A historically significant uncertainty factor of the build is the risk of swelling. Swelling is when 
lumps of powder are created making the powder level uneven. An even powder layer is a crucial 
condition in getting good results. If the laser beam is not able to penetrate the powder lump, a 
confined pocket of powder will be formed which may affect the material properties.    
 
An additional risk of the laser not being able to melt the material enough is when smoke is 
formed inside the build chamber when the laser melts the powder. If the smoke gets heavy, it 
could cover an area in where the laser is operating impacting the heat and laser intensity in that 
area, affecting the melt. The smoke movement is an uncertainty since it is not possible to plan 
or know how, and if it will impact the build.  
 
Another heat risk of the build is that heat sinks could appear where there is support structure, 
making the heat disappear creating a different material melt in the support structure area, 
affecting the material properties.  
 
Furthermore, one of the most significant uncertainty factors of the build is the positioning of 
the component in the chamber. When a layer is finished, a new layer is added by the recoater 
rake. If the component is positioned in a way so that the recoater rake might get caught on the 
piece or shift a layer of the piece, could lead to a skew or incomplete component. It is also 
possible that the positioning of the part is optimal at the beginning of the build but not for the 
end of the build increasing uncertainty of a satisfactory result. The knowledge of the procedure 
is of importance in positioning the piece to reduce the risk of a damaged build. Another concern 
of the build is the inner tensions of the material created while using the SLM method. These 
internal tensions could lead to that the component gets deformed. A further factor that could 
impact the uncertainty of a build is the height of it.  
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A build could also fail because of errors not being detected during the build process. This may 
perhaps be because the operator does not have enough time to monitor the machine during the 
entire build, and therefore, misses if something happened. Errors could likewise happen in shift 
changes due to lack of communication; the new operator believes that the other operator fixed 
the problem while the operator leaving believe that the new operator will fix the problem. 
Having someone to monitor the manufacturing process is important when the process is 
uncertain. The longer a faulty build continues, the more time and money is wasted.  
 
The machine time aspect is an uncertainty that is affected by production uncertainty in the 
process. A certain amount of time in the process might be expected. However, due to an 
unpredicted event, the real amount of time needed could be more which increases the operation 
cost.   
 

4.2.3 Uncertainty Factors in the Removal and Cleanup Process 
 
One production uncertainty in the cleanup process might be that the workspace is not cleaned 
properly. There is always a risk that the build has been contaminated by previous builds using 
a different type of powder. For some superalloys, a teaspoon of a different material is enough 
to change the material properties of the build. Some powders look the same and have the same 
density making it hard to separate them from one another. If the powders by mistake are mixed, 
the whole batch might have to be scrapped. This risk increases if there are no set procedures of 
how to handle the reused powder and if the machine is used with different materials.  
 
The cleanup phase is perhaps the most uncertain process of the removal and cleanup. The 
separation of the part and the build-plate is believed to have a low uncertainty level. The first 
step of the removal is to do a stress relief annealing of the plate and piece before EDM, or a 
band saw can be used to separate the pieces. The operator’s knowledge affects mostly the speed 
of the process. The uncertainty level of removal and cleanup are mainly based on how secure 
the procedures of material handling is and the human factor.   
 

4.2.4 Uncertainty of Post-Processing 
 
Post-processing usually requires manual work. If the product is complex and has areas that are 
hard to reach with machines could increase the need for removing support structure by hand. 
The post-processing required to finish a product is very product specific and depends on the 
product requirements. Since post-processing is combined with many different processes and 
each process has some uncertainty, the uncertainty level of the final post-processing process 
depends on the number of processes required. The more processes used, the greater is the total 
uncertainty of post-processing.  
 
The manual work of post-processing could be reduced if it is possible to attach the piece to a 
machine and remove the support structure. However, if the piece is attached wrong could lead 
to machining being done in the wrong places damaging the piece. 
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4.2.5 Inspection and Testing Uncertainty 
 
An early inspection method that could be used is optic inspection. A picture is taken of the 
component to check if the component deviates from the CAD file. This method could be used 
to check if the component has enough material to be able to process the component further.  
 
