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Resumo 

A fabricação aditiva em metal (FAM) é uma tecnologia cada vez mais relevante na indústria 

aeroespacial devido às vantagens que lhe são reconhecidas. A possibilidade de fabricar designs 

complexos permite reduzir o tempo de montagem e o peso dos componentes produzidos 

comparativamente a métodos de fabrico convencionais. Acima de tudo, a FAM permite um desempenho 

mais eficiente, aliado a uma redução de custos. 

A introdução de uma nova tecnologia em qualquer indústria requer não só uma análise da sua eficiência 

económica quando comparada com métodos de fabrico tradicionais, mas também compreender quais 

os fatores que mais influenciam o custo de produção. 

No âmbito desta tese, um componente aeroespacial foi fabricado numa máquina de FAM, e um modelo 

de custo foi criado para compreender os custos envolvidos numa produção de FAM. 

Os resultados deste trabalho mostram que a influência dos custos diretos diminui com o aumento do 

volume de produção. Para além disso, independentemente do volume da produção, os custos indiretos 

são responsáveis pela maior parte dos custos de fabrico por peça, devido, principalmente, ao 

investimento inicial na máquina de FAM. Por fim, a análise desenvolvida nesta dissertação mostra que 

o uso de FAM é mais apropriado a baixos e médios volumes de produção, visto que a complexidade 

de design possível com esta tecnologia é difícil (ou mesmo impossível) de igualar com métodos 

tradicionais, como o molde por injeção, o que se reflete no custo de produção. 

 

Palavras-chave: Fabricação aditiva, ligas metálicas, fusão de cama de pó, modelo de custo, 

aeroespacial  





VII 

Abstract 

Metal additive manufacturing (MAM) is an increasingly relevant technology in the aerospace industry, 

due to its recognized advantages. The possibility to produce complex designs allows reducing assembly 

time and weight of the components produced, when compared to conventional production methods. 

Overall, MAM enables a more efficient performance, allied to a cost reduction. 

The introduction of a new technology in any industry requires not only an evaluation of the economic 

efficiency of that technology when compared with traditional manufacturing methods, but also an 

understanding of the most influential factors on production cost. 

In the scope of this thesis, an aerospace component was produced in a MAM machine, and a cost model 

was created to understand the costs involved in MAM production. 

The results of this research show that the influence of direct costs decreases as production volume 

increases. Furthermore, regardless of the production volume, indirect costs are responsible for the 

majority of production costs per part, mainly due to the initial investment on the MAM machine. Finally, 

the analysis carried out in this dissertation shows that the use of MAM is more appropriate to low and 

medium volumes since the design complexity possible to achieve with MAM is difficult (or even 

impossible) to match using traditional methods, such as injection moulding, which is reflected on the 

production cost. 

 

Keywords: Additive manufacturing, metal alloys, powder bed fusion, cost model, aerospace  
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Chapter 1 | Introduction 

 

Additive manufacturing (AM), commonly known as 3D printing, is a manufacturing process in which the 

desired part is built adding material layer by layer until the part is nearly complete (additional treatments 

are sometimes needed) or even complete and ready to use as opposed to traditional methods that 

produce the part by subtraction, from an initial block of material (Syed, 2015). 

This manufacturing technology shows great potential for many industries since it allows to overcome 

some of the limitations of traditional techniques, that include constraints imposed by tooling, inability to 

manufacture different parts at the same time, and therefore, difficulty with product customization (Atzeni 

and Salmi, 2012). In addition, AM can be applied to a wide range of materials, such as polymers, 

ceramics, composites, biological systems and metals (Frazier, 2014). 

The AM process offers advantages like weight reduction and topology optimization without worrying 

about manufacturing constraints, which are some of the reasons why it has drawn increasingly more 

attention over the last few years (Attaran, 2017). All these factors are of great importance for many 

industries, such as automotive (Fish, 2011), medical (Javaid and Haleem, 2017), dentistry (Noort, 2012) 

and consumer products/retail (Honigman, 2014). The aerospace sector is no different: weight is an 

extremely important factor since its reduction can also mean less costs and emissions (Saetre, 2013). 

Knowing that aerospace is an industry in which not only high technology, but also innovation take a big 

role when it comes to overcoming challenges (Hiemenz, 2013), it is not strange to claim that the 

aerospace industry was one of the first to use additive manufacturing: in the beginning for prototyping, 

and today also for the production of final parts (Smartech Markets Publishing, 2014). 

 

1.1.  Context 

Many industries have high expectations about AM not only because of current applications, like using 

3D printed parts to use in race cars in order to make them lighter (TCT Magazine, 2017)  but also for 

the ones being studied and foreseen: 3D printed human skin tissue being one of the possible examples 

(Singh and Ramakrishna, 2017).  

AM advantages include the possibility of producing parts locally and on-demand (Goh et al., 2017), 

design freedom and the ability to manufacture two or more different components at the same time (Ruffo 

and Hague, 2007), and these may have a high impact in different industries.  

While polymer AM has been exploited, commercialized and even made available to the general public 

(Parandoush and Lin, 2017), metal AM (MAM) is a more recent technology that now begins to make its 

way to the different industries: only in 1996 one of the first metal systems was available which went by 

the name of RapidSteel (Gibson et al., 2015). 

Because MAM is recent, there is still a need to study and develop many related areas, such as materials 

and mechanical properties (Herzog et al., 2016), software – that  must allow editing CAD (Computer 

Aided Design) files minding the desired method of production, lattice and surface optimization, as well 



2 

as optimization of part design (Nasr et al., 2014) – surface treatments (Kumbhar and Mulay, 2016), 

design optimization (Emmelmann et al., 2011) and create new guidelines in order to meet its full potential 

(Herderick, 2011).  

Nevertheless, MAM already enables applications that were not possible until this point (Herderick, 

2011). Custom made prosthetics in orthopaedics (Singh and Ramakrishna, 2017), more complex and 

efficient gas turbines (Metal AM, 2017) and optimized jet engine nozzles that combine 20 parts into one 

(Kellner, 2014) are examples of what is now possible thanks to this technology. 

 

1.2. Motivation 
 

MAM is an emergent and disruptive technology (due to its power to disturb the manufacturing process 

and change the way parts are produced) that is proving to be highly beneficial to different industries, in 

particular the aerospace industry, since it allows producing new designs that are difficult or impossible 

to manufacture using traditional methods. Parts can be designed without (so many) restrictions, and 

optimized by joining two or more parts into one (Roca and Reis, 2016). Topology optimization allows 

important weight reductions up to 80% (Emmelmann et al., 2011), which are meaningful in the 

aerospace industry context since weight reductions allow airlines to cut down operation costs 

(Thompson et al., 2016).  

To foster the adoption of MAM into an industry, it is important to study not only the advantages it brings 

from a technological point of view, but also from an economical perspective. The economic efficiency of 

MAM can be evaluated using cost models that take into account the characteristics of the machine, the 

material used, the labour necessary for the analysed production, as well as the process used to 

manufacture the parts (since different methods can produce different results) (Hopkinson and Dickens, 

2003).  

To study the economic efficiency of MAM in the aerospace industry, it’s essential to understand the cost-

benefit relation of the technology in this sector in particular and to do a cost comparison with traditional 

manufacturing processes. 

 

1.3.  Objectives 

For all the reasons previously mentioned in section 1.2., this dissertation tackles the following research 

question: In what conditions is the production of parts with MAM worth it in terms of cost and what are 

the key determining factors in a MAM production cost model and the influence of each one? 

In order to address this question, the main objectives of this dissertation were set as:  

• create a cost model suitable for MAM in order to understand all costs involved in 

manufacturing parts using this technology; 

• apply the selected cost model to a case study: a specific part, belonging to an aircraft, 

manufactured in CEiiA, a centre of engineering and product development located in 

Matosinhos, Portugal, that develops and implements technological solutions in aeronautics, 

space, automotive and others. The mentioned part was produced using their MAM machine: 
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a product that allows Tiled Laser Melting and Direct Laser Processing, manufactured by 

ADIRA, a company that is a leading manufacturer and global supplier of sheet metal working 

machinery, based in Vila Nova de Gaia, Portugal. 

Moreover, this dissertation also intends to: 

• explore MAM’s advantages and disadvantages, its processes and presence in the aerospace 

industry; 

• do a literature review on MAM cost models in order to understand what has been done in this 

field until today and to create a basis for the main part of this dissertation. 

 

1.4. Thesis Outline 
 

This thesis is organized in five chapters, being the first one this introductory chapter. Chapter 2 focus 

on a literature review of all that is relevant to frame the theme of the present thesis:  a short description 

of MAM processes, as well as its advantages and challenges, and its positioning in the industry, 

especially, the aerospace industry. To give a basis to the work that follows, Chapter 2 also integrates a 

literature review on AM cost models, possible to be applied to MAM, with the goal to use some of its 

principles. Chapter 3 presents the methodology used, based on a previously formulated cost model and 

on the literature review of Chapter 2, in order to obtain the results presented and discussed in Chapter 

4. Finally, Chapter 5 contains the conclusions of this work, as well as suggestions for future work. 
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Chapter 2 | Additive Manufacturing 

This chapter provides a basis for the rest of this dissertation. It starts with an introduction of AM, then 

focuses on the particular case of MAM, explaining the two main processes, the advantages and 

challenges of its industrial use, and its development, namely in the aerospace industry. Finally, the main 

cost models targeting AM are introduced and discussed in order to create a foundation for the research 

work carried out in this dissertation. 

 

2.1. Origins of Additive Manufacturing 
 

Additive manufacturing is a technology with nearly 40 years of history. It has its origin in 

stereolithography (SLA), a process in which a liquid photosensitive polymer is cured by a laser beam 

that is scanned across the polymer’s surface, and that is still one of the most common AM processes 

today (Bártolo and Gibson, 2011).  

In 1980, in Japan, Hideo Kodama invented a functional rapid prototyping (RP) system using 

photopolymers (Bourell et al., 2009) similar to SLA and later published about it. Although Kodama filed 

for a patent in 1980, it expired without ever being attributed (Wohlers, 2006). The first SLA patent was 

attributed in the USA, in 1986, to Charles Hull that, in the same year, created 3D Systems and, in 1987, 

commercialized the first SLA machine: the SLA-1 (Wohlers, 2006). 

AM was seen from early on as advantageous for an evolving marketplace that increasingly requires and 

expects new and varied products with shorter lead times (Bártolo and Gibson, 2011; Leite et al., 2015). 

That is why, initially, AM’s main application was rapid prototyping (Atzeni and Salmi, 2012): the 

production of a product prototype in the design concept phase, which allows a quicker start of the 

engineering phase, therefore reducing product development time, and providing an easy way to evaluate 

the product’s performance and aesthetics (Bártolo and Gibson, 2011).  

The beginning and development of AM has been possible thanks to progress in various fields of 

technology: computers, CAD technologies, lasers, controllers and materials. As the interest in AM 

technology increases, the necessity of research in these areas follows, making all these areas to evolve 

in parallel (Gibson et al., 2010).  

If 20 years ago, AM was mainly used for rapid prototyping allowing improvements in product 

development time (Yan and Gu, 1996), today it has developed enough to become appropriate for the 

production of final parts (Gibson et al., 2010) with use in various industries. 

In 2013, worldwide revenue for AM’s primary market – products and services – was over €2250 million. 

When it comes to materials produced for AM, in the same year, worldwide revenue for metals was 

evaluated in €24.8 million (Additive Manufacturing UK, 2015). 

In 2014 there was a growth of 33.4% and in 2015 the global revenue continued to grow: 25.9% with an 

estimated value of €4190 million (Wohlers Associates, 2016). Considering more recent years, Wohlers 

Associates, (2017) affirms that, in 2016, the industry grew 17.4% reaching a worldwide revenue value 
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of €6063 million. In the same year, it was found that nearly half (49%) of AM service providers offer 

MAM. 

The Wohlers Association conducted a survey about the industries that use AM systems and services 

for the Wohlers Report 2016, to which 52 industrial manufacturers of AM systems and 98 service 

providers worldwide responded. Figure 1 shows the industries these companies serve and the revenues, 

in percentage, they receive from each one. 

 

   

The results of the Wohlers Association survey showed that AM has entered many industries. The 

industrial/business machines, which includes a wide variety of product-groups such as mould inserts, 

integrated electronics, robotics and industrial AM equipment, such as software solutions for AM and 

hybrid AM machines (machines that combine both additive and subtractive manufacturing), sector took 

the lead (Garrone, 2017). This sector was followed by aerospace, which showed a growth of 4.3% in 

the last three years (Wohlers Associates, 2016).  

AM’s possibility of customization makes it suitable for consumer products personalization (Manyika et 

al., 2013) and also for the medical and dental sectors, allowing greater efficiency through custom-made 

prosthetics or implants (Javaid and Haleem, 2017). 

As AM continues to improve, its potential grows and more applications are foreseen: for example, in the 

medical field, improving transplants by creating tissue and organs from the patient’s cells (Ventola, 

2014); and in the aerospace sector, producing metal parts in space (Barton, 2018). In fact, the Additive 

Manufacturing Facility (AMF), which is currently in orbit, already enables the production of polymer parts 

in the International Space Station (ISS) (NASA, 2017). 

 

 

 

 

 

Figure 1 -  Industries served by AM systems manufacturers and service providers 

Source: Wohlers Associates, 2016 
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2.2. Metal Additive Manufacturing 

Nowadays, the two major groups of materials used in AM are polymers and metals (Wohlers Associates, 

2016). Even though polymer-based systems are more widely accessible, commercialized and low-

priced, metal AM has been getting more and more attention due to the advantages it can bring to 

industries that require parts with increasingly higher performance, and still look to reduce total costs 

(Herderick, 2011).  

