
1 
 

Application of Metal Additive Manufacturing in the 

Aerospace Sector 

Marta Gonçalves  

marta.d.l.goncalves@tecnico.ulisboa.pt 

 

Instituto Superior Técnico, Universidade de Lisboa, Portugal 

June 2018 

 

Abstract: Metal additive manufacturing (MAM) is a technology increasingly relevant in the aerospace 
industry due to its recognized advantages. The possibility to manufacture complex designs allows 
reducing assembly time and components weight, comparatively to conventional manufacturing methods. 
Overall, MAM enables a more efficient performance, allied to a reduction of costs. 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 research, an aerospace component was 
manufactured in a MAM machine, and the data concerning that production was analysed through to a 
cost model created to understand the costs involved in a MAM production. The results of this research 
show that direct costs influence decreases as production volumes increase. 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 reasearch 
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. 
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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, from an initial block of 
material and by subtraction, manufacture the part 
(Frazier, 2014).  
This manufacturing technology offers advantages 
like weight reduction and complex designs 
through topology optimization without worrying 
about manufacturing constraints, which are some 
of the reasons why it has drawn increasingly 
attention over the last few years (Attaran, 2017). 
While polymer AM has been exploited, 
commercialized and 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.  
MAM is an emergent and disruptive technology 
that is highly beneficial to different industries, in 
particular the aerospace industry since it allows 
manufacturing 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).  
To foster the adoption of MAM into an industry, it 
is important to study it 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 production, as well as 
the processes 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 is essential to do a cost 
comparison with traditional manufacturing 
processes. Therefore, this work creates a cost 
model suitable for MAM and applies it to an 
aerospace part manufactured in ADIRA’s MAM 
machine, located in CEiiA, Matosinhos, Portugal. 
The objective is to understand the costs involved 
in a MAM production, and to determine the 
influence each factor has on the final cost per part.  

2 Metal Additive Manufacturing 

Given the industries’ interest in MAM, it is relevant 
to focus on this technology not only to study and 
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improve the process itself and resulting part’s 
characteristics (microstructure and physical 
properties) (Frazier, 2014), but also to reduce 
costs through optimization related to all aspects of 
the production (Huang et al., 2017).  
 
2.1  Manufacturing Processes 
 
The two main manufacturing processes for MAM 
are directed energy deposition (DED) and powder 
bed fusion (PBF). The American Society of 
Testing and Materials – 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”. 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). The material can be deposited 
in a flat plate that serves as a base for the part to 
be manufactured, or in an already existing part in 
order to add material to it and repair or  optimize 
its geometry (Gibson et al., 2015). 
The ASTM International (2012) defines PBF as 
“an additive manufacturing process in which 
thermal energy selectively fuses regions of a 
powder bed”. 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, another powder 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). 
 
2.2 MAM in the Aerospace Sector 

The aerospace industry has recognized MAM’s 
potential since early on (Wohlers Associates, 
2016). Boeing, for example, has been using MAM 
since 2003, when the first additive manufactured 
metal part flew on a military aircraft (Molitch-Hou, 
2017)  and GE has built an engine using MAM, 
enabling the combination of 855 parts into 12, 
which allowed the reduction of weight, 
improvement of fuel burn, increased power and 
easier maintenance (Scott, 2017).  
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. In order to 
reach the desired goals and maximize the use of 
MAM, research must be encouraged so that it 
generates the developments needed for the 
technology to evolve. To motivate research in 
scientific and technological areas, including MAM, 

the European Union (EU) supports some projects, 
after analysing its proposals, through its funding 
program, Horizon 2020 being the most recent EU 
Framework Programme for Research and 
Innovation. 
Research projects related to the aerospace sector 

and focused on MAM (for example, NATHENA, 

that works on a new additive manufacturing heat 

exchanger for aeronautic, and EMUSIC, focused 

on efficient manufacturing for aerospace 

components using additive manufacturing, net 

shape HIP and investment casting) aim at 

developing and optimizing the technology, as well 

as creating new applications for it (TWI, 2017). 