No non-destructive testing (NDT) methods are available today that accurately can ensure that 
the component does not have any defects. There are, however, X-ray inspections that can be 
used to check for both surface and interior defects. Using X-ray to find interior defects are hard 
depending on the defects direction in the material. It is, therefore, necessary to shoot X-rays in 
many different directions to find the defects. Another method available is to use CT-Scanning, 
but it could be very expensive, and earlier tests generated too much data that was not able to be 
processed. Defects could be seen, but there was no way of telling if the defects belonged to the 
product or if they were outside of the product. The uncertainty of the methods used to do NDT 
affect the uncertainty of the finished product.  
 
It is not possible to truly know if the component has a defect by only doing NDT. Therefore, 
destructive testing (DT) might be needed. However, using DT destroys the product. Hence, test 
coupons in the build could be used for DT’s. By building them in different spots of the chamber, 
different areas of the build could be tested. A great deal of research is being done in this field 
to explore if the coupons’ material properties represent the rest of the build.    
 

4.2.6 Cost Uncertainty of AM Machines 
 
The machines are constantly being developed to get faster and more stable to streamline the 
deposition rate. The machine prices have during the last five years been quite constant and high. 
If the purchase price decreases together with a higher automatization of the process and 
increased deposition rate could lead to less time needed to build the part, cheaper hourly 
machine cost and less need of operators monitoring the process. These parameters affect the 
uncertainty level of the cost parameters. 
 

4.2.7 Cost Uncertainty of Metal Powder 
 
Different methods of producing metal powder exist. One technique is to use plasma 
atomization, which melts small parts of welding wire into powder.  The powder created with 
this technique have different sizes and are suitable for different purposes. It is not certain that 
all the created powder get sold and therefore, might the powder maker need to have a premium 
price on some powder sizes while they must sell others cheaper because it is a residual product. 
The price of powder in the last five years has decreased by about 30% making it hard to estimate 
the cost of a product being produced in the future since the powder price is very uncertain. 
 

4.3 Effects and Weights of Uncertainty in Estimating Product 
Cost 

 
The result in this section is based on simulations from the sensitivity analysis tool using inputs 
from a low-volume high-cost product produced to be used in the aerospace field.The parameters 
entered into the the model is based on the component requirenments and part geometry. This 
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product will be reffered to as the case component. The different manufacturing operations the 
case compenent undergoes is visualized in Figure 11. 
 

 
 

4.3.1 Weight Distribution of Cost Elements 
 
The weight distribution of the different cost elements identified are typically unique to the AM 
process and product specific. The weight of the cost elements visualized in Figure 12 shows 
the distribution of cost between manufacturing and material for the case component studied in 
this thesis. The result show that the manufacturing cost is the most significant cost center.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3.1.1 Manufacturing Cost Distribution of the Product 
 
The analysis presents the total manufacturing cost distribution of the AM process presented in 
Figure 12. The six main cost elements identified are presented below.  
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 Build Preparation  
 Build 
 Removal and Cleanup 
 Post-Processing 

 
The weight percentage between these different cost elements are classified information and 
therefore not presented in this thesis. The result shows that the three largest cost elements of 
the AM SLM manufacturing process of the case component are the build, inspection and testing, 
and post-processing. These three cost elements have the greatest cost impact of the production 
cost for low-volume high-cost manufacturing. The other processes involved in the 
manufacturing process have a lower significant impact on the manufacturing cost.  
 

4.3.1.2 Material Cost Distribution of the Product  
 
The analysis present a cost weight distribution of the material cost of the case component 
produced with AM SLM. Four main cost element weights were identified and are presented 
below. 
 