Given the industries’ interest, it is relevant to focus on MAM not only to study and improve the process 

itself and resulting part’s characteristics (microstructure and physical properties) (Herzog et al., 2016), 

but also to reduce costs through optimization related to all aspects of the production such as machine 

time, labour and material (both used in the volume of the part and wasted) (Huang et al., 2017). When 

it comes to metals, the number of materials possible to be used can vary from stainless steel, titanium 

and its alloys, aluminium alloys and nickel-based alloys to silver and gold (between others) and the list 

continues to grow every year (Wohlers Associates, 2016). 

 

2.2.1. Manufacturing Processes 

The two most common processes for MAM are: directed energy deposition and powder bed fusion, as 

named by the American Society of Testing and Materials – ASTM International (Wohlers Associates, 

2016). It is common to find various names describing nearly the same process since each company 

patents their technology under a different name. While having its peculiarities, these technologies share 

great similarity, all fitting in the same process category defined by ASTM International.  It is important to 

define these categories because it allows to group similar technologies and to understand the 

transversal characteristics of all the included technologies that define the process category (ASTM, 

2012). 

Directed Energy Deposition 

For the reasons mentioned in section 2.2.1, the directed energy deposition (DED) process can be 

referred to as laser engineer net-shaping (LENS), direct laser deposition (DLD), laser cast, direct metal 

deposition (Dutta et al., 2011), 3D laser cladding (Gibson et al., 2015) or direct laser processing: the 

name of the technology used by ADIRA in their MAM machine (Davies, 2016).  

ASTM International (2012) states that DED is “an additive manufacturing process in which focused 

thermal energy is used to fuse materials by melting as they are being deposited”. The thermal energy 

source used is usually a laser or an electron beam, being laser the most common (Gibson et al., 2015).  

In DED processes there is a direct energy concentrated in a small area – where the material is being 

deposited – that heats the metal until it melts and fuses: as the material solidifies, a layer of the desired 

part is complete. The repetition of this procedure causes the part to form by overlapping layers until it is 

completed (Herderick, 2011). Figure 2 shows a schematic of the DED process, illustrating the previous 

description. 
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The material can be deposited in a flat plate that serves as a base for the part to be manufactured, but 

because this process can also be used to alter or repair a part, the material can also be deposited in an 

already existing part in order to add material to it and optimize its geometry (Gibson et al., 2015). 

The movement of the laser responsible by the melting process is determined by the previously prepared 

CAD geometry of the part, and delivered through a deposition head – attached to a multi-axis arm – that 

includes the laser, the nozzle that delivers the feed (one or more) and the inert gas pipes (Dutta et al., 

2011). 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – Directed Energy Deposition process schematic 

Source: Gibson et al., 2015 

 

 

Regarding material deposition, powder feed is the most common, but the DED process can operate 

using both powder or wire feed (Wohlers Associates, 2016). Table 1 summarizes the advantages and 

disadvantages of using powder or wire feed. 
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Table 1 – Advantages and disadvantages of powder and wire feed 

Source: Adapted from Gibson et al., 2015 and Heigel et al., 2016 

 

 Powder Feed Wire Feed 

A
d

v
a
n

ta
g

e
s
 

• Most metals are easily obtained in 

powder form 

• Excess powder can be reused 

after being sieved 

• Makes the process geometrically 

flexible 

• No material waste, since 100% of the 

material is captured 

• Less expensive comparing to powder 

feed 

• Effective for simple geometries 

D
is

a
d

v
a
n

ta
g

e
s
 

• There is not 100% captured 

powder, so there’s material waste 

in every build 

• Safety concerns due to inhalation 

• Deposition of the wire is of critical 

importance for quality results 

• Quality may be compromised when 

building complex geometries 

 

Wire feed is cheaper to obtain and minimizes material waste (Heigel et al., 2016), but when it comes to 

the process itself it is not indicated for complex geometries since it requires controlling of a large number 

of geometry related parameters, that influence feed characteristics and, consequently, part quality 

(Gibson et al., 2015). Inaccurate wire feed deposition can also lead to deficient part quality: if the wire 

melts before reaching the melt pool’s surface because it is not correctly positioned, it can cause defects 

on the part (Heigel et al., 2016). 

Powder feed always produces material waste. However, it has the advantage of being a more flexible 

process, since the excess powder deposited allows the melt pool size to change without having 

problems resulting of overlapping scan lines (Gibson et al., 2015).  

Powder Bed Fusion 

Powder Bed Fusion (PBF) was one of the first commercialized additive manufacturing processes, with 

a technology called selective laser sintering (SLS) (Gibson et al., 2015). Since then, many more PBD 

systems were created and made available: direct metal laser sintering (DMLS), direct metal sintering, 

electron beam melting (EBM), LaserCUSING, laser melting and selective laser melting (SLM), to name 

a few (Wohlers Associates, 2016). 

ASTM International (2012) defines PBF as “an additive manufacturing process in which thermal energy 

selectively fuses regions of a powder bed”. The main difference between DED and PBF is the deposition 

method of the material.  

Similarly to the DED process, the PBF process can use either a laser or an electron beam, laser being 

the most common thermal energy source used for this process. When an electron beam is used, the 

process is referred to as electron beam melting (EBM). Using an electron beam or a laser will lead to 
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different final results when it comes to surface finish or feature resolution, which will both be higher in 

the case of the laser (Gibson et al., 2015). 

The PBF is a process in which a fine layer of powder is deposited in the work area, and a laser beam 

melts the metal powder forming the section of the desired part (Frazier, 2014). As the fused metal 

solidifies, the build platform is lowered by a single layer thickness (typically between 20 and 200 µm), 

another layer is displayed in the work area, on top of the previous one, and the process is repeated 

enough times to complete the part (Herderick, 2011). 

Figure 3  shows a schematic representation of the PBF process in which all the operation takes place 

in a chamber. This chamber is closed and is operated in vacuum or under an inert atmosphere to prevent 

oxidation and alteration of chemical or physical properties of the final part (Herderick, 2011). 

 

 

 

 

  

  

  

  

  

  

  

  

2.2.2.  Advantages and Challenges of MAM 

MAM is a new form of metal parts production and, therefore, it is still being explored in terms of possible 

applications, part quality and performance (Wohlers Associates, 2016). That is the reason why Attaran, 

(2017) states that “it could still be a number of years before AM truly revolutionizes manufacturing and 

other industries in a considerable way”. Nevertheless, it is possible to recognize numerous advantages 

that are listed and discussed below.  

 

• Prototyping (Frazier, 2014): prototyping has always been one the main uses for MAM (and AM 

in general). The main reason is the fact that producing prototypes using AM technology is less 

time consuming. Traditional methods can take days or weeks to manufacture a prototype, while 

MAM can do same in a matter of hours (Horn and Harrysson, 2012). This fact brings advantages 

in product development as it allows to accelerate the iterative product design process (and 

reduce its cost), and consequently enables the product to enter the market earlier, saving time 

Figure 3 - Powder Bed Fusion process schematic 

Source: Frazier, 2014 
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and money to companies that are looking to remain competitive in the marketplace (Attaran, 

2017). 

 

• Possibility of manufacturing parts with more complex designs (Attaran, 2017): this is one 

of the main reasons why this technology is so appealing to the industry (Roca and Reis, 2016). 

Creating more complex designs is a consequence of topology optimization – described by 

Seabra et al. (2016) as “an optimization type that calculates the optimal material distribution for 

a given problem” - that allows to increase part efficiency. Due to the MAM geometric freedom 

and lack of constrains, topology optimization often results in designs that are difficult of even 

impossible to manufacture with traditional methods (Seabra et al., 2016). For example, MAM 

allowed General Electric (GE) to manufacture a new fuel nozzle by merging twenty parts into 

one, creating a nozzle, which compared to the previous model, is five times more durable 

(Kellner, 2014). 

 

• Possibility of manufacturing lightweight parts (Wohlers Associates, 2016): this advantage 

is directly related to the previous point: the designs that result from topology optimization, 

especially thought for MAM, not only are more complex, but often need less material to be 

manufactured, making them lightweight (Seabra et al., 2016). Designing a part to be 

manufactured by the traditional production method often means using simpler shapes to 

machine and facilitate assembly, which results in added weight to the final part. The geometric 

freedom of MAM allows the manufacturing process to concentrate only in producing functional 

efficient parts without worrying about adapting the design to fit the manufacturing process 

(Wohlers Associates, 2016). 

 

• Cost savings related to increased part efficiency (Brett Lyons, 2011): MAM offers the 

opportunity to manufacture more complex and lighter parts (as described in the last two points 

of the present section). The optimized design, leads to increased part efficiency, which usually 

results in lightweight parts as less material is needed to manufacture a certain part (Seabra et 

al., 2016). For instance, using lighter components on an aircraft reduces its overall weight 

allowing the company to use less fuel, therefore, polluting less and saving money. Lyons (2011) 

evidences commercial aircraft weight sensitivity: “Removing just one pound of weight from each 

aircraft in American’s fleet would save more than 11000 gallons of fuel annually” and explains 

that given that American Airlines owns a fleet composed by 619 commercial aircrafts, reducing 

a pound (about 0.5kg) in each aircraft would mean saving 34045$ in fuel (55$ per aircraft) and 

increasing the revenue for all aircrafts’ service life in 851125$ (1375$ per aircraft).  

 

• Possibility to customize parts: the fact that MAM does not use moulds eases the production 

of customized parts since it does not require a particular preparation to manufacture different 

parts other than having the necessary CAD models, allowing to easily make modifications to 

design (Attaran, 2017). 
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• Decentralized manufacturing, production of parts on-demand and, therefore, reduction 

of lead time (by cutting on transportation and inventory) (Attaran, 2017): MAM allows a 

local manufacturer to receive the material and produce parts as they are required, by producing 

and delivering products in the right amounts, taking into account regional variations, instead of 

manufacturing or receiving (if it is the case of a local manufacturer) a large number or parts fully 

ready for commercialization (Wohlers Associates, 2016). The production of parts locally and on-

demand, fulfilling the client’s needs, reduces inventory costs and the need for transportation, 

therefore leading to a reduction of lead time (Roca et al., 2017).  

 

• Reduction of tooling: traditional methods of manufacturing like injection moulding and die 

casting involve tooling, which implicates a significant preparation time prior to production. 

Furthermore, worn or damaged tools can affect the scheduled production, causing delays and 

extending lead time. To manufacture parts using MAM, there is a very reduced need for tooling, 

which is only applied in post-processing treatments. In the processing phase, only a functional 

MAM machine is needed, with enough material to manufacture the desired production. Other 

advantage related to MAM’s low need for tooling is the possibility to customize parts, that was 

already discussed in the present section (Wohlers Associates, 2016). 

 

• Making low volume productions easier and more cost efficient (Attaran, 2017): small 

volume manufacturing is useful for and is increasing in the aerospace industry, for structural 

components and engine production, for example (Attaran, 2017). Making small batch 

productions can be made more efficient through the use of MAM, since this technology cuts 

down or even eliminates the need for tooling (Wohlers Associates, 2016). 

 

• Reduction of material waste: According to Attaran (2017), MAM creates little waste as it only 

uses material as needed, instead of  cutting down material to get the desired part, consequently 

allowing to reduce material waste. 

 

Even though MAM carries relevant advantages, it also has its challenges recognized in scientific 

literature, many of them directly related to the previously discussed advantages: 

 

• Cost of materials and machinery (Attaran, 2017): the cost of the required materials and 

machinery to produce a part with satisfactory results can be the first obstacle to the adoption of 

MAM: a new technology, with little competition, is expensive. The price of the machines is high 

due to not only to the small number of machines that are sold, but also because many of the 

MAM machine manufacturers are looking to recover their investment in the expensive 

components that integrate the machines as well as the investment in technological development 

(Wohlers Associates, 2016). The price of the equipment is expected to decrease once more 

manufacturers enter the industry and more equipment is sold (Attaran, 2017). When it comes 
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to materials, nowadays, powder prices can vary, for stainless steel and titanium, respectively, 

from 39€/pound and 85€/pound (when bought in small quantities of 1-2 pounds) to 28€/pound 

and 59€/pound (when bough in larger quantities of 11-25 pounds), or less, as the desired 

quantity increases (Micron Metals, 2018). The materials will only become cheaper once material 

bulk production is generalized and more options are presented in the market, making it more 

competitive (Wohlers Associates, 2016).  

 

• Production time (speed and throughput): traditional methods of manufacturing provide a 

faster production and a higher throughput when compared to MAM (Attaran, 2017). Given this 

disadvantage, MAM is not the best option for large productions, unless throughput is improved 

with higher operation speeds and larger build chambers (Wohlers Associates, 2016). 

 

• Quality assurance: variability is a relevant issue when it comes to quality assurance. 

Traditional methods of manufacturing and MAM are fundamentally different: in the first, it is 

expected that a final part has the same quality in terms of physical properties than the initial 

block of material it was made from; but in MAM, as the part is constructed, the material's 

particles are subjected to cyclic heating and cooling hundreds of times. The quality of the final 

MAM part is dependent on the characteristics of the process – for example, how much and for 

how long the particles are heated and cooled – whose small variation can lead to different 

results, and, therefore, a lack of consistency (Roca et al., 2017). This lack of consistency makes 

getting certification a complex and time-consuming task. As Wohlers Associates, (2016) 

explains: “the requirement for rigorous and consistent production quality control is a big 

challenge”, especially for highly regulated industries like aerospace. 