2.3 Cost Models 

The economic efficiency of MAM must be 
evaluated, since, as stated by Lepădatu (2011), 
“knowing the costs represents a decisive factor for 
making decisions or planning future activities”, a 
company incurs when making an investment. 
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 
considered total costs to be a sum of machine, 
labour and material costs, and obtained results for 
a number of RM processes: SLA, SLS and fused 
deposition modelling (FDM). They concluded 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 due to indirect costs being 
charged on every single part of a high number of 
parts produced (Ruffo et al., 2006). Figure 1 
shows the results obtained by Hopkinson and 
Dickens (2003).  
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. 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 that 
reason, the RM processes’ curve should also have 
a deflection for low volume production, shown in 
Figure 1. 
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Ruffo et al. (2006) divided total costs in two 
categories: direct and indirect costs. Direct costs, 
in which are included material costs, can be 
inputted to the building of the part and are directly 
related to the number of parts produced. On the 
other hand, indirect costs, which include 
production and administrative overhead, labour 
and machine costs, are independent of the 
number of parts manufactured and can be 
understood as a representation of the whole 
platform efficiency.   
Atzeni and Salmi (2012) worked on the economics 
of metal additive manufactured parts and came to 
the conclusion that machine costs make up most 
of the cost per part. 
 
3 Experimental Methodology 

In the scope of this research, one used an 
aerospace part selected by CEiiA as a case study 
to analyse the costs of MAM production. The 
selected part was printed in a prototype MAM 
machine located in CEiiA and manufactured by 
ADIRA. The methodology followed here is aimed 
at determining the costs of a MAM production of 
one part, distinguishing what is included in direct 
and indirect costs and how each contribution 
impacts the final part cost. 
 
3.1 ADIRA’s MAM Machine 

 
The aerospace part was manufactured in ADIRA’s 
machine. This prototype machine allows the 
production of large-scaled metal parts through 
MAM technology, where the user is able to use 
either one of the two different integrated 
processes: DED and PBF. 
The PBF process, used to manufacture the part 
analysed in this case study, 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.  
 
3.2 Selected Part: Aircraft Bracket 
 
An aircraft bracket that had already been 
manufactured through a conventional method of 
production was selected by CEiiA to perform a 
cost analysis. 
One of MAM advantages is the possibility of 
optimized design. 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 manufactured using 316L 
stainless steel powder, and it underwent a 
reduction of size of 76,2%, from an original volume 
of 28,12cm3, which intended to control the cost of 
the production and the process. 
 
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 

Dupont (2017), between others. 

3.3.1 Build Time Estimation 
 
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, the build time. 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), heavily relies on part geometry 
and process parameters, and 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). 

Figure 1 - Cost comparison of the production of 
the same part in medium to high volumes 

Source: Ruffo & Hague (2007) 
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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). 
Equation (4) is the second equation used to 
estimate 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.  

The thickness of the layers used to manufacture 
the aircraft bracket was 0,05mm: half of what is 
considered in the original method. Therefore, 
adjustments were necessary in order to obtain 
reliable results, by doubling the equations that can 
be found in the work of Ruffo et al. (2006). 
Finally, the build time was 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 (5). 

𝑡𝐵 = 𝑁 × (𝑡𝑧𝑙𝑎𝑦𝑒𝑟
+ 𝑡𝑥𝑦𝑙𝑎𝑦𝑒𝑟

+ 𝑡𝐻𝐶_𝑙𝑎𝑦𝑒𝑟) (5) 

 
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. 

3.3.2 Costs Estimation 
 
The direct and indirect costs together make up the 
total cost of a build. Based on the work of Atzeni 
and Salmi (2012) and Ruffo et al. (2006), Table 1 
presents the factors accounted for direct costs, 
and their organization. 
 