 Test material 
 Waste material 
 Support material 
 Part material 

 
The weight percentage between these cost elements are also classified information and therefore 
not presented. The result indicates that the most substantial cost element of the material cost is 
the part material followed by the support material. The rest of the cost elements of material cost 
have a lower significant impact on the total material cost. 
 

4.3.2 Effects of Explored Uncertainty Parameters  
 
The cost elements identified earlier in this chapter have been examined to investigate how some 
explored production uncertainties impact the production cost of the case component due to 
changes in uncertainty parameters. The uncertainty variables explored in this result shows how 
parameter changes affect the product cost. The parameters studied are powder price, SLM 
equipment cost, yearly machine running time, SLM machine time, operation time, and manning 
time. Uncertainties in these cost drivers were identified during the interviews as potentially 
being the largest impactors of the total cost of a product. The result presented below in this 
section is an estimation of how these uncertainty parameters affects the production cost of the 
case component investigated.  
 

4.3.2.1 Uncertainty of the Material Cost 
 
Figure 13 show the result of how the production cost of the part changes due to fluctuations in 
the material price. The x-axis represents the change of powder cost and the y-axis the total 
product cost change in percent. The result shows that if the cost of powder drops with 50% from 
today’s value, the cost of producing the product will only drop 4,3%.  
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4.3.2.2 Decreased Purchasing Cost of SLM Equipment  
 
How the production cost changes due to a lower purchasing price of the SLM equipment is 
visualized in Figure 14. The x-axis represents the change of equipment cost and the y-axis the 
total product cost change in percent. If the purchasing cost of the equipment decreases with 
50% will change the total product cost by 6,9%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3.2.3 Increased Machine Running Time 
 
Figure 15 show how the total product cost change in relation to the overall equipment 
effectiveness (OEE). The increased OEE percentage change is compared to the initial value. 
An increased machine yearly running time with 90% will lowering the product cost by 18,2%. 
The x-axis represents the increase of equipment running time and the y-axis the total cost 
reduction of the product in percent.  

Figure 13: Powder price changes 

Figure 14: Reduced SLM equipment cost 
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4.3.2.4 Increased SLM Machine Speed 
 
Figure 16 illustrates how the product cost could decrease if the deposition rate increases of the 
AM machine. An increase of deposition rate would lower the time needed to build the 
component resulting in lower build time. The x-axis represents a decrease of SLM machine 
time required and the y-axis the total cost reduction of the product in percent. If the machine 
time required decreases with 50%, the total product cost will be decreased by 19,4%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15: Increased OEE 

Figure 16: Decreased SLM machining time 
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4.3.2.5 Uncertainty of Estimating Operation Time Required 
 
Figure 17 show how the cost range of not fully knowing how long time the operations required 
takes (powder blend, powder testing, component removal, and powder sieving) and how it 
affects the product cost. Estimating the time of an operation is an uncertainty, and the result 
indicates that if the operation time varies between a lower limit of -25% and an upper limit of 
25% that the cost of the product has a price change range of less than 1%. The SLM machine 
time change is not considered in this estimation. 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3.2.6 Reduced Manning Time Required 
 
The result indicates how the production cost change if the operations required gets more 
automated which will reduce the manning time needed to finish the task. The x-axis represents 
a decrease of manning time required and the y-axis the total cost reduction of the product in 
percent. The result shows that if the manning time required is reduced with 50%; the total 
product cost will be decreased by 12,7%. The outcome of reduced touch time is presented in 
Figure 18.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

-1,0% -0,5% 0,0% 0,5% 1,0%

Figure 17: Price range of operation time uncertainty 
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5 ANALYSIS AND DISCUSSION 
 
The following chapter aim to analyze the data presented in chapter 4. The result will be 
analyzed from the theories introduced in chapter 2. The chapter will follow a similar structure 
as the result chapter to facilitate the readability.  
 