 

• Lack of specialized personnel in MAM: even with all its design advantages, MAM still has 

some restrictions when manufacturing a part, for example: the component that is to be produced 

cannot be too thin and overhanging sections have to be supported. Until now, engineers have 

been taught having conventional manufacturing in sigh, but to take full advantage of MAM it is 

necessary to train and teach engineers how to do it, which requires time. More engineers need 

to learn about the different possible processes, its advantages and limitations, the necessary 

software to handle 3D models for MAM, and more, in order for the technology to be used to its 

fullest potential (Roca et al., 2017). 

 

• Traditional attitudes: the change and introduction of new manufacturing methods can find a 

resistance that comes from fixed mindsets and organizational culture. This resistance shows 

the increasing importance of an innovation culture that companies should cultivate in order to 

strive for continuous developments, which leads industry to new and better ways of achieving 

its purpose and conquering its challenges (Wohlers Associates, 2016). 
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In this section, MAM’s major advantages and challenges were described as they are recognized 

nowadays. It is important to note that a new and innovative technology such MAM is subject to a constant 

change that may alter both the advantages and challenges previously discussed. 

 
2.2.3.  MAM and the Industry 

Industry 4.0 is the fourth industrial revolution that happens on a time when “the utilization of modern 

manufacturing skills within the context of integrating novel information technologies plays an important 

role on economic competitiveness” (Dilberoglu et al., 2017). This revolution’s goal is to design smart 

factories by redefining the role of humans and to put cyber and physical systems working together, 

creating a collaborative manufacturing. In addition to other technologies and technological concepts – 

such as Internet of Things (IoT), Big Data, Cloud Computing and Autonomous Robots – MAM (and AM 

in general) is one of the components that constitutes the core of Industry 4.0. MAM fits in this concept 

as it is an innovative technology that translates virtual data into a physical part through a new form of 

manufacturing (Dilberoglu et al., 2017).  

According to Roos and Fusco (2014), the introduction of a disruptive technology cannot be based on 

substituting or complementing an already existent technology because in this way, it is likely that the 

new technology’s use will not be optimized. Therefore, introducing a new and disruptive technology like 

MAM implicates a change in any business model in order for it to succeed, which takes time (Roos and 

Fusco, 2014).  

It was mentioned in section 1.1., that the first MAM machine, RapidSteel, was commercialized over 22 

years ago. Since then the offer has increased and gotten better as different manufacturers have entered 

the market. As a result, an increasing number of MAM machines have been sold over the years, as 

Figure 4 shows. Wohlers Associates, (2016) tracked this number since 2000 (when only 16 MAM 

machines were sold) to 2015. 

 

Figure 4 - Number of MAM machines sold between 2000 and 2015 

Source: Wohlers Associates, 2016 
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2014 and 2015 were the years with the highest numbers of MAM machines were sold: 550 and 808 

MAM machines sold, respectively, showing a growth of 46.9%. By comparing the numbers is evident 

that the industry has grown over the last 15 years, but even more so in the last years, underlining the 

increasing interest and investment made in MAM technology. 

MAM in the Aerospace Sector 

The aerospace industry is recognized for its innovation capacity, for integrating different activities and 

domains, and for its ability to export technology and innovation to other sectors. That is why this industry 

is recognized for boosting technological progress and promoting economic growth (Hiemenz, 2013). 

The introduction of MAM in the aerospace sector is proof of not only all that is mentioned previously, but 

also of the advantages it brings to manufacturing.  

The aerospace industry has recognized AM’s potential since early on (Wohlers Associates, 2016). 

Boeing, for example, has been commonly using AM since 2002 for both commercial and military aircrafts 

(Lyons, 2011), and, in 2003, used the first MAM part in a military aircraft (Molitch-Hou, 2017). Boeing 

started to research on AM when a partnership with the US Navy was established with the goal to reduce 

fuselage cost, reduce quality defects by 90%, and shorten cycle time (the time the production takes from 

start to finish) from 34 to 18 months. The solution found to address all manufacturing and performance 

requirements was producing the necessary parts in nylon-11 by using SLS, making it possible to 

overcome design complexity and easily make design changes without extraordinary costs (Hopkinson 

et al., 2006).  

Since then, Boeing continued to invest in AM, printing multiple parts that have been used over the years, 

not only on the commercial programs, but also on the space and defence programs.  

In an industry that is “obligated to fulfil the highest quality and safety goals for its products” (Krueger, 

2017), Boeing became, in 2017, the first aerospace manufacturer to use a titanium part, manufactured 

through MAM and certified by the Federal Aviation Administration (FAA) of the United States, on the 

company’s 787 Dreamliner (Boeing, 2018). The company is expected to use, initially, four titanium 

printed parts per aircraft and hopes to increase this number to over a thousand in the future, which is 

predicted to save 1.4 to 2.6 million euros in each 787 Dreamliner aircraft production (Mearian, 2017). 

But Boeing is not the only company taking advantage of MAM. In 2015, Airbus Defence and Space 

produced its first certified additive manufactured metal components: aluminium brackets to be included 

in Eurostar E3000 telecommunications satellites (Molitch-Hou, 2015), the first of which launched in 2017 

(ESA, 2017). Also in 2017, Airbus accomplished to have a titanium certified part installed on one of its 

aircrafts (Airbus, 2017); NASA is testing metal printed engine components characteristics and 

performance in order to use it in the propulsion systems of lander, and with the ultimate goal of being 

able to manufacture more complex rocket engines that allow more efficient spacecraft production 

(NASA, 2016), and GE has built an engine using MAM, enabling the combination of 885 parts into 12, 

which allowed the reduction of weight (approximately 2kg), improvement of fuel burn, increased power 

easier maintenance, as well as a reduction of 80% in production cost (Scott, 2017; G.LAB, 2018). These 

are examples of how the aerospace industry is introducing MAM into products, looking to achieve better 

results in the future, in both economic and performance terms.  
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In order to reach the desired goals and maximize the use of MAM, research must be encouraged so it 

generates the development needed for the technology to evolve, as there are still research needs, 

namely in design, in order to take full advantage of the possibilities MAM brings; process modelling and 

control, to achieve an operation highly repeatable and predictable, so to make the process more reliable; 

and materials and machines, so to better understand the properties of additive manufactured materials, 

as well as to increase the range of materials possible to be processed by MAM (Guo and Leu, 2013). 

In order to motivate research in scientific and technological areas, including MAM, the European Union 

(EU) supports some projects, after analysing its proposals, through its funding R&D programs. Horizon 

2020 is the most recent EU Framework Programme for Research and Innovation and the biggest EU 

research funding programme, until today, with nearly €80 billion available over the seven years of 

duration of the programme. The goal of this programme is to potentiate the development of science and 

technology in Europe, hoping to overcome obstacles and facilitate the joint work of the private and public 

sectors, therefore achieving better and faster results in delivering innovation (European Commission, 

2013). There are many totally or partly publicly funded research projects related to the aerospace sector 

and focused on MAM that hope to develop and optimize the technology, as well as create new 

applications for it (TWI, 2017). 

Table 2 shows a sample of publicly EU funded projects. All the presented projects have received (partial 

or total) funding from the EU, whether it has been through the Seventh Framework Programme for 

Research and Technological Development (FP7), which was active between 2007 and 2013, or through 

Horizon 2020, active since 2014 until 2020.  

 

Table 2 - Examples of publicly funded MAM projects for aerospace between 2007 and 2018 

Source: European Commission: CORDIS (2018) 

Project Description Total Cost  
Public 

Contribution 
State 

MERLIN 
Development of aero engine 

component manufacture using 
laser additive manufacturing 

7 062 175,83€ 
4 886 561€ 

(FP7) 
Closed 

REPAIR 
Future repair and maintenance for 

aerospace industry 
5 979 564,01€ 

4 276 277€ 

(FP7) 
Closed 

CORSAIR  
Cold spray radical solutions for 

aeronautic improved repairs 
5 555 477,92€ 

3 999 469€ 

(FP7) 
Closed 

AMAZE 

Additive manufacturing aiming 
towards zero waste and efficient 

production of high-tech metal 
products 

18 088 574,46€ 
10 156 000€ 

(FP7) 
Closed 
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NANOTUN3D 

Development of the complete 
workflow for producing and using 
a novel nanomodified Ti-based 

alloy for additive manufacturing in 
special applications 

2 936 657,20€ 
2 936 656,25€ 

(Horizon 2020) 
Ongoing 

EMUSIC  

Efficient manufacturing for 
aerospace components using 

additive manufacturing, net shape 
HIP and investment casting 

2 193 278,75€ 
1 799 993,75€ 

(Horizon 2020) 
Ongoing 

Bionic 
Aircraft  

Increasing resource efficiency of 
aviation through implementation 
of ALM technology and bionic 

design in all stages of an aircraft 
life cycle 

7 698 812€ 
 6 441 062€ 

(Horizon 2020) 
Ongoing 

NATHENA 
New additive manufacturing heat 

exchanger for aeronautic 
1 499 177,50€ 

1 499 177,50€ 

(Horizon 2020) 
Ongoing 

 

Each project is carried out by a group of participants, responsible by different areas, in order to have a 

wide and complete range of skills, and therefore to be able to achieve the proposed objectives. The 

participants belong not only to the public sector, but also to the private (who may also contribute by 

funding the project), allowing private companies directly related to the aerospace industry to work with 

universities and public research centres within the same project (European Commission, 2013). 

The projects on Table 2 are examples of projects looking to take advantage of MAM benefits, 

implementing them on multiple applications: whether it is the development of new and improved 

components, new forms of repair and maintenance or developing new materials, these applications are 

also expected to decrease environmental impacts, increase part and production efficiency and, 

ultimately, save money by reducing costs (European Commission, 2017). 

 

2.2.4. Cost Models 

MAM is a technology that allows optimizing existent applications, as well as creating new ones. For that 

reason, and from a performance point of view, it is accepted that the use of MAM can be beneficial for 

many industries (medical, automotive and aerospace, for example) (Herderick, 2011). This advantage 

is an essential factor for the introduction of the technology in any industry, although it is not the only 

one: the economic efficiency of MAM must be evaluated, since, as Lepădatu (2011) states, “knowing 

the costs represents a decisive factor for making decisions or planning future activities”, as it is 

necessary to understand all the costs a company incurs when making an investment. 

A cost analysis is used to assess economic efficiency and competitiveness of the technology by 

providing a cost prevision that enables a comparison with current traditional techniques, which allows 

companies to decide what manufacturing method is most advantageous (Ruffo et al., 2006).  
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A cost model should include all costs that have an impact on the final part production, but depending on 

the author and analysed conditions, the models developed and consequent results vary. There have 

been some – although limited – work done on the subject.  

Hopkinson and Dickens (2003) were the first to develop work on how to determine incurring costs for 

rapid manufacturing (RP). They selected a small sized part (35mm long) and calculated its production 

cost assuming that the machine was producing only one part type at a time and manufacturing the 

maximum copies possible in one build, for a time space of one year. They considered total costs to be 

a sum of machine costs, labour costs and material costs, obtaining results for a number of RM 

processes, SLA, SLS and fused deposition modelling (FDM), which are shown in Figure 5. 

It can be understood from Figure 5 that injection moulding (IM) is the most expensive process when 

concerning small volume builds due to the cost of tooling. The initial expense that comes with 

manufacturing the moulds needed for part production gets amortized as the production volume 

increases and, for that reason, from a certain point forward, IM becomes more affordable than RM 

processes, which curve is constant due to indirect costs being charged on every single part of a high 

number of parts produced (Ruffo et al., 2006). According to Ruffo et al. (2006), Hopkinson and Dickens' 

(2003) method is good if applied when the machine is manufacturing high production volumes of the 

same part, but if it is used while considering low volume production it is likely to provide unrealistic 

results.  

Having analysed the work from Hopkinson and Dickens (2003), Ruffo et al. (2006) developed a RM cost 

estimation model for low to medium volumes, stating that “just as the IM process has to amortize the 

initial cost of the tool, the RM processes need to amortize the investment of buying the machine”. For 

   

Figure 5 - Cost comparison of the production of same part in high volumes by different 

processes 

Source: Hopkinson and Dickens, 2003 
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that reason, the RM processes’ curve should also have a deflection for low volume production, which 

can be observed in Figure 7. 

Figure 6 shows the a schematic representation of how costs were organized in the work developed by 

Ruffo et al. (2006). 

Ruffo et al. (2006) divided total costs in two categories: direct and indirect costs. Direct costs can be 

inputted to the building of the part and are directly related to the number of parts produced, and in which 

are included material costs. On the other hand, indirect costs are independent of the number of parts 

manufactured and can be understood as a representation of the whole platform efficiency. Production 

and administrative overhead, labour and machine costs are included in indirect costs.  

Figure 7 shows the tooth shaped curve that resulted from Ruffo et al. (2006) work due to the filling of 

the build space: the curve tendency changes every time a new row needs to be introduced in order to 

add a new part; every time a part needs to be added on top of other, which requires more layers; and 

every time a new bed needs to be started. Since the part manufactured was the same, the Hopkinson 

and Dickens (2003) curve is also presented for an easier comparison, evidencing the difference of the 

initial slope of the curves.  

 

 

 

Figure 6 - Ruffo et al. (2006) cost model scheme 

Source: Ruffo et al., 2006 
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Ruffo et al. (2006) concluded that the initial slope of the curve and its final stabilized value depended on 

the part size, since the same build space fits more parts if the desired part is small sized, and therefore, 

lowers the value of indirect costs per part; and the packing ratio, a measure of how full the build space 

is, by comparing the volume of the production with the total volume of the build bed, because it has 

consequences on build time and material waste.  