 

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 [€] 

Table 1 - Variables regarding direct costs 
determination 

Given the difficulty to obtain a relation between 
post processing time and build volume, most 
literature focuses on only the processing phase. 
Therefore, the calculation of direct costs was done 
under two different conditions: on a first 
approximation only the processing phase was 
considered; posteriorly, pre and post processing 
phases were added.  
Following the work of Atzeni and Salmi (2012), 
equation (6) was applied as a first approximation, 
considering only the processing phase: 
 

𝐶𝑑𝑖𝑟 = (𝑡𝐵 × 𝑃 × 𝑃𝑒) + (1 +
𝑆𝑟

100
) × (𝑚𝑝 × 𝑃𝑚) 

(6) 

 
When including pre and post processing phases: 
 

𝐶𝑑𝑖𝑟 = (𝑡𝑠 + 𝑡𝑙 + 𝑡𝑝ℎ) × 𝐿𝑐 + 𝑡𝐵 × 𝑃 × 𝑃𝑒 

+(𝑚𝑝 × 𝑃𝑚) × (1 +
𝑆𝑟

100
) + (𝑡𝑝𝑝 × 𝐿𝑐) 

+𝑊𝑒𝑐 + 𝐻𝑡 + 𝑆𝑝 

(7) 

 
Following the work of Ruffo et al. (2006), Table 2 
presents the factors accounted for indirect costs. 
Based on the work of Ruffo et al. (2006) equation 

(8) gives the expression to determine the indirect 

costs. 

𝐶𝑖𝑛𝑑 = (

𝐼𝑐𝑜𝑠𝑡𝑠
𝐿𝑠𝑚

+ 𝑅 × 𝐴𝑏 + 𝐻𝑦 + 𝑆𝑦 + 𝑀𝑚𝑦 + 𝑀𝑐𝑦

ℎ𝑦
) (8) 

In which the initial costs, 𝐼𝑐𝑜𝑠𝑡𝑠, are: 
 

𝐼𝑐𝑜𝑠𝑡𝑠 = 𝐻𝑝 + 𝑆𝑝 + 𝑀𝑝 + 𝑃𝑚𝑜 × 𝐴𝑏 (9) 
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Table 2 - Variables regarding indirect costs 

determination 

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 

(10).  

𝐶𝐵 = 𝐶𝑖𝑛𝑑 × 𝑡𝐵 + 𝐶𝑑𝑖𝑟  (10) 

 
4 Results and Discussion 

The calculation tool used to estimate the results of 

this cost model was an Excel spreadsheet. 

4.1 Build Time Estimation 

The data used to obtain the results presented here 

was collected from the CAD file of the aircraft 

component, and at the time of production in CEiiA. 

Table 3 presents the collected data for estimating 

the build time of one part, using equation (1). 

The build time that results from using equation (1) 

translates into 3,30 hours. 

Table 4 presents the results obtained for the build 

time estimation when using equation (4), and the 

approximating functions of Ruffo et al. (2006), for 

which the build time is estimated to be 19880 

seconds, which translates into approximately 5,52 

hours. 

The results using experimental times, measured 

at the time of production, for the build time 

estimation are shown in Table 5: 19527 seconds, 

which translates into 5,42 hours. 

The real build time for manufacturing the aircraft 

bracket was 6 hours (21600 seconds). 

 

Table 3 - Build time estimate from equation (1) 

Table 4 – Build time estimation using equation (4) 

Table 5 - Build time estimation applying 

experimental times to equation (4) 

 

By comparing the real build time with the build 

times obtained by estimation, it is possible to 

understand that the time estimation given by 

equation (1) presents a high percentage relative 

error (approximately 45%), and therefore should 

not be considered. 

Equation (4) presents reasonable results, with a 

relative error below 10%, in both cases. However, 

a closer analysis makes it possible to compare not 

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] 
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only total build time, but also the different times 

that compose it. 

The relative error between these total build times 

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 a closer 

analysis shows 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. Hence, for direct and 

indirect costs determination, 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, which is of approximately 

5,42 hours. 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 

follows this estimate since this method provides 

more accurate results for higher production 

volumes. This is especially important because the 

build time 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 Direct Costs 

In the scope of this research, 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. Tables 6 and 7 present the value of all 

the variables necessary for direct cost 

determination, considering only the processing 

phase and including pre and post processing, 

respectively. Direct costs are calculated using 

equation (6), for Table 6 and equation (7) for Table 

7. 