5.1 Product Cost 
 
The different cost elements of product cost identified are not unique to AM and could, therefore, 
be applied to traditional manufacturing techniques. Each manufacturing technique has material 
and manufacturing costs with sub-categories. It can, however, be different activities and 
operations within these cost elements that varies depending on the manufacturing technique and 
requirements of the product. The result of the cost breakdown together with the product 
development process inspired by Lindemann & Khoch (2016) indicates that it is an appropriate 
categorization.  
 
The calculation of cost elements and cost drivers uses both qualitative and quantitative cost 
estimation techniques presented in the theory chapter 2.2. These two techniques have different 
levels of accuracy of the result as described by Niazi et al. (2006). The accuracy of some of the 
different cost drivers might not be as crucial due to their low significant impact on the total 
production cost. The information required to do an accurate calculation might also not be 
available due to production uncertainties making quantitative methods accurate enough for the 
cause. Qualitative methods could be used where detailed information is available, and the cost 
element has a significant impact on the final product cost to generate as accurate estimations as 
possible. To spend a great amount of time on cost elements that do not have a significant impact 
on the total production cost could be a waste of time and money.  
 
According to Layer et al. (2002), the cost estimation is often product and company specific. 
The product cost breakdown (Figure 10) presented in the result is not product or company 
specific since it involves the different processes that an AM process undergoes. This 
information can be applied to different companies and different products. However, the 
different operations and the company’s ability to complete these operations are both company 
and product specific. This is the case of the cost estimation and weight distribution of the result 
in this study which limits the analysis to low-volume high-cost and complex products used 
within the aerospace industry.   
 
The result of the production cost breakdown makes it possible to locate and understand how the 
costs of AM evolve to get a better accuracy of the different cost elements. This is important 
since according to Gunasekaran & Sarhadi (1998) the allocation and identification of the cost 
elements is an important aspect when analyzing the estimated cost.  
 
Within the cost elements, different cost drivers are identified. The different cost drivers are 
typically not AM specific and include as Gunasekaran & Sarhadi (1998) express, activities in 
which influence or drive the cost of a product. The cost drivers listed in the result are driving 
factors within the specific process, and these factors are relevant to the event of which the cost 
occur which should be the case according to Swamidass (2002).  
 
The different cost elements identified in the theory chapter 2.2 was used to validate the result 
of the sensitivity analysis. These equations can be used together with the result of the cost 
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breakdown as a guide to create a cost model. One problem with creating a cost model is that 
the understanding of what should be included in the cost of AM and what operations are 
required to achieve the desired product specification is low compared to other more used 
techniques. Hopefully, the results of the cost breakdown increase the knowledge of what types 
of parameters should be considered when estimating the production cost of a product 
manufactured with AM SLM. 
 

5.2 Production Uncertainty  
 
The explored production uncertainties in the AM process show that uncertainties that cannot be 
reduced by increasing information or knowledge exists and that there are uncertainties that can 
be reduced through increased human knowledge. This means that the explored uncertainties in 
the AM process both consist of aleatory and epistemic uncertainty which is also stated by Hu 
& Mahadevan (2017). Exploring these uncertainties is important to build an increased 
understanding of how the uncertainty may perhaps affect the outcome of the cost estimation, as 
Eblemsvåg (2003) states, ignoring uncertainties could lead to higher risk. Knowing how the 
uncertainties could increase or decrease the production cost may reduce the risk of faulty cost 
estimations. This could be done by considering the uncertainties and creating a cost range in 
which there are a lower cost limit, a target cost, and an upper-cost limit. The lower cost limit is 
the lowest expected production cost. The target cost is the expected cost without any changes 
of uncertainty parameters. The upper limit is the highest estimated cost of uncertainty 
parameters.  
 
Creating a cost range of the production cost by considering uncertainties in the cost estimation 
could improve the certainty level of the estimation because the approach increases the 
understanding of how the product cost could vary due to uncertainty factors.  
 