It is possible to understand from Figure 7 that when considering low to medium volume production, both 

RM processes show a greater cost efficiency when comparing to IM. As the number of parts 

manufactured increases, the production using RM becomes less cost efficient and is eventually 

overtaken by IM. Despite being a slow and expensive process to manufacture a metallic mould, the 

investment needed in IM gets amortized over the desired production. Thus, the higher the number of 

parts to be produced, the lower the cost per part.  

Using the model by Ruffo et al. (2006) as a basis, Ruffo and Hague (2007) developed a new model in 

which the cost is estimated for simultaneous production of different components using RM, underlining 

that “the importance of parallel production should be noted because the smart mixing of components on 

a single machine bed could lead to a higher packing ratio and a consequent cost reduction”. In the study 

of Ruffo and Hague (2007), there were two different sized parts to be manufactured, and the 

correspondent cost assignment was done through three different methods based on: parts volume, cost 

of building a single part, and cost of a part built in high-volume production.  

The results showed that both the first and the second methods would only reduce the cost of the larger 

part while increasing the cost of the smaller one. Thus, the third method, represented in the dashed 

Figure 7 - Cost comparison of the production of the same part in medium to 

high volumes 

Source: Ruffo and Hague, 2007 
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curve in Figure 8, was the more suitable one because it is the only one through which there is a reduction 

of cost of both parts. 

Figure 8 illustrates the cost comparison between the production of copies of the same part (in this case 

a small sized part) with a mixed production. It shows that including different parts (with different sizes) 

in the same build space, and therefore maximizing the packing ratio, will lead to a reduction of the cost 

per part. 

   

 

Atzeni and Salmi (2012) worked on the economics of metal additive manufactured parts by comparing 

the cost of a landing gear assembly manufactured by SLS with the common manufacture method used, 

high-pressure die-cast. Their conclusions reinforce that MAM is adequate for small to medium volume 

production and claim that machine costs make up most of the cost per part. 

Once the use of MAM increases and generalizes, it is expected that the machine costs decrease, “and 

consequently in the near future the breakeven point is expected to move towards production of larger 

production volumes” (Atzeni and Salmi, 2012). 

Comparing the cost models on the subject, it is noted that, over the years, indirect costs, like overhead 

costs and machine investments, have gained relevance, making up an increasingly more significant part 

of total costs (Ruffo et al., 2006). 

Figure 8 - Cost comparison of two scenarios: production of only copies of the 

same small sized part and mixed production 

Source: Ruffo and Hague, 2007 
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Chapter 3 | Methodology 

The methodology followed here is aimed at determining the costs of the MAM production of one part, 

distinguishing what is included in direct and indirect costs and how each contribution impacts the final 

part cost. In this dissertation, an aerospace part selected by CEiiA was used as a case study to analyse 

the costs of MAM production. The selected part was printed by ADIRA’s prototype MAM machine located 

in CEiiA (Pereira, 2017), using PBF as the manufacturing process. 

 

3.1. ADIRA’s MAM Machine 

The equipment utilized to manufacture the selected aerospace part was ADIRA’s machine, which was 

presented to the public in 2016 (see Figure 9).  

ADIRA, is a leading manufacturer of sheet metal working machinery that has entered the MAM market 

by developing the machine that is used to manufacture the part used in this case study (ADIRA, 2018a). 

ADIRA is located in Vila Nova de Gaia, and employs 126 workers (eInforma, 2018), 

The MAM machine is located in CEIIA, a centre of engineering and product development that 

implements solutions in several areas: mobility, automotive, aeronautics, space and ocean (CEiiA, 

2016). As of 2017, the company employed 250 engineers and presented a business volume of 16 million 

€ (Neves, 2018). CEiiA established a partnership with ADIRA to support the technological development 

of the MAM machine in order to optimize its operation and, therefore, the quality of the parts it produces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 - ADIRA's MAM Machine 

Source: TCT Magazine, 2016 
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This prototype machine allows the production of large-scaled metal parts, up to 1000x1000x200mm – 

the volume of the build bed - through MAM technology, where the user is able to use either one of the 

two different integrated processes: DED and PBF (both discussed in section 2.2.1).  

Regarding the DED process, ADIRA uses a versatile technology named Direct Laser Processing (DLP), 

which is endowed with a configurable worktable that, depending on the component the user wishes to 

manufacture, allows the use of either subtractive or additive technology by switching the nozzle attached 

to the processing head. By choosing to use the subtractive manufacturing method, a laser-cutting nozzle 

is used, allowing work on sheet metal. On the other hand, if the user chooses MAM, a DED nozzle is 

attached to the processing head, making other applications possible, including the repair of parts or the 

modification of its design (Davies, 2016). 

When it comes to the PBF process, the process used to manufacture the part analysed in this case 

study, it goes by the name of Tiled Laser Melting (TLM): a technology patented by ADIRA that allows 

the production of large metal components, which can have bigger volumes than the process chamber. 

This was unprecedented until this machine’s release, and it enables the manufacture of more types of 

parts (of bigger dimensions) using MAM as well as higher volume production (Davies, 2016).  

The TLM technology works by using a moving modular chamber (instead of a fixed one),  of 

250x250x200mm, in which the necessary manufacturing conditions are maintained: an inert atmosphere 

using argon and a controlled oxygen level (ADIRA, 2018b). This chamber moves sequentially in the 

build space (which has a volume of 1000x1000x200mm), allowing the production of large metal parts 

by scanning its section by segments (in distinct tiles) or allowing the production of bigger batches by 

using the moving chamber and different tiles to scan multiple parts (ADIRA, 2018b). Once the scanning 

process for each layer is complete, the modular chamber moves away for a new powder layer to be 

deposited. This procedure is repeated as many times as required to complete the manufacturing 

process.   

 

3.2. Selected Part: Aircraft Bracket 

A case study is important to understand the relevance of MAM technology in the aerospace industry 

from a practical and economical point of view, especially because there isn’t much prior work concerning 

this area (Eisenhardt, 1986). Therefore, an aircraft bracket that has already been manufactured through 

a conventional method of production was selected by CEiiA to perform a cost analysis. 

As discussed in section 2.2.2., one of MAM advantages is the possibility of optimized design, often 

difficult or impossible to achieve through traditional manufacturing. This part was subject to changes to 

its original design in order to enable an increased performance by reducing its weight (Seabra, 2015), 

which is a relevant factor for the aerospace industry, therefore making it an ideal component for MAM.  

The aircraft bracket was produced using 316L stainless steel powder from Oerlikon, and it underwent a 

reduction of size, which intended to control the cost of the production and the process. By reducing the 

size of the part, the build time also decreases, guaranteeing that the process could be monitored during 

its total duration. Assuring that the part fit a tile with 95x93mm led to a reduction of 76,2%, from an 

original volume of 28,12cm3 to 6,69cm3. 
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Figure 10 shows the CAD representation of the aircraft bracket, while Figure 11 illustrates the same part 

fully prepared for MAM production, with the support structures that allow adequate manufacturing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 - CAD representation of the aircraft bracket 

 

Figure 11 - CAD representation of the aircraft bracket with support structures 
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3.3. Cost Model Application 

In order to create the cost model applied in this case study, one consulted the scientific work of Ruffo et 

al. (2006), Atzeni and Salmi (2012) and also the work performed by Dupont (2017), among others.  

In this section, it is discussed how to estimate build time, which is essential to determine build cost. 

Following the work of Ruffo et al. (2006), the cost of manufacturing a part by MAM is divided in direct 

cost and indirect cost, as discussed in the following sections. Finally, after the determination of the 

equations that allow calculating direct and indirect costs, it is explained how it was determined the total 

cost of producing one component. 

 

3.3.1.  Build Time Estimation 

One of the main variables of a cost model is the build time, which is the time it takes for the selected 

part to be fully produced by MAM.  

After analysing the work of Byun and Lee (2005) and Ruffo et al. (2006), it was decided to use two 

different equations to estimate the time needed to build the aircraft bracket (𝑡𝐵). Given that one part was 

produced in ADIRA’s MAM machine, the estimation closer to the real build time was used, in order to 

assure results closer to reality. 

The first equation used to determine build time, (𝑡𝐵), equation (1), is part of the mathematical model 

developed by Byun and Lee (2005) to determine optimal part orientation: 

 

𝑡𝐵 = 𝑁 × (𝑡𝑝 + 𝑑𝑝  (
𝐴𝑝
̅̅̅̅

𝐴𝑝ℎ𝑟

+
𝐴𝑝
̅̅̅̅

𝐴𝑝𝑠𝑟

)) + 𝑑𝑠

𝐴𝑠
̅̅ ̅

𝐴𝑠𝑟

 (1) 

 

where 𝑁 is the number of layers necessary to manufacture the part, 𝑡𝑝 is the idle time between layers 

(in seconds), 𝑑𝑝 is the density of the material of the part (in kg/mm3), 𝐴𝑝
̅̅̅̅  is the average cross section 

area of the part (in mm2), 𝐴𝑝ℎ𝑟 is the area rate scanning the interior of the part (in mm2/s), 𝐴𝑝𝑠𝑟 is the 

area rate scanning the contour of the part (in mm2/s), 𝑑𝑠 is the density of the support structure (in 

kg/mm3), 𝐴𝑠
̅̅ ̅ is the average cross section area of support (in mm2) and 𝐴𝑠𝑟 is the area rate scanning the 

support (in mm2/s). 

The average cross section area of support, 𝐴𝑠
̅̅ ̅, and the average cross section area of the part, 𝐴𝑝

̅̅̅̅  are 

defined by equations (2) and (3), respectively. 

 

 

𝐴𝑠
̅̅ ̅ =  

𝑆𝐴. 𝑙𝑑

𝑁. 𝑙𝑡

    and    𝐴𝑝
̅̅̅̅ =

𝑉𝑝

𝑁. 𝑙𝑡

   
(2), (3) 

 

where 𝑆𝐴 is the surface area of the part (in mm2), 𝑙𝑑 is the laser beam sport diameter (in mm), 𝑙𝑡 is the 

layer thickness (in mm) and 𝑉𝑝 is the volume of the part (in mm3). 

According to Byun and Lee (2005), minimizing equation (1) means minimizing the build time, which is 

useful to determine optimal part orientation. Build time is important because it varies when different 
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orientations are applied to the same part, since the part’s height also changes. For this reason, equation 

(1) heavily relies on part geometry and process parameters, including average cross section area of the 

part (𝐴𝑝
̅̅̅̅ ), average cross section area of the supports (𝐴𝑠

̅̅ ̅) and laser beam spot diameter (𝑙𝑑). 

For the study case in question, equation (1) is not used to determine optimal orientation. Equation (1) 

was used with the parameters associated to the orientation in which the part was manufactured, hence 

calculating the respective build time.  

Equation (4) is the second equation used to estimate the build time. It does so by using simple 

geometrical variables as inputs. This equation is the result of the work of Ruffo et al. (2006) in an effort 

to eliminate micro-variables and focus on simpler inputs. 

 

𝑡𝐵 =  𝑡𝑧 + 𝑡𝑥𝑦 + 𝑡𝐻𝐶 (4) 

Ruffo et al. (2006) identified the total build time, 𝑡𝐵, as being a sum of three different times:  

• Recoating time, 𝑡𝑧: total time taken by the machine to add layers of powder; 

• Scanning time, 𝑡𝑥𝑦: total time taken by the machine to laser scan the area and border of the 

section of the part, sintering the powder; 

• Heating and cooling time, 𝑡𝐻𝐶: total time necessary to reach the correct temperature before and 

after the scan of a new layer. 

Ruffo et al. (2006) determined each of these times independently by an approximating function obtained 

through empirical data for the 3D Systems Vanguard SLS Machine. In the work of Ruffo et al. (2006), it 

is assumed that each layer deposited had a thickness of 0,1mm, which is not the case for the 

manufactured component used in this research work. The thickness of the layers used to manufacture 

the aircraft bracket is 0,05mm: half of what is considered in the original method. Therefore, it is 

necessary to adjust the equations in order to obtain reliable results. Assuming that each layer takes 

approximately the same time to process, each component of the total build time (recoating, scanning, 

and pre and post processing time) was calculated by doubling the equations presented in the work of 

Ruffo et al. (2006). 

Equation (5) shows the function for the recoating time: 

 

𝑡𝑧 = 2 × [(180 − 120 × 𝑃𝑟𝑒𝑥𝑡) × 𝑧 + 400] (5) 

where 𝑧 is the maximum height of the build (which translates into the height of the part) and 

 

𝑃𝑟𝑒𝑥𝑡 =
𝑉𝑒𝑥𝑡

𝑉𝑏𝑒𝑑

 
(6) 

 

𝑃𝑟𝑒𝑥𝑡, in equation (6), represents the external packing ratio (𝑃𝑟𝑒𝑥𝑡 ∈ [0,1]), which is a ratio that compares 

the volume of the minimum geometrical box possible to contain the entire build (with one or more parts), 

𝑉𝑒𝑥𝑡, with the total bed volume, 𝑉𝑏𝑒𝑑 . 

The scanning time function was also determined by Ruffo et al. (2006) through an experimental function, 

and following their work it was possible to define the scanning time expression used in this study case, 

presented in equation (7): 
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𝑡𝑥𝑦 = 2 × [𝜃 × 𝑡𝑥𝑦_𝑏𝑜𝑥] (7) 

The scanning time is based on the time that it takes to scan the minimum geometrical box that contains 

the build, 𝑡𝑥𝑦_𝑏𝑜𝑥, reduced by a factor 𝜃 ∈ [0,1] that adjusts the scanning time according to the real 

volume of the build. To use this equation, it was necessary to determine the θ factor. In order to do so, 

one used the compact ratio, 𝐶𝑟 ∈ [0,1], which defines the ratio between the volume of the actual build 

and the volume of the minimum geometrical box it is contained in, as presented in the work of Ruffo et 

al. (2006), and shown in equation (8). 