 

 

 

 

 

 

 

Variable Value Units 

Processing 

𝑡𝐵 5,42 h 

𝑅𝑟 20,00 % 

𝑃𝑚 44,14 €/kg 

𝑃𝑒 16,52 × 10−2 €/kWh 

𝑃 0,50 kW 

𝑪𝒅𝒊𝒓 3,50 € 

Table 6 - Direct costs when considering only the 
processing phase 

Variable Value Units 

Pre-processing 

𝑡𝑠 4,00 h 

𝑡𝑙 0,50 h 

𝑡𝑝ℎ 0,00 h 

Processing 

𝑡𝐵 5,42 h 

𝑅𝑟 20,00 % 

𝑃𝑚 44,14 €/kg 

𝑃𝑒 16,52 × 10−2 €/kWh 

𝑃 0,50 kW 

Post-Processing 

𝑊𝑒𝑐 140,00 €/build bed 

𝑆𝑝 32,50 €/build bed 

𝐻𝑡 140,00 €/build bed 

𝑡𝑝𝑝 2,00 h 

𝑂𝑐 12,00 €/h 

𝑪𝒅𝒊𝒓 394,00 € 

Table 7 - Direct costs considering all the 

manufacturing process phases 

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. 

4.3 Indirect Costs 

Table 7 shows the value of all the variables 
necessary for indirect cost determination, using 
equation (8). 
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Variable Value Units 

Production Overhead 

𝑅 200,00 €/(year.m2) 

𝐴𝑏 100,00 m2 

Administration Overhead 

𝐻𝑝 6500,00 € 

𝑆𝑝 0,00 € 

𝐻𝑦 1300,00 €/year 

𝑆𝑦 5402,65 €/year 

Machine Costs and Characteristics 

𝑀𝑝 627900,00 € 

𝑃𝑚𝑜 5,00 €/m2 

𝑀𝑚𝑦 3500,00 €/year 

𝑀𝑐𝑏 0,00 €/year 

𝐿𝑠𝑚 8,00 years 

ℎ𝑦 1250,00 h/year 

𝑪𝒊𝒏𝒅 87,65 €/h 

Table 8 - Value of the factors necessary for indirect 
cost determination 

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. 

4.4 Total Cost of One Aircraft Bracket 

The total cost of producing one aircraft bracket 
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. 
Table 9 presents the cost of one component when 
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 € 

Table 9 - Total build cost of one part considering 
only the processing phase 

Table 10 presents the cost of producing one 
component, when including pre and post 
processing costs. 

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 € 

Table 10 - Total build cost of manufacturing one 
part considering pre, post and processing phases 

The difference of cost between considering pre 
and post processing phases and considering just 
the processing phase is exactly the same amount 
that the direct costs differ by (390,50€) using these 
two approaches, since the exclusion of pre and 
post processing costs does not affect indirect 
costs. The percentage difference between the 
build cost that disregards and includes pre and 
post processing costs is of 57,92%. 
Considering the results obtained for the inclusion 
of pre and post processing phases, Figure 2 
shows the composition of the total cost of the 
component, in a unitary production.  

From Figure 2, it is possible to conclude that the 
key costs for one part production are post-
processing and machine cost, accounting for 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 (𝑁𝑝) the user 

wishes to manufacture. It is assumed that all parts 
have the same orientation as the one 
manufactured in CEiiA. Hence, the number of 
layers necessary to complete the production is 
maintained. Based on the work of Ruffo et al. 
(2006), equation (11)  is used to estimate the time 
needed to build multiple parts. 
 