Dividing the different stages of the AM process into subcategories makes it easier to pinpoint 
uncertainty factors in the process. This also shows that some of the processes within the 
manufacturing process have more uncertainties than other. The production uncertainties 
explored are mostly within the production uncertainties presented by Koh & Saad (2002). This 
indicates that general production uncertainties could be applied to the AM process. However, 
the content and substance of the production uncertainties could be different from the general 
production uncertainties. The AM process uncertainties will be further analyzed below.    
 

5.2.1 Build Preparation 
 
The uncertainties presented in the result during the build preparation shows that machine setup 
needs manual labor before a build can start just as Gibson et al. (2015) express and in these 
operations, uncertainty exist. Epistemic uncertainty is the result of not having the proper 
knowledge of how to insert the build-plate or how to use the equipment needed to level the 
plate. These production uncertainties can be linked together with the production uncertainties 
of labor uncertainty and scrap or rework uncertainty stated by Koh & Saad’s (2002).  According 
to Hu & Mahadevan (2017), aleatory uncertainty exists in the machine and powder parameters. 
The result of the study also demonstrates this and show that external uncertainty of material is 
a big uncertainty factor that could be hard to control. The aleatory uncertainties presented in 
the result could relate to the production uncertainties proposed by Koh & Saad’s (2002) scrap 
or rework uncertainty and machine uncertainty together with material uncertainty.   



 

41 

 

5.2.2 Uncertainty Factors in the Build Process 
 
The result also shows that the build process has a significant amount of aleatory risk connected 
to the scrap or rework uncertainty acknowledged by Koh & Saad’s (2002). Each of the different 
uncertainties could lead to a faulty build due to machine error. These parameters cannot be 
controlled, and are therefore hard to manage since they cannot be predicted. Frazier (2014) and 
Slotwinski & Garboczi (2015) further confirms that these are aleatory uncertainties since the 
underlying causes of the uncertainty is not fully understood affecting the material 
characteristics of the component. 
 

5.2.3 Uncertainty in the Removal and Cleanup Process 
 
Furthermore, the result shows that the uncertainty characteristics of the removal and cleanup 
process are of an epistemic character. These production uncertainties are linked to the 
knowledge level required to maintain a clean working zone without contaminations. The greater 
the knowledge of the process is, the smaller is the uncertainty. These production uncertainties 
are related to Koh & Saad’s (2002) scrap or rework uncertainty and labor uncertainty.   
 

5.2.4 Post-Processing Uncertainty 
 
The post-processing consists of different operation each having a certain amount of risk, the 
risk of the post-processing is hard to quantify because of the different manufacturing routes the 
different products could have. Each of the processes conducted adds their uncertainty to the 
total amount of uncertainty. The uncertainties of post-processing can, therefore, both be 
aleatory and epistemic depending on the operations required. This also means that all listed 
production uncertainties by Koh & Saad’s (2002) could be involved in the stage but do not have 
to be. This is depending on the operations and their uncertainty parameters required to finish 
the product. 
 

5.2.5 Inspection and Testing Uncertainty 
 
The effects of AM produced parts behaving differently from parts produced with traditional 
manufacturing and the fact that it is hard to inspect and test AM components create uncertainty. 
The uncertainty of finished products not having the right material properties due to the chosen 
manufacturing technology is not discussed by Koh & Saad (2002). Traditional manufacturing 
techniques might not have these problems since the degree of knowledge of the defects are 
higher than for AM. The aleatory uncertainty of the quality of the produced parts is a major 
uncertainty factor because it limits the ability to know if the part has defects.  

 
The uncertainty factors presented in the result impacts the manufacturing system’s ability to 
maintain an unchangeable performance just as Saad & Gindy (1998) indicate that production 
uncertainties could.   
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5.3 Effects and Weights of Uncertainty in Estimating Product 
Cost 

 
This section of the analysis discusses the result of the weight distribution and the impact the 
uncertainty parameters explored have on the final product cost of the case component. 
 

5.3.1 Weight Distribution of Cost Elements 
 
The result shows the weight distribution of a low-volume high-cost component. The weight of 
the component tends to be product specific and depends on the operations it undergoes. 
However, the result shows that the general distribution created by Lindemann et al. (2012) of 
manufacturing and material cost is similar.  
 