 

𝐶𝑟 =
𝑉𝐵

𝑉𝑒𝑥𝑡

 
(8) 

Depending on the value of 𝐶𝑟, θ can be determined using one of the equations in (9), which were found 

experimentally by Ruffo et al. (2006). 

 

𝜃 = {
0,3422 𝐶𝑟

2 + 0,2468 𝐶𝑟 + 0,45, 𝐶𝑟 < 0,4

0,417𝑒0,9283 𝐶𝑟 , 𝐶𝑟 ≥ 0,4
 

(9) 

 

Ruffo et al. (2006) reported the impossibility to find only one equation for θ that gave a good 

approximation for all possible values of the compact ratio, 𝐶𝑟. Therefore, there are different expressions 

relating 𝐶𝑟 and θ, which use is dictated by the value of the determined compact ratio, 𝐶𝑟. 

At last, it was necessary to calculate the time to scan the bounding box. This equation was found 

experimentally by Ruffo et al. (2006) after testing different bounding boxes. 

 

𝑡𝑥𝑦_𝑏𝑜𝑥 = (0,042 × 𝑥−0.1809 × 𝐴) × 𝑧 (10) 

where 𝑥 is the length of the smallest box the part can be contained in, 𝐴 is the area of the cross-section 

and 𝑧 is the height of the same box (coincident with the height of the part). 

The heating and cooling time, 𝑡𝐻𝐶, is a constant time function that in the scope of this study case was 

assumed to be zero, given the process did not require heating the table or controlling its temperature in 

order to manufacture the part. 

Finally, the build time was also estimated by applying the scanning and recoating times measured at 

the time of the production to equation (4), based in the work of Ruffo et al. (2006) which resulted in 

equation  

 

𝑡𝐵 = 𝑁 × 𝑡𝑧_𝑙𝑎𝑦𝑒𝑟 + 𝑁 × 𝑡𝑥𝑦_𝑙𝑎𝑦𝑒𝑟 + 𝑁 × 𝑡𝐻𝐶_𝑙𝑎𝑦𝑒𝑟  (11) 

 

where 𝑁 is the number of layers necessary to produce the part, 𝑡𝑧_𝑙𝑎𝑦𝑒𝑟  is the recoating time for one 

layer and 𝑡𝑥𝑦_𝑙𝑎𝑦𝑒𝑟  is the scanning time also for one layer (of one part) measured at the time of the 

production. 𝑡𝐻𝐶_𝑙𝑎𝑦𝑒𝑟  is the heating and cooling time, which remains the same: null.  
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This was done in order to obtain a comparison between real scanning and recoating times and times 

estimated by equations (5) and (7), and, ultimately, to compare the resulting build times when using real 

times measured at the time of production and estimated values. 

As it was mentioned at the beginning of this section, the estimation closer to the real build time was 

used, in order to assure results closer to reality. 

 

3.3.2.  Part Cost Estimation 

The direct and indirect costs together make the total cost of a build. Direct costs concern the factors 

directly related to the production of the build and, therefore, vary with build time and build volume. Based 

on the work of Atzeni and Salmi (2012) and Ruffo et al. (2006), Table 3 presents the factors accounted 

for direct costs, showing how these are organized according to different phases of the process. 

 

Table 3 - Variables regarding direct costs determination 

Variable Costs 

Pre-processing  

𝑡𝑠 Set-up time (CAD+STL) [h] 

𝑡𝑙 Loading time [h] 

𝑡𝑝ℎ Pre-heat time [h] 

Processing 

𝑡𝐵 Build time [h] 

𝑆𝑟 Scrap rate [%] 

𝑚𝑝 Weight of the part [kg] 

𝑃𝑚 Price of the material [€/kg] 

𝑃𝑒 Price of electricity [€/kWh] 

𝑃 Power of the machine [kW] 

Post-Processing 

𝑊𝑒𝑐 Wire erosion cost [€/build] 

𝑆𝑝 Shot peening cost [€/build] 

𝐻𝑡 Heat treatment cost [€/build] 

𝑡𝑝𝑝 Post-processing time [h] 

𝐿𝑐 Hourly labour cost [€/h] 

𝐶𝑑𝑖𝑟 Direct costs [€] 

 

Direct costs were organized according to the three phases of the manufacturing process, namely:  

• Pre-processing: consists on the preparation phase of both part and machine. Therefore, the 

CAD file had to be ready for the STL file to be created and uploaded into the machine’s software. 

In addition, and prior to beginning the manufacturing process, the MAM machine had to be 

prepared. This preparation meant that the file was loaded, and the reservoir filled with the 

necessary powder for production. In some cases, the machine takes some time to reach the 

correct temperature, but that was not the case here, as the process did not require heating the 

table or controlling the chamber temperature in order to manufacture the aircraft bracket. For 
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the pre-processing costs it was accounted the labour cost for the time it takes to prepare both 

part and machine. 

• Processing: this phase concerns exclusively the MAM process, for which build time was 

estimated. Therefore, time and volume dependent costs concerning the process and the 

machine were taken into account in this step, namely: the material price, the machine power 

and the electricity price. It was also important to consider the reject scrap rate, which is the 

percentage of material that is too damaged to be used and must, therefore, be discarded. 

• Post-processing: after the processing phase, parts undergo post-processing treatments in order 

to improve its surface finish and properties such as part strength, resistance to fatigue and 

hardness. Three common treatments for MAM components were considered here:  

o Heat treatment: it can change the material’s microstructure and aims at improving the 

mechanical behaviour of the manufactured component, including their strength, 

hardness, ductility and corrosion resistance (Thöne et al., 2012). 

o Electro discharge machining (EDM): usually called wire erosion, it is a precision 

engineering process in which the work piece is cut through by using electrical 

discharges between two electrodes. Wire erosion can be used to separate solid support 

structures from the desired part, by melting and vaporizing the material, while keeping 

the surface of the part in good conditions (Perveen et al., 2018). 

o Shot peening: a cold working process in which the surface of the metal gets bombarded 

with a stream of small spherical shot. This causes compression stresses on the part 

surface, which strengthens the metal and improves its resistance to fatigue, corrosion 

and cracking (Takahashi et al., 2018). 

Given the difficulty to obtain a relation between post processing time and build volume, especially when 

considering the production of multiple parts, the calculation of direct costs was done under two different 

conditions: on a first approximation, following what was found in most of the literature,  only the 

processing phase was considered; and, posteriorly, pre and post processing were added.  

Following the work of Atzeni and Salmi (2012), equation (12) was applied as a first approximation, 

considering only the processing phase: 

 𝐶𝑑𝑖𝑟 = (𝑡𝐵 × 𝑃 × 𝑃𝑒) + (1 +
𝑆𝑟

100
) × (𝑚𝑝 × 𝑃𝑚) 

(12) 

 

 

where, as showed on Table 3, 𝑡𝐵 is the build time (in hours), 𝑃 is the power of the machine (in kW), 𝑃𝑒 

is the price of electricity (in €/kWh), 𝑆𝑟 is the scrap rate (in percentage), 𝑚𝑝 is the weight of the part (in 

kg) and 𝑃𝑚 is the price of the material (in €/kg). 

Knowing the density of the material and the volume of the part, it was possible to determine the weight 

of the part, 𝑚𝑝. 

When including pre and post processing phases, the operator cost during pre-processing time and the 

machine’s operation cost (in terms of energy consumption) during the processing phase are added to 

the post-processing costs (operator time and necessary treatments), and the material cost (considering 
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the scrap rate, which corresponds to the material that must be scrapped off the part or sintered material 

that stays deposited on the build bed after production (Laureijs et al., 2017). Based on the work of Atzeni 

and Salmi (2012), equation (13) shows the relation determined between all pre, post and processing 

factors used to obtain the direct costs. 

in which, as presented in Table 3,  𝑡𝑠 is the set-up time (CAD+STL) (in hours), 𝑡𝑙 is the loading time (in 

hours), 𝑡𝑝ℎ is the pre-heat time (in hours), 𝐿𝑐 is the hourly labour cost (in €/h), 𝑡𝑝𝑝 is the post-processing 

time (in hours), 𝑊𝑒𝑐 is the wire erosion cost (in €/build), 𝐻𝑡 is the heat treatment cost (in €/build) and 𝑆𝑝 

is the shot peening cost (in €/build). 

Indirect costs are independent from the volume of manufactured builds. These are fixed costs that are 

charged on each manufactured part, which means that as the building volume increases, the value of 

the indirect costs reflected on each manufactured part decreases. Indirect costs were organized by:  

• Production overhead: here were included the factors required to determine the yearly cost of 

the building area necessary to ensure all the manufacturing phases. These factors were the 

yearly area cost and the building area. 

• Administration overhead: software and hardware initial purchase, and yearly cost for licensing 

and updates were accounted here. 

• Machine costs and characteristics: yearly machine costs were considered here, as well as the 

initial cost with the machine purchase and necessary preparation for machine operation (training 

of the team that operates the machine and room preparation, including air conditioning 

instalment), which must be paid off over its lifespan. An estimation of the annual machine 

operating hours was also accounted here. 

Following the work of Ruffo et al. (2006), Table 4 presents the factors accounted for indirect costs, 

showing how they are arranged by production overhead, administration overhead, and machine costs 

and characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

𝐶𝑑𝑖𝑟 = (𝑡𝑠 + 𝑡𝑙 + 𝑡𝑝ℎ) × 𝐿𝑐 + 𝑡𝐵 × 𝑃 × 𝑃𝑒 + (𝑚𝑝 × 𝑃𝑚) × (1 +
𝑆𝑟

100
)

+ (𝑡𝑝𝑝 × 𝐿𝑐) + 𝑊𝑒𝑐 + 𝐻𝑡 + 𝑆𝑝 

 

  

(13) 
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Table 4 - Variables regarding indirect costs determination 

Variable Costs 

Production Overhead 

𝑅 Yearly area rent [€/(year.m2)] 

𝐴𝑏 Building area [m2] 

Administration Overhead 

𝐻𝑝 Hardware purchase [€] 

𝑆𝑝 Software purchase [€] 

𝐻𝑦 Hardware cost per year [€/year] 

𝑆𝑦 Software cost per year [€/year] 

Machine Costs and Characteristics 

𝑀𝑝 Machine purchase [€] 

𝑃𝑚𝑜 Preparation for machine operation [€/m2] 

𝑀𝑚𝑦 Maintenance cost per year [€/year] 

𝑀𝑐𝑦 Machine consumables per year [€/year] 

𝐿𝑠𝑚 Lifespan of the machine [years] 

ℎ𝑦 Annual machine operating hours [h/year] 

𝐶𝑖𝑛𝑑 Indirect costs [€/h] 

 

Because initial costs, such as machine, hardware and software purchase, are amortized over the 

machine lifespan, the indirect costs can be determined per year. Once all the factors required to 

calculate the indirect costs were already per annual cost, the sum of all these factors was divided by the 

annual hours of operation to obtain the indirect costs per hour of machine utilization. Based on the work 

of Ruffo et al. (2006) equation (14) gives the expression to determine the indirect costs. 

 

𝐶𝑖𝑛𝑑 = (

𝐻𝑝 + 𝑆𝑝 + 𝑀𝑝 + 𝑃𝑚𝑜 × 𝐴𝑏

𝐿𝑠𝑚
+ 𝑅 × 𝐴𝑏 + 𝐻𝑦 + 𝑆𝑦 + 𝑀𝑚𝑦 + 𝑀𝑐𝑦

ℎ𝑦

) 

 

 

 

(14) 

 

 

in which 𝐻𝑝 is the initial hardware purchase (in €), 𝑆𝑝 is the initial software purchase (in €), 𝑀𝑝 is the 

machine purchase (in €), 𝑃𝑚𝑜 is the preparation for machine operation (in €/m2) , 𝐴𝑏 is the building area 

(in m2), 𝐿𝑠𝑚 is the lifespan of the machine, 𝑅 is the yearly area rent (in €/(year.m2)), 𝐻𝑦 is the hardware 

cost per year (in €/year), 𝑆𝑦 is the software cost per year (in €/year), 𝑀𝑚𝑦 is the maintenance cost per 

year (in €/year), 𝑀𝑐𝑦 is the machine consumables per year (in €/year) and ℎ𝑦 is the annual machine 

operating hours (in h/year). 

Finally, following the work of Atzeni and Salmi (2012) and Ruffo et al. (2006), it is possible to obtain the 

total manufacturing cost, using equation (15).  

 

𝐶𝐵 = 𝐶𝑖𝑛𝑑 × 𝑡𝐵 + 𝐶𝑑𝑖𝑟 (15) 
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Since indirect costs are given in cost per hour, these were multiplied by the build time and summed with 

the direct costs, resulting in the total cost per build. 
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Chapter 4 | Results and Discussion 

This section presents the results obtained by the application of the cost model presented in section 3.3. 

The calculation tool used to estimate the results of this cost model was an Excel spreadsheet, in which 

the data correspondent to the variables described in the previous chapter were introduced.  

 

4.1. Build Time Estimation 

The estimation of build time was done testing two different equations. Equation (1), where equations 

(2), (3) apply, is strongly based on the part geometry and process characteristics. The data was collected 

from the CAD file of the aircraft component, and in CEiiA at the time of the production. Table 5 presents 

the collected data for estimating the build time of one part, using equation (1), which is presented next. 