𝑡𝐵 = 𝑁 × (𝑡𝑧𝑙𝑎𝑦𝑒𝑟
+ 𝑁𝑝 × 𝑡𝑥𝑦𝑙𝑎𝑦𝑒𝑟

+ 𝑡𝐻𝐶𝑙𝑎𝑦𝑒𝑟
) (11) 

 
 

Figure 2 - Composition of the production total cost 

for a single component 
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Adjustments in the build weight and volume, which 
concern direct costs, are also needed. Following 
the work of Ruffo et al. (2006), equation (12) and 
equation (13) 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 (12) 

𝑉𝐵 = 𝑁𝑝 × 𝑉𝑝 (13) 

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 (14), 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

 
(14) 

The optimal packing ratio is the one that allows 
occupying the build bed with the maximum 
possible number of components. Since the build 
space is limited, it only holds a given number of 
parts. 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 4). 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 
fit in one bed is 502. Using equation (14), the 
optimal packing for multiple parts production is 
0,0183. 
If the desired production exceeds 502 parts, then 
more than one build bed needs to be 
manufactured. 
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, the direct 
costs, considering exclusively the processing 
phase, result in equation (15).  

𝐶𝑑𝑖𝑟 = (𝑡𝐵 × 𝑃 × 𝑃𝑒) + (1 +
𝑆𝑟

100
) × (𝑚𝐵 × 𝑃𝑚) 

(15) 

Indirect costs 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 (10), and, finally, cost per 
part is calculated using equation (16). 

𝐶𝑝𝑎𝑟𝑡 =
𝐶𝐵

𝑛𝑝

 
(16) 

In order to observe how the cost evolves with an 
increasing production volume, the cost per part, 
found using the equations previously described, is 
plotted in Figure 3. 

From Figure 3, it can be seen that with the 
increase of the number of parts, the value of cost 
per part stabilizes. In this particular case, the cost 
per part stabilizes at, approximately, 189,85€. 
 
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 1 
for the production of multiple parts. The time 
regarding pre-processing is not dependent on the 
number of manufactured parts since they are 
equal. Therefore, the cost of pre-processing is 
divided by all parts, instead of accounted for each 
one of them individually. 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 (17) and (18), respectively. 
Indirect costs do not suffer any change. 

𝐶𝑑𝑖𝑟 = 𝑡𝐵 × 𝑃 × 𝑃𝑒 + (𝑚𝐵 × 𝑃𝑚) × (1 +
𝑆𝑟

100
) 

+(𝑡𝑝𝑝 × 𝐿𝑐) + 𝑊𝑒𝑐 + 𝐻𝑡 + 𝑆𝑝 
(17) 

𝐶𝐵 = 𝐶𝑖𝑛𝑑 × 𝑡𝐵 + 𝐶𝑑𝑖𝑟 + (𝑡𝑠 + 𝑡𝑙 + 𝑡𝑝ℎ) × 𝐿𝑐 (18) 

As mentioned before, finding a relation between 
post processing time and build volume is not easy, 
given the lack of proportionality. Depending on the 

Figure 3 - Evolution of cost per part as the number of 
manufactured parts increases, when considering just the 

processing phase 
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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 the unitary production, 
a conservative estimation of 3 hours for every four 
parts was made for the post-processing time of a 
production of multiple components.  
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 (the values used are 
indicated in Table 7). 
Figure 4 shows the evolution of the total cost per 
part vs. the number of manufactured parts.  

It can be concluded 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 cost per part 
when considering only the processing phase. 
Both Figures 3 and 4 present a steep initial slope 
in their curves, followed by a stabilization. This 
slope reflects the decreasing impact of indirect 
costs per part, and the stabilization that follows 
is due to the fact that the indirect costs are split 
by a higher number of parts. 
Figure 5 shows a closer look on the initial slope of 
the curve presented in Figure 4, correspondent to 
the cost per part that includes pre and post 
processing phases. 
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 5 - Zoom in at the initial slope of the cost 
per part evolution curve when considering all the 

manufacturing process phases 

 
Figure 6 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, with 
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. 
 
 

Figure 4 - Evolution of total cost per part vs. number 
of parts when considering all the manufacturing 

process phases 

Figure 6 - Composition of total cost per part for a 
production of multiple parts 
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5 Conclusions 

This research work 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, 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: pre-
processing time remains the same, independently 
of the number of parts produced, while build time 
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. 
Considering the production of multiple parts, as 
the build volume increases, the cost per part 
decreases rapidly, stabilizing 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. Consequently, 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. 
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