The breakdown of manufacturing costs into cost elements shows clearly that the three major 
cost elements of the manufacturing cost are the build, inspection and testing, and post-
processing. The rest of the elements have a quite low significant impact on the total 
manufacturing cost. Because of the relatively small weight distribution of the build preparation, 
removal and cleanup, and overhead costs, the greater focus of the cost estimation should be on 
the other elements. That has a more significant cost impact to create a more reliable cost 
estimation since wrong information in these parameters has a greater impact on the final 
production cost.   
 
Comparing cost distribution with Lindemann et al.’s (2012) weight distribution of 
manufacturing costs show that their cost distribution of manufacturing costs is not applicable 
to the case component studied representing low-volume high-cost production used in the 
aerospace industry. The reason the result and manufacturing cost of Lindemann et al.’s (2012) 
are not similar could be because of the different characteristics of the products being analyzed 
and the operations required to finish the two products. The build cost is high in both cases, and 
a reason for this could be due to technical reasons of the machines and the low deposition rate. 
The AM machines are constantly being developed, which makes them faster increasing the 
deposition rate and lowering the time a component needs to be produced. This could be a reason 
for why the build cost is still quite a lot bigger in Lindemann et al.’s (2012) case. The inspection 
and testing cost is dependent on the number of coupons and operations required to test the 
quality of the build. A complex product with high tolerances could need more testing and 
inspection to be approved increasing this cost.  
 
Looking at the breakdown of material costs show that the material used to manufacture the low-
volume high-cost part is the most significant cost element of the material costs. The case show 
that the support structure needed for these types of complex products can be high. The test 
material and waste material have a small impact on the total material cost. Which indicates that 
the test coupons in the build have a small significant material cost. However, the more coupons 
used in the build, the bigger the cost will be. The number of coupons in the build should, 
therefore, be considered, especially because testing of these coupons is expensive. Estimating 
the amount of material the build will use is not hard, knowing how the cost of powder fluctuate 
is however tricky. 
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5.3.2 Effects of Explored Uncertainty Parameters 
 
The result of exploring different cost drivers to investigate how the final product cost is affected 
shows a clear linear relationship between the change of parameter and the product cost in all 
cases but one, this could be because the yearly machine running time is dependent on more 
factors than the other components evaluated. The gradient of the graphs shows which 
uncertainty parameter has the most impact on the total product cost. The steeper the slope is, 
the greater the effect of the product cost is. Figure 19 shows the relation between the different 
production uncertainties that have been explored.  

 
The result of Figure 19 indicates that an increased OEE will lower the cost of the component 
more than the reduced manning time required until both reaches 65% after this value the 
reduced manning time will be greater. The approximated linear equation’ gradient of an 
increased OEE is therefore not comparable to the other results.  
 
Figure 19 shows that the explored parameter that affects the total product cost the most is the 
reduction in SLM machining time, which is also confirmed by the interviews. Therefore, when 
considering the result, the deposition rate and SLM machine time is the most essential factor to 
consider when estimating the product cost of an AM low-volume high-cost component.   
 
The factor with the smallest impact on the total production cost was the uncertainty of not 
knowing the machine time it takes to finish the required operations (powder blend, powder 
testing, component removal, and powder sieving). This result does not consider the SLM time, 
since this time have been explored by itself. The result then further indicates that the uncertainty 
parameter of not knowing the exact time it takes to finish the operations with low significant 
cost weight distribution has a low significant impact on the total product cost, and is, therefore, 

Figure 19: Comparison of changes in uncertainty parameters 
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less important for the product investigated. This factor is strongly dependent on the amount and 
cost of different operations required.  
 