 

 

𝑡𝐵 = 𝑁 × (𝑡𝑝 + 𝑑𝑝  (
𝐴𝑝
̅̅̅̅

𝐴𝑝ℎ𝑟

+
𝐴𝑝
̅̅̅̅

𝐴𝑝𝑠𝑟

)) + 𝑑𝑠

𝐴𝑠
̅̅ ̅

𝐴𝑠𝑟

 (1) 

 

 

Table 5 – Build time estimation using equation (1) 

Variable Name Value Unit 

𝐴𝑠
̅̅ ̅ Average cross-section area of support  58,50 mm2 

𝐴𝑝
̅̅̅̅  Average cross-section area of part  171,73 mm2 

𝐴𝑝𝑠𝑟 Area rate scanning the contour of the part  600,00 mm2/s 

𝐴𝑝ℎ𝑟 Area rate hatching the interior of the part  800,00 mm2/s 

𝐴𝑠𝑟 Area rate scanning the support  800,00 mm2/s 

𝑑𝑝 Density of part/material  7,90 × 10−6 kg/mm3 

𝑑𝑠 Density of support structure  7,90 × 10−6 kg/mm3 

𝑙𝑑 Laser beam spot diameter  0,08 mm 

𝑙𝑡 Layer thickness  0,05 mm 

𝑁 Number of layers 849,00 - 

𝑆𝐴 Surface area of part 31043,00 mm2 

𝑡𝑝 Idle time between layers  14,00 s 

𝑉𝑝 Volume of the part  7290,00 mm3 

𝒕𝑩 Build time estimation  𝟏𝟏𝟖𝟖𝟔, 𝟎𝟎 s 

 

The build time that results from applying the gathered data to equation (1) is 11886 seconds, which 

translates into 3,30 hours.  
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When using equation (4) for estimating the build time, it is necessary to determine recoating time through 

equation (5), external packing ratio through equation (6), scanning time through equation (7), compact 

ratio, factor 𝜃, and the time to scan the bounding box in the 𝑥 direction, through equations (8), (9) and 

(10), respectively. As mentioned in section 3.3.1., the heating and cooling time for this case study is null 

because there is no need for heating the table or controlling its temperature to manufacture the aircraft 

bracket. Table 6 presents the results obtained for the build time estimation when applying equation (4), 

which is showed next. 

 

𝑡𝐵 =  𝑡𝑧 + 𝑡𝑥𝑦 + 𝑡𝐻𝐶 (4) 

 

Table 6 – Build time estimation using equation (4) 

Variable Name Value Units 

𝐴 Cross section of the bounding box 1887,98 mm2 

𝑥 Length of the part’s bounding box  74,33 mm 

𝑧 Height of the part  42,43 mm 

𝑉𝑒𝑥𝑡 
Volume of the minimum geometrical box 

containing the build  
80107,08 mm3 

𝑉𝑏𝑒𝑑 Volume of the entire machine bed  2,00 × 108 mm3 

𝑃𝑟𝑒𝑥𝑡 External packing ratio 4,01 × 10−4 - 

𝒕𝒛 Recoating time  𝟏𝟔𝟎𝟕𝟎, 𝟕𝟐 s 

𝑉𝐵 Build volume 7290,00 mm3 

𝐶𝑟 Compact ratio 9,10 × 10−2 - 

𝜃 Scanning time adjusting factor  4,75 × 10−1 - 

𝑡𝑥𝑦_𝑏𝑜𝑥 Time to scan the part’s bounding box 4005,21 s 

𝒕𝒙𝒚 Time to laser scan the section  𝟑𝟖𝟎𝟕, 𝟑𝟎 s 

𝒕𝑯𝑪 Waiting time to reach the correct 

temperature  
𝟎, 𝟎𝟎 s 

𝑡𝐵 Build time estimation  𝟏𝟗𝟖𝟕𝟖, 𝟎𝟐 s 

 

Following Ruffo et al. (2006) method (equation (4)), the build time is estimated to be 19880 seconds, 

which translates into approximately 5,52 hours. 

Ruffo et al. (2006) method was also tested using real times of scanning and recoating, taken during the 

manufacturing process. For calculation purposes, the scanning time was assumed to be the same for 

every layer, which in reality is not applicable since scanning time per layer may vary due to the design 

of the part. The results using experimental times for the build time estimation can be observed in Table 

7. 
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Table 7 – Build time estimation applying experimental times to equation (4)  

Variable Name Value Units 

𝑁 Number of layers 849,00 - 

𝑡𝑧_𝑙𝑎𝑦𝑒𝑟  Recoating time per layer 14,00 s 

𝒕𝒛 Total recoating time 𝟏𝟏𝟖𝟖𝟔,00 s 

𝑡𝑥𝑦_𝑙𝑎𝑦𝑒𝑟  Scanning time per layer 9,00 s 

𝒕𝒙𝒚 Total scanning time 𝟕𝟔𝟒𝟏,00 s 

𝒕𝑯𝑪 Heating and cooling time 𝟎,00 s 

𝑡𝐵 Build time estimation 𝟏𝟗𝟓𝟐𝟕,00 s 

 

Using equation (4) with the real times, the build time estimation is 19527 seconds, which translates into 

5,42 hours. 

The real build time for manufacturing the aircraft bracket was 6 hours (21600 seconds). By comparing 

the real build time with the build times obtained by estimation, it is possible to understand how accurate 

these are. It is important to notice that the equations used to determine a build time estimate, from the 

work of Byun and Lee (2005) and Ruffo et al. (2006), are not optimized for this case study, in terms of 

machine and material used, and, therefore, are expected to have errors when comparing to the real 

build time. 

Table 8 presents the percentage relative error calculated for each build time estimation. 

 

Table 8 - Comparison of the build time estimations with the real build time 

Build time estimation [s] Real build time [s] Percentage relative error 

Equation (1) 11886,00 

21600,00 

−44,97% 

Equation (4) 19878,02 −7,97% 

Equation (4) with real scanning and 

recoating times  
19527,00 −9,60% 

 

Table 8 shows that the time estimation given by equation (1) presents a high percentage relative error 

(approximately 45%), and therefore should not be considered. This error is a consequence of the high 

number of geometric parameters that this method relies on, including process parameters like laser 

diameter and speed. These parameters are difficult to predict and control, especially under an 

environment with sensitive conditions, such as changing temperature and an inert atmosphere in which 

the level of oxygen must be controlled.  

Comparing the results obtained through equation (1) and equation (4), it is visible that the latter is 

considerably closer to the real build time. The main difference between these two methods is that the 

second one, equation (4), simplifies the build time estimation by dividing it into three different times, 

based on part dimensions. 

Equation (4) presents reasonable results, with a relative error below 10%, in both cases. In the case 

that uses the recoating and scanning equations suggested by Ruffo et al. (2006), the relative error was 
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considered to be a consequence of the default settings of the software and material used (a polymer) 

by Ruffo et al. (2006) to determine the equations used to achieve these results, since they were not 

optimized for this case study.  

When using the times measured during the part production, the measurement itself was subject to an 

error. In addition, not all layers took the same time to be scanned. Therefore, assuming the same 

scanning time per layer can also explain the relative error of the result. 

Given the small relative error difference, both results seemed acceptable for the build time estimation 

for the production of one part with the PBF process used in this case study. However, a closer analysis 

makes it possible to compare not only total build time, but also the different times that compose it, as 

shown in Table 9.  

 

Table 9 - Comparison of build time estimations using equation (4): real scanning and recoating times and  

estimated scanning and recoating times using the equations of Ruffo et al. (2006) 

Build time estimation 

Scanning time [s] Recoating time [s] Build time [s] 

𝒕𝒙𝒚 𝒕𝒛 𝒕𝑩 

1 layer Total 1 layer Total 1 layer Total 

Real times 9,00 7641,00 14,00 11886,00 23,00 19527,00 

Equations given by Ruffo et al. (2006) 4,48 3807,30 18,93 16070,72 23,41 19878,02 

Percentage relative error -50,17% 35,21% 1,80% 

 

As can be seen from Table 9, the relative error of the build time is less than 2% since the sum of scanning 

and recoating time is very similar: approximately 23 seconds, for one layer, on both cases. But, even 

though the sum of these times is similar using real times or estimating with the equations provided by 

Ruffo et al. (2006), they are very different. This fact is confirmed by the high relative errors of the 

scanning and recoating times, 50% and 35%, respectively (in absolute value). 

Even though the build time estimated using equation (4) from the work of Ruffo et al. (2006) appears to 

give a good approximation for the production build time, it leads to increasingly less accurate results 

with higher production volumes due to error propagation. This happens because as scanning time 

increases (due to multiple part production), recoating time remains the same (assuming that all parts 

have the same build orientation as the one manufactured in the production considered here). Differences 

between the times measured on the time of production and the times estimated become more and more 

accentuated, leading to results increasingly further from reality. 

Hence, to determine indirect, direct and total cost, in the next sections, the build time estimation that is 

going to be used is the one obtained by applying equation (4) with real scanning and recoating times, 

measured at the time of the production: 19530 seconds, approximately 5,42 hours. As it was mentioned, 

this estimation still carries an error since not all layers take the same time to be sintered.  

The rest of the work carried out in this research will also follow equation (4) since this method will provide 

more accurate results for higher production volumes. This is especially important because the build time 
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has a relevant role in the determination of both direct and indirect costs. Therefore, the more reliable 

the build time, the more robust the results for production cost will be. 

 

 

4.2. Indirect Costs 

The determination of indirect costs relies on data provided by CEiiA, as well as in data gathered and 

estimated by the author. As explained in section 2.2.4., indirect costs are not directly related with the 

part production and, therefore, the total indirect cost is a constant value that provides the cost per hour 

of machine utilization.  

The annual machine operating hours was established as 1250 hours. The yearly rent area was 

estimated at 200€/year.m2 in 2018 for the Matosinhos industrial area, in Porto (Portugal), where the 

MAM machine is located. The MAM machine occupied an area of approximately 100m2. Costs of 

installation, personnel training and room preparation (e.g., air conditioning) needed for the MAM 

machine installation were accounted in the preparation for machine operation costs and set at 5€/m2. 

It was also considered an initial hardware cost of 6500€ attributed to computer purchases (one for each 

of the 5 people belonging to the team responsible for the MAM machine operation), which were 

considered to have a depreciation time of 5 years, leading to the value of 1300€/year for hardware cost 

per year.  

In this case study, the software licenses are bought annually. Therefore, the software initial purchase 

was disregarded, and only the software cost per year was considered. The software used to prepare 

the part for production, including creation of support structures and STL files was Autodesk Netfabb 

Ultimate 2018, for which an annual licence costs 5402,65€.  

Applying equation (14) allows to determine indirect costs. 

 

𝐶𝑖𝑛𝑑 = (

𝐻𝑝 + 𝑆𝑝 + 𝑀𝑝 + 𝑃𝑚𝑜 × 𝐴𝑏

𝐿𝑠𝑚
+ 𝑅 × 𝐴𝑏 + 𝐻𝑦 + 𝑆𝑦 + 𝑀𝑚𝑦 + 𝑀𝑐𝑦

ℎ𝑦

) 

 

 

 

(14) 

 

 

 

Table 10 presents an overview of the values attributed to each factor needed to calculate the indirect 

costs. 
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Table 10 - Value of the factors necessary for indirect cost determination 

Variable Indirect Costs Value Units 

Production Overhead  

𝑅 Yearly Area Rent  200,00 €/(year.m2) 

𝐴𝑏 Building Area  100,00 m2 

Administration Overhead  

𝐻𝑝 Hardware purchase 6500,00 € 

𝑆𝑝 Software purchase  0,00 € 

𝐻𝑦 Hardware cost per year  1300,00 €/year 

𝑆𝑦 Software cost per year  5402,65 €/year 

Machine Costs and Characteristics  

𝑀𝑝 Machine purchase 627900,00 € 

𝑃𝑚𝑜 Preparation for machine operation  5,00 €/m2 

𝑀𝑚𝑦 Maintenance cost per year  3500,00 €/year 

𝑀𝑐𝑏 Machine consumables per year  0,00 €/year 

𝐿𝑠𝑚 Lifespan of the machine  8,00 years 

ℎ𝑦 Annual machine operating hours  1250,00 h/year 

𝑪𝒊𝒏𝒅 Indirect costs  87,65 €/h 

 

The total indirect costs were determined to be 87,65€/h. Indirect costs are a measure of the platform 

efficiency, which means the more hours the machine is operating, the less is the cost per hour. This fact 

leads to a reduction of the total indirect cost of the produced parts, which makes the process more cost 

efficient. 

4.3. Direct Costs 

In the scope of this dissertation, only one component was manufactured in ADIRA’s MAM prototype 

machine present in CEiiA. For that reason, the data collected during the manufacturing process in 

addition to the data made available by CEiiA concerns the production of only one part.  

As previously discussed, the direct costs estimation is calculated under two different conditions. Due to 

the difficulty to predict post-processing time, which varies with the treatments the part is subjected to, in 

a first approach, both pre and post processing phases were disregarded, as a way to focus solely on 

the costs attached to the processing phase. Afterwards, also pre and post processing were considered. 

The next two sections, 4.3.1. and 4.3.2., concern the calculation of direct costs under these different 

circumstances.  

4.3.1.  Processing Phase 

The build time estimation used for estimating the direct costs of the processing phase uses the method 

developed by Ruffo et al. (2006) (equation (4)), and the times measured during the part’s manufacture. 
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The data provided by CEiiA indicated that the scrap rate was between 10% and 30%. Therefore, the 

scrap rate value used for this calculation was the average value of 20%. The material used to 

manufacture the aircraft bracket was Oerlikon’s 316L stainless steel powder, which was sold at 44,14€ 

per kilogram. The electricity price was determined based on EDP’s tariff from 2017, which is the main 

electricity provider in Portugal. Table 11 shows the necessary data for the direct costs determination 

considering only the processing phase, as well as the total direct cost obtained by applying equation 

(12). 

 𝐶𝑑𝑖𝑟 = (𝑡𝐵 × 𝑃 × 𝑃𝑒) + (1 +
𝑆𝑟

100
) × (𝑚𝑝 × 𝑃𝑚) 

(12) 

 

 

Table 11 – Direct costs when considering only the processing phase 

Variable Direct Costs Value Units 

Processing 

𝑡𝐵 Build time 5,42 h 

𝑅𝑟 Scrap rate 20,00 % 

𝑃𝑚 Price of the material 44,14 €/kg 

𝑃𝑒 Price of electricity 16,52 × 10−2 €/kWh 

𝑃 Power of the machine 0,50 kW 

𝑪𝒅𝒊𝒓 Direct Costs 3,50 € 

As can be seen from Table 11, by considering only the processing phase, the total direct cost were 

3,50€.  

4.3.2.  Inclusion of Pre and Post Processing Phases 

Pre and post processing phases are essential in a MAM process in order to obtain components with 

quality enough to fulfil the required standards. Therefore, in this section, the direct costs were estimated 

considering the pre and post processing data provided by CEiiA. The processing data remains equal to 

the one estimated in section 4.3.1.  

The cost for post-processing treatments was indicated to be between 60 to 160€ for wire erosion and 

heat treatment, and 25 to 40€ for shot peening. Therefore, an average value of these costs was 

considered for all treatments.  

Direct costs when accounting pre and post processing costs were determined using equation (13), 

presented next. 

 

𝐶𝑑𝑖𝑟 = (𝑡𝑠 + 𝑡𝑙 + 𝑡𝑝ℎ) × 𝐿𝑐 + 𝑡𝐵 × 𝑃 × 𝑃𝑒 + (𝑚𝑝 × 𝑃𝑚) × (1 +
𝑆𝑟

100
)

+ (𝑡𝑝𝑝 × 𝐿𝑐) + 𝑊𝑒𝑐 + 𝐻𝑡 + 𝑆𝑝𝑐 

 

  

(13) 
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Table 12 shows the data necessary for direct cost calculation, considering all manufacturing process 

phases, as well as the total direct costs for the production of one part. 

 

Table 12 – Direct costs considering all the manufacturing process phases 

Variable Direct Costs Value Units 

Pre-processing   

𝑡𝑠 Set-up time (CAD+STL)  4,00 h 

𝑡𝑙 Loading time 0,50 h 

𝑡𝑝ℎ Pre-heat time 0,00 h 

Processing  

𝑡𝐵 Build time 5,42 h 

𝑅𝑟 Scrap rate 20,00 % 

𝑃𝑚 Price of the material  44,14 €/kg 

𝑃𝑒 Price of electricity  16,52 × 10−2 €/kWh 

𝑃 Power of the machine  0,50 kW 

Post-Processing  

𝑊𝑒𝑐 Wire erosion cost  140,00 €/build bed 

𝑆𝑝 Shot peening cost  32,50 €/build bed 

𝐻𝑡 Heat treatment  140,00 €/build bed 

𝑡𝑝𝑝 Post-processing time  2,00 h 

𝐿𝑐 Hourly labour cost  12,00 €/h 

𝑪𝒅𝒊𝒓 Direct Costs 394,00 € 

 

The increase of 390,50€ from the value determined in the previous section can be interpreted as the 

importance of pre and post processing phases. This cost increase has a great impact on direct costs 

and, consequently, on the total cost of the part. 

Pre and post processing phases are indispensable for the manufacturing process. The part quality 

design, planned out using CAD software, is relevant for satisfying performance, and furthermore, no 

production can happen without the preparation of the CAD and STL files. In addition, post processing 

treatments are essential to improve the component physical and mechanical characteristics, which 

guaranties a good quality and performance. 

With the production of more parts, it is expected an increase of direct costs due to material costs, time 

required for a bigger production volume, as well as a larger post production time. Nevertheless, this 

increase is not directly proportional to the number of parts produced, and it is charged on every part 

manufactured. 
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4.4.  Total Cost of Producing One Aircraft Bracket 

It is now possible to calculate the total cost of producing one component in ADIRA’s MAM machine. The 

total cost of producing one aircraft bracket in ADIRA’s MAM machine was calculated following two 

different ways. First the cost of the part considering only the processing phase is determined, and then, 

since most cost analysis found in the literature focus on the processing phase, one adds the pre and 

post processing manufacturing phases in order to determine the cost per part. 

Figure 12 shows the aircraft component resultant from the MAM process in ADIRA’s MAM machine. 

 

 

4.4.1. Processing Phase 

The equation that follows was presented in section 3.3.2., and it was used to determine total build cost 

of the aircraft bracket. 

 

𝐶𝐵 = 𝐶𝑖𝑛𝑑 × 𝑡𝐵 + 𝐶𝑑𝑖𝑟 (15) 

Table 13 shows the total cost estimated for one aircraft bracket considering only the processing phase.  

 

 

 

Figure 12 - Aircraft bracket manufactured in ADIRA's MAM machine 

Source: IN+ Newsletter (2018) 
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Table 13 – Total build cost of one part considering only the processing phase 

Variable Name Value Units 

𝑡𝐵 Build time estimation  5,42 h 

𝐶𝑖𝑛𝑑 Indirect costs  87,65 €/h 

𝐶𝑑𝑖𝑟 Direct Costs  3,50 € 

𝑪𝑩 Build cost  478,94 € 

 

Equation (15) was used to determine the total cost of producing the aircraft bracket, and the result was 

478,94€. 

 

4.4.2. Inclusion of Pre and Post Processing Phases 

Table 14 shows the result of estimating build cost through equation (15), considering pre, post and 

processing phases.  

Table 14 – Total build cost of manufacturing one part considering pre, post and processing phases 

Variable Name Value Units 

𝑡𝐵 Build time estimation 5,42 h 

𝐶𝑖𝑛𝑑 Indirect costs 87,65 €/h 

𝐶𝑑𝑖𝑟 Direct costs 394,00 € 

𝑪𝑩 Build cost 869,44 € 

 

The total build cost obtained for the production of one part considering pre, post and processing phases 

was 869,44€. The difference of cost between considering pre and post processing phases and 

considering just the processing phase is exactly the same amount that direct costs differ (390,50€) using 

these two approaches since the exclusion of pre and post processing costs does not affect indirect 

costs. The cost that considers only the processing phase represents 55,08% of the cost that includes 

both pre and post processing phases. 

 

Analysis of Total Build Cost 

It is now possible to determine the influence of direct and indirect costs on the total cost of one part (see 

Figure 13), and how indirect costs are distributed (see Figure 14) and how big is the impact of each 

phase in the manufacturing process on direct costs (see Figure 15).  
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Figure 14 - Contribution of production overhead, administration overhead, and 

machine costs to indirect costs 

 

Figure 13 - Contribution of direct and indirect costs to the production of one part 

 

Figure 15 - Contribution of pre, post and processing costs to direct costs 
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For the production of a single component indirect costs make up most of the total build cost (55%), while 

post-processing costs make up most of direct costs (85%), and machine costs were the most significant 

part of indirect costs (75%). Figure 16 presents the composition of production total cost for a single part. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From Figure 16 is possible to conclude that post-processing and machine costs are the key costs for 

the production of only one component, accounting with 41% and 38,7%, respectively.  

 

4.5.  Multiple Part Production 

Most times, companies wish to manufacture more than a single component. Therefore, it is important to 

analyse how the previous results change for the production of multiple parts. This analysis was done by 

analogy, using the data obtained for the production of a single part. 

For producing multiple parts of the same aircraft bracket, a new estimation for the build time takes into 

account the number of parts the user wishes to manufacture. It is assumed that all parts have the same 

orientation as the one manufactured in CEiiA. Thus, the height of the part remains the same, and hence 

the number of layers necessary to complete the production is maintained. Following the work of Ruffo 

et al. (2006), equation (16) is used to estimate the time needed to build multiple parts, considering the 

build time estimations of section 4.1., in which it was concluded that equation (4), based on the work of 

Ruffo et al. (2006), is the most adequate to estimate the time of a production with multiple parts, as it 

will lead to the estimation with the least error. 

To adjust the build time (𝑡𝐵) to the production with more than one component of multiple parts, the 

scanning time (𝑡𝑥𝑦) is multiplied by the total number of parts (𝑁𝑝). The recoating time (𝑡𝑧) is considered 

the same as before since the time taken by the machine to add a layer of powder is independent from 

the number of parts in the build bed. Finally, the heating and cooling time (𝑡𝐻𝐶) remains null due to the 

fact that, similarly to the production of one part, it is not necessary to heat the machine prior to 

production. 

Figure 16 – Composition of the production total cost of a single component 
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𝑡𝐵 =  𝑡𝑧 + 𝑁𝑝 × 𝑡𝑥𝑦 + 𝑡𝐻𝐶 (16) 

in which 

 𝑡𝑧 = 𝑁 × 𝑡𝑧_𝑙𝑎𝑦𝑒𝑟 (17) 

 𝑡𝑥𝑦 = 𝑁 × 𝑡𝑥𝑦_𝑙𝑎𝑦𝑒𝑟  (18) 

 𝑡𝐻𝐶 = 𝑁 × 𝑡𝐻𝐶_𝑙𝑎𝑦𝑒𝑟 (19) 

 

where 𝑁 is the number of layers necessary to produce the part, 𝑡𝑧_𝑙𝑎𝑦𝑒𝑟  is the recoating time for one 

layer, 𝑡𝑥𝑦_𝑙𝑎𝑦𝑒𝑟 is the scanning time of one layer (of one part) measured at the time of the production and 

𝑡𝐻𝐶_𝑙𝑎𝑦𝑒𝑟 is the heating and cooling time also for one layer. 

Adjustments in the build weight and volume, which concern direct costs, are also needed. Following the 

work of Ruffo et al. (2006), equation (20) and equation (21) show the new definition of the build weigh 

(𝑚𝐵) and build volume (𝑉𝐵), respectively, taking into account the number of parts (𝑁𝑝) in the production. 

 

𝑚𝐵 = 𝑑𝑝 × 𝑉𝐵 (20) 

 

𝑉𝐵 = 𝑁𝑝 × 𝑉𝑝 (21) 

in which 𝑑𝑝 refers to the material density and 𝑉𝑝 to the volume of one part. 

As defined by Ruffo et al. (2006), the packing ratio (𝑃𝑅), equation (22), determines how occupied is the 

bed’s volume (𝑉𝑏𝑒𝑑) by the production volume. The packing ratio assumes a null value when there is not 

any part on the build bed, and 1 when the build bed volume is completely occupied. 

 

𝑃𝑅 =
𝑉𝐵

𝑉𝑏𝑒𝑑

=
𝑁𝑝 × 𝑉𝑝

𝑉𝑏𝑒𝑑

 
(22) 

The more parts are included in one batch, the higher the packing ratio is. The optimal packing ratio is 

the one that allows occupying the build bed with the maximum possible number of components. It is 

important to notice that the build space is limited. Therefore, it only holds a given number of parts. 

Parallel production of different components on the same build can help achieve improved values of 

packing ratio and lead to a reduction of costs. Moreover, it is assumed that the parts are not stacked on 

top of each other in order to assure the parts quality (Laureijs et al., 2017). 

Knowing the parts’ width and length allows to calculate the cross section of the minimum bounding box 

in which the part fits (presented in Table 6). It is considered that every part is separated from the next 

one by 1cm. Since the build bed total area is known, it was determined that the maximum number of 

aircraft brackets that fits in one bed is 502. Using equation (22), the optimal packing for multiple parts 

production is determined to be 0,0183. 

If the desired production exceeds 502 parts, then more than one build bed needs to be manufactured. 

The costs are calculated by dividing the production by the number of build beds to be manufactured with 

an optimal packing ratio, and an additional build bed that may not be fully occupied. The total costs are 
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determined per build bed, and afterwards, are added together and divided by the total number of parts 

included in the production, obtaining final cost per part. 

For production of multiple copies of the same part, two approaches are used, analogously to what was 

done with the manufacturing of one part: first, only the processing phase is considered, and then pre 

and post processing phases are included as part of the manufacturing process. 

 

4.5.1. Processing Phase 

Based on the work of Atzeni and Salmi, (2012) and Ruffo et al. (2006), and including the new estimated 

build time and build weight on equation (12), the direct costs, considering exclusively the processing 

phase, can be determined using in equation (23).  

 

 𝐶𝑑𝑖𝑟 = (𝑡𝐵 × 𝑃 × 𝑃𝑒) + (1 +
𝑆𝑟

100
) × (𝑚𝐵 × 𝑃𝑚) (23) 

 

Indirect costs, calculated using equation (14), remain the same. Hence, there is no need to re-determine 

them. The new cost and time estimates are used to determine the total build cost through equation (15), 

and finally, cost per part is calculated using equation (24). 

 

 

𝐶𝑝𝑎𝑟𝑡 =
𝐶𝐵

𝑁𝑝

 
(24) 

Table 15 presents different volume productions for which the build time, indirect and the direct costs are 

discriminated, as well as total build cost and cost per part.  

 

Table 15 – Build volumes considering only processing phase 

Number 
of parts 

Build time 
estimation [h] 

Indirect costs [€] Direct costs [€] 
Total build 

cost [€] 
Cost per 
part [€] 

1 5,42 475,44 3,50 478,94 478,94 

5 13,91 1219,61 16,40 1236,01 247,20 

10 24,53 2149,81 32,53 2182,35 218,24 

50 109,43 9591,48 161,56 9753,04 195,06 

100 215,55 18893,56 322,85 19216,41 192,16 

1000 2129,10 186620,42 3226,34 189846,77 189,85 

2000 4258,21 373240,84 6452,69 379693,53 189,85 

 

In order to observe how the cost per part evolves with an increasing production volume, the cost per 

part (last column of Table 15) is plotted in Figure 17 and Figure 18. 