The general assumption of costs in the AM process is that the powder price has a significant 
impact on the product cost. The result shows that changes in powder price for a high-cost 
component produced in low-volume with the operations mentioned will not have a significant 
impact on the total cost of the product. Mostly due to the low-cost distribution of the material 
cost compared to the manufacturing cost.  
 
Even if some of the uncertainty parameters do not affect the product price as much as others, 
these could still have a big general cost impact since the products considered in this thesis is 
high-cost components. Therefore, all the uncertainty parameters are relevant to consider, but 
some of them have a greater level of impact and are more important to consider with higher 
accuracy than other parameters.  
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6 CONCLUSION AND FUTURE WORK 
 
The following chapter presents a conclusion that has the purpose to answer the research 
questions based on the research result. The chapter ends with presenting areas that are 
recommended to further look into in the future to complement this study. 

6.1 Conclusion 
 
The aim of the study has been to investigate cost elements that should be included in cost 
estimation of a product produced with AM SLM and to explore production uncertainties within 
these elements to gain a greater understanding of how production uncertainty parameters impact 
the final product cost of low-volume high-cost components.  
 
The first research question presented in chapter 1.4 is the following: 
 
Q1  Which cost elements could be included in the AM process of low-volume high-

cost production and how are these cost elements weighted?  
 
The cost of the AM process can be divided into two categories. The first category is material 
cost; this category considers all costs that are related to the material usage. The second category 
is manufacturing costs, which include the cost of all operations required to finish the product. 
These two categories consist of different cost elements that are similar to other manufacturing 
techniques. The cost of the component is product specific which also makes the weight 
distribution of the component, product specific. Some cost elements, however, are not product 
specific but instead batch specific and will therefore generally have the same cost distribution. 
The weight distribution of the low-volume high-cost component show which areas of product 
cost that have the most significant impact on the final product cost. The most significant costs 
of the manufacturing cost are the build, post-processing, and inspection and testing. The two 
biggest cost elements of the material cost are part material and support structure.  
 
The second research question presented in chapter 1.4 is the following:  
 
Q2 Which production uncertainties are relevant to consider in the AM process?  
 
The AM process both have aleatory and epistemic uncertainty parameters that should be 
considered when estimating the cost of the process. The result shows that general production 
uncertainty can be applied to the AM process and each production uncertainty of the different 
AM stages could impact the final product cost. The most mentioned uncertainty of the AM 
process is scrap and rework uncertainty of the different operations.  
 
The last research question presented in 1.4 is the following: 
 
Q3 How do the production uncertainty parameters of the greatest weight impact the 

final production cost of the product produced with selective laser melting?  
 
The research shows how the seven explored uncertainties impact the cost of a low-volume high-
cost product. Each uncertainty impacts the cost somehow. The uncertainty parameter that 
affects the product cost the most of the explored production uncertainties are the machine time 
of the build. Increased machine speed lowering the time needed to finish the build will be of 
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significant importance to lower the cost of the component. Accurate machine time is, therefore, 
of importance to get reliable cost estimations. 
 

6.2 Contribution of the Thesis 
 
The performed study has with help from previous studies considered production uncertainties 
and cost estimation of the AM process. The research has contributed to the field by combining 
production uncertainty with cost estimation and analyzing how some of the explored 
uncertainties affect the product cost. Some previous studies have also been confirmed.  
 
The combination of cost and production uncertainties have not been widely discussed in the 
AM process, and impacts of production uncertainty parameters have not been presented before. 
This study gives the reader a broader understanding of how some explored uncertainty 
parameters could affect the final cost of the product of low-volume high-cost components.   
 
The performed study show that the manufacturing cost has a significant impact on the final 
product cost compared to the material cost. The research also shows that the uncertainty 
parameters that impacting the final cost the most is a decrease in SLM machine time required 
to build the part.  
 
Many previous studies have been performed on the subject of cost estimation of AM and 
general production uncertainties of traditional manufacturing. However, exploring production 
uncertainties of the AM process and connecting them with cost estimations, analyzing how they 
influence one another has not been studied before. 
 