From Figure 17, it can be seen that as the number of parts increases, the value of cost per part tends 

to stabilize because the indirect costs are divided by a higher number of parts. In this particular case, 
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this happens at approximately 189,85€. From the closer look at the initial slope of the evolution curve, 

presented in Figure 18, it can be seen that up until the production of approximately 30 parts, the curve 

presents a steep slope, which reflects the decreasing impact of indirect costs per part.  
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Figure 18 – Evolution of cost per part as the number of manufactured parts increases, 

when considering just the processing phase 
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Figure 17 – Zoom in at the initial slope of the cost per part evolution curve when 

considering only the processing phase 
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4.5.2. Inclusion of Pre and Post Processing Phases 

The inclusion of pre and post processing phases for the build time estimation requires a determination 

of the factors presented in Table 3 for the production of multiple parts. The time regarding pre-processing 

is not dependent on the number of manufactured parts since they are equal. Thus, only one CAD file, 

adjusted according to the number of parts to be produced in the build bed, needs to be loaded. 

Therefore, the cost of pre-processing is divided by all parts, instead of accounted for each one of them. 

For that reason, and based on the work of Atzeni and Salmi, (2012) and Ruffo et al. (2006), an 

adjustment is made to the equations that concern direct and total build costs, with the goal to reflect that 

independence, which resulted in equations (25) and (26), for direct and total costs, respectively. 

 

𝐶𝐵 = 𝐶𝑖𝑛𝑑 × 𝑡𝐵 + 𝐶𝑑𝑖𝑟 + (𝑡𝑠 + 𝑡𝑙 + 𝑡𝑝ℎ) × 𝐿𝑐 (26) 

Once the total build cost is determined, then equation (24) is used to calculate the cost per part.  

Similarly to the approach considering just the processing phase, if the desired production exceeds the 

number of components possible to produce in one build, it is necessary to divide the total production: 

the number of beds that will be full and the number of parts that are going to be produced in a bed that 

has not reached optimal packing ratio must be determined. Knowing this, it is possible to divide the 

production, summing the build costs of each fraction (beds completely full with incomplete bed), 

obtaining the total build costs, and, finally, apply equation (24) to obtain cost per part.  

As mentioned in section 3.3.2., finding a relation between post processing time and build volume is not 

easy, given the lack of proportionality. Depending on the time each post-processing treatment takes and 

the capacity of the machines utilized (in terms of how many parts can be submitted to the treatment in 

one batch), the post processing time changes. After reviewing the work of Atzeni and Salmi (2012) and 

Laureijs et al. (2017), and considering the post-processing time of one part production, a conservative 

estimation of 3 hours for every four parts was made for the post-processing time.  

The data provided by CEiiA for the price of the post-processing treatments is an interval of values, which 

units are cost per build bed. Therefore, an average value of that interval was considered, in order to use 

a value that suits most situations reasonably and that is not very distant from the real value (the values 

used are indicated in Table 12). Table 16 shows the data obtained for increasing volume productions 

considering all the manufacturing process phases. 

 

 

 

 

 

 

 

𝐶𝑑𝑖𝑟 = 𝑡𝐵 × 𝑃 × 𝑃𝑒 + (𝑚𝐵 × 𝑃𝑚) × (1 +
𝑆𝑟

100
) + (𝑡𝑝𝑝 × 𝐿𝑐) + 𝑊𝑒𝑐 + 𝐻𝑡 + 𝑆𝑝 

 

 

(25) 
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Table 16 – Estimations of increasing build volumes considering all the process phases  

Number 
of parts 

Build time 
estimation [h] 

Indirect costs [€] Direct costs [€] 
Total build 

cost [€] 
Cost per 
part [€] 

1 5,42 475,44 394,00 869,44 869,44 

5 13,91 1219,61 454,90 1674.51 334,90 

10 24,53 2149,81 507,03 2656,85 265,69 

50 109,42 9591,48 996,06 10587,54 211,75 

100 215,55 18893,56 1589,35 20482,91 204,83 

1000 2129,10 186620,42 12941,34 199561,77 199,56 

2000 4258,21 373240,84 25828,69 399069,53 199,54 

 

Comparing Table 15 and Table 16, it can be seen that considering pre and post processing costs leads 

to a total cost per part increase since the costs of the post-processing treatments and the required labour 

costs are applied on every single manufactured part. For a production of 2000 components, the value 

obtained when considering pre and post-processing costs is 199,54€, which is approximately 5% higher 

than the value of the part when considering only the processing phase.  

Figure 19 shows the evolution of the total cost per part vs. the number of manufactured parts. From a 

zoom in at the initial slope of the cost per part evolution curve when considering all the manufacturing 

process phases (presented in Figure 20), it is possible to see the steep slope at the beginning of the 

curve. 

 

 

€-

€150,00 

€300,00 

€450,00 

€600,00 

€750,00 

€900,00 

0 500 1000 1500 2000

C
o
s
t 
p
e
r 

p
a
rt

Number of parts

Figure 19 – Evolution of total cost per part vs. number of parts when considering all 

the manufacturing process phases  
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Once more, the steep initial slope, and later stabilization of the curve is due to the fact that the indirect 

costs are split by a higher number of parts. 

 

Analysis of Total Build Cost 

To evaluate the cost composition, it was assumed a production of 2000 aircraft brackets, which refers 

to the value when the cost per part is stabilized.  

Figure 21 shows the contribution of the different manufacturing process phases to direct costs. Post 

processing costs still make up the majority of direct costs (75%). For the production of 2000 parts, pre-

processing costs can be considered negligible since they only account for 0.2% of direct costs. This 

happens because the cost of preparing the part for processing is very small when compared to the 

number of parts manufactured. 
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Figure 21 - Contribution of the different manufacturing process phases 

to direct costs 
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Figure 20 - Zoom in at the initial slope of the cost per part evolution curve when 

considering all the manufacturing process phases 
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Figure 22 presents the composition of indirect costs in terms of machine costs, and production and 

administration overheads. As it can be seen from Figure 22, indirect costs remain the same as for a 

unitary production (Figure 14) since these are fixed costs, and are charged per hour of operation.  

 

 

Figure 23 shows the impact of direct and indirect costs on the total cost per part, for the case of 2000 

aircraft brackets. Comparing with the situation of one part production (Figure 13), Figure 23 shows that 

indirect costs still make up the most part of total cost per part (93%). Moreover, with the increased build 

volume indirect costs have an even more significant contribution for the total cost per part.  
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Figure 22 - Composition of indirect costs in terms of machine costs, 

administration and production overhead 
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Figure 23 – Contribution of direct and indirect costs to total cost per part 

when considering all the manufacturing process phases 
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Figure 24 shows the distribution of total costs, which integrates direct and indirect costs. It can be 

understood that machine costs make up the biggest part of total cost per part (70%), followed by 

production and administration overhead, 17% and 6% respectively.  

 

Given that pre-processing is only accounted once for the whole production, it has a contribution of only 

0,014%, and therefore does not appear on the figure. 

Even though the price of the material necessary for production is high, it is evident that machine costs 

have a greater impact on the cost of each part, as they are responsible for 70% of total cost per part. 

The MAM machine high cost and production and administration overheads explain the fact that 93% of 

the total part cost concern indirect costs, since the investment made on the machine, corresponding 

preparation for instalment and the annual overheads need to be charged on every part produced. 
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Figure 24 – Composition of total cost per part for a production of multiple parts 
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Chapter 5 | Conclusions 

Aerospace is an industry well recognized for the use of innovative technology, where requirements for 

functionality and performance are high. MAM opens up a new range of possibilities for this industry, in 

particular, the possibility of having complex designs that allow for higher functionality and lower weight, 

which enables higher aircraft performance. 

Prior work on AM cost models has shown the importance of different factors on the final part cost. For 

example, Ruffo et al. (2006) reports that part size and packing ratio are the main factors of part cost in 

AM. However, even though there is some work done on AM production cost modelling, there is little 

work developed on the MAM cost evaluation. Therefore, this dissertation studied what were the key 

determining costs for MAM by using the production of an aircraft bracket as a case study.  

From the results of this research work, one can conclude that direct costs influence on total part cost is 

increasingly reduced as build volume rises.  

The main reason for this is that the build volume and time in all the manufacturing process phases do 

not relate by direct proportionality: considering production of multiple copies of the same component, 

pre-processing time remains the same, independently of the number of parts produced, while build time 

(which impacts processing costs) and post-processing time per part decrease with higher production 

volume and are subject to a relation with build volume that is difficult to define. 

Also, indirect costs, namely machine costs, always have a major influence on a part cost, independently 

of the production volume, confirming what Atzeni and Salmi (2012) reported in their work. 

Considering the production of multiple parts, as the build volume increases, the cost per part decreases 

rapidly, stabilizing when reaching a production of approximately thirty parts at a value of 199,54€ per 

part, which includes all the manufacturing phases costs. This value can be used for reference 

comparison against traditional methods of manufacturing, in which the conventional process becomes 

more cost efficient for high production volumes.  

The fact that for high build volumes, traditional techniques like injection moulding present a lower cost 

per part, is the reason why MAM will hardly be used to manufacture high volume productions. However, 

MAM presents valuable advantages over traditional manufacturing methods, namely in freedom of 

design, which can be useful to manufacture moulds, as reported by Manyika et al. (2013). For this 

reason, one comes to the conclusion that MAM is more cost efficient for the production of low to medium 

volumes. Given that the aerospace industry often does not require high production runs, MAM presents 

itself as a good option in terms of costs. 

The cost model used in this dissertation presents some limitations.  

Regarding the build time estimation, many MAM machine software used nowadays is capable of 

providing reliable build time estimation. Nevertheless, this is not the case with the software used in this 

case study. In the case study presented and analysed in the scope of this dissertation, scanning and 

recoating times measured at the time of production were used in order to obtain results closer to reality. 

However, this would present an obstacle in case the user intends to estimate this time prior to 

production.  
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When it comes to post-processing, it is difficult to make an estimation of the total time necessary to 

apply the treatments needed since it depends on the post-processing treatments chosen to be applied, 

on the time each process takes as well as part volume, to account for how many parts are possible to 

be subjected to each treatment at the same time.  

Given the previous observations, the cost model presented in this dissertation can benefit from further 

work.  

There was no work found on build time estimate regarding MAM, specifically. Therefore, it is considered 

that build time estimation concerning MAM machines is a subject that needs further work in order to 

obtain better results for any cost model that is to be applied. 

In addition, one considers that it is important to study what are the most relevant post-processing 

treatments for MAM parts and to define a relation between post-processing time and build volume, for 

MAM, in order to understand what are the main factors that influence post-processing time and cost, 

with the goal to facilitate an estimation of post-processing time when considering low to medium build 

volumes. 

MAM offers benefits that allow for greater sustainability, such as part repair (enabling a longer service 

life of the component) and decentralized manufacturing (Ford and Despeisse, 2016). As this becomes 

a more relevant issue in economy and society (Peças et al., 2016), a life-cycle analysis comparison 

between MAM and conventional manufacturing would be beneficial in order to understand the 

differences in environmental impacts and costs attached to the different life cycle phases of the 

component. 

Costs are a major concern in every industry, and the aerospace industry is no exception. Therefore, in 

order to foster the adoption of MAM in aerospace, it is important to study the costs related with MAM 

aerospace parts production. This analysis is especially important for MAM since this technology provides 

a powerful way to reach improved results. It is important to define in which situations MAM’s benefits 

surpass its challenges, not only in terms of freedom of manufacturing (regarding designs that are often 

impossible to manufacture through any other process, and concerning customization and decentralized 

manufacturing), but also in terms of cost. 

According to CEiiA, the cost estimate for the production of one component in its original volume 

(28,12cm3, which means 76,2% bigger than the component analysed) using a conventional 

manufacturing method is of 1320€ with the great difficulty of manufacturing the necessary mould. The 

tooling required for traditional manufacturing, especially if a complex mould is needed, as it is the case, 

can lead to delays to manufacture the parts, as well as increased costs. This obstacle does not exist 

when using MAM, which facilitates the production process. 

Due to lack of data (since the part manufactured differed of the original part in size), it was not possible 

to compare the results of this cost model with the production cost estimate for the component using 

conventional manufacturing methods. Further work could benefit from a cost comparison between MAM 

and conventional methods, such as injection moulding, to determine, depending on build volume, which 

would be the most efficient manufacturing method. Therefore, the production of the same MAM full-

sized component would be useful in order to make a deeper and more critical comparison of costs.  
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To do an analysis of the same part, but considering materials more common in the aerospace sector, 

such as aluminium and titanium, would also allow to understand the implications the use of different 

materials has in the process, in terms of build time and cost, for example, since the properties of the 

materials differ, as well as their price. 

Nevertheless, MAM presents undeniable advantages that allow this technology to compete with 

traditional manufacturing methods. As the interest in MAM rises and this technology develops, 

equipment and software prices can take two distinct courses. In one hand, as MAM becomes more and 

more focused on the automation process, leading to equipment and software improvements that often 

mean higher investments, indirect costs have a more significant impact on total build cost, and 

consequently, on cost per part. On the other hand, more companies are expected to enter the MAM 

market, leading to more competitive prices on software and equipment. 

For that reason, it is important to keep MAM cost models up to date and study the evolution of the cost 

composition in order to understand what to expect from future technology improvements. 
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