6.3 Recommendations and Future Work 
 
The performed study show the importance of considering production uncertainties in cost 
estimations of the AM process. The number of production uncertainty studies around the AM 
process is low and need to be analyzed further. This segment has not gotten the same attention 
as other fields of the AM research.  
 
A suggestion for future work is to compare if the effect of the explored uncertainties has the 
same impact on other types of products that are not high-cost and not produced in low-volume. 
This study could also consider how the weight distribution of the different cost elements are 
changed when another type of product is being studied.  
 
Further, production uncertainty parameters can be explored and investigated to considering the 
whole AM process suggested by Gibson et al. (2015) to find more production uncertainties 
relevant to consider and to create a greater understanding in how they occur.  
 
Another suggestion of future research is to further investigate if the production uncertainties 
located in this study is relevant to other AM processes and how these production uncertainties 
can be reduced, enhanced and controlled to minimize uncertainty in cost estimation and how 
the costs of AM can be reduced.  
 
The result of the suggested research could help to improve the knowledge of production 
uncertainty in the AM process and how the uncertainties affect the total estimated product cost. 
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It would also help organizations to know how these explored uncertainties could be handled 
and reduced which will generate more accurate cost estimations. 
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APPENDIX A- COST AND PRODUCTION UNCERTAINTY  
 
Some characteristics of the production cost have been identified in the literature as being cost 
driving. The primary cost elements identified are the cost of material, build costs, preparation 
costs, and post-processing costs. Lindemann et al. (2012) have calculated the weights of these 
elements visualized in below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Build process:  
 

1. Build Preparation 
2. AM Build 
3. Removal and cleanup 
4. Post- Processing 
5. Inspection and Testing 

 
This is an example of an interview guide for locating cost elements, drivers and production 
uncertainties in the AM process. These questions may vary depending on the expertise of the 
respondent. The interviews were conducted in Swedish and the questions were translated for 
the thesis. 
 
Information pre-interview:  
 

 Anonymity of interviewee.  
 Summary of the interview to the respondent. 
 Is it okay to record the interview?  
 The informant does not need to answer all questions. 

 
 

4%

12%

76%

8%

Cost Breakdown

Preparation cost Material cost Build cost Post processing

Figure A.1: Cost breakdown (adapted from Lindemann et al., 2012) 
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Interview Questions  
Question Purpose 
1) Tell me about your role here at the company?  Background information. 
2) How long have you worked at the organization? 

a) How long have you worked in the position? 
b) What is your experience with AM? 

Background information. 

3) What is a cost driver and cost element for you? To understand the interviewees 
perception of cost elements and drivers.  

4) Do you work with, manage, or consider cost drivers 
daily? 

To understand how the interviewee work 
with and handle cost drivers.  

5) Do you believe that the cost elements presented are 
product specific?   

To know if the cost elements are 
different for different products or if the 
located cost elements are general drivers 
of AM costs. 

6) How do you feel about the element’s weight? To identify cost elements of AM and to 
get a perspective to control the 
sensitivity analysis of weights. 

7) Do you see any cost elements missing from the presented 
ones?  

To investigate if the literature considers 
all the relevant cost elements for the 
application of the study.   

8) Do you feel there are cost drivers that are unique to AM? To get an understanding if there are 
unique cost drivers specific to AM. 

9) Which factors of cost drivers do you think affect the 
production cost?   

To identify sub cost drivers in the 
primary cost drivers. 

10) What is production uncertainty to you? To understand the interviewees 
perception of production uncertainty. 

11) How do you manage production uncertainties in your 
role? 
a) How do you feel the organization handle production 

uncertainties? 

To get a broader perspective of how the 
organization and interviewee work with 
uncertainties. 
 

12) Where are the greatest uncertainty within the AM 
process? 

To identify uncertainty factors of AM. 

13) Do you know someone else that could be of interest to 
interview in this study? 

To identify interviewees of interest that 
have been missed or not identified. 
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