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ABSTRACT

From the past decades, increasing attention is being paid to the quality level of technological and
mechanical properties achieved by the Additive Manufacturing (AM); these two elements have
achieved a good performance, and it is possible to compare this with the results achieved by
traditional technology. Therefore, it is possible to say that nowadays the AM maturity is high
enough to let industries adopt this technology in a more general production framework as the
mechanical manufacturing industrial one. Since the technological and mechanical properties are
also beneficial for the materials produced with AM, it is possible to focus on more managerial
facets, such as the cost control of a production environment, where these new technologies are
present. This paper aims to analyse the international literature about the costs models developed
specifically for AM from an operations management point of view. For all the models analysed, it
focuses on the strengths and weaknesses of each of them.
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INTRODUCTION

Nowadays globalization, high competition and a shift towards buyers market are some of the main challenges faced by
the manufacturing industry. In this modern manufacturing environment, effective and flexible manufacturing processes
are the foundation of successful everyday businesses. Buyers want innovative, customized and high-quality products
but they do not want to pay high prices for it.

Additionally, the economic lifespan of these products decreases with the necessity of having shorter time-to-market and
shorter development cycles. Furthermore, the individualization of customer demands increases with an increase of
different variants.

One possibility to encounter these developments may be delivered by the production technology of Additive
Manufacturing (AM) (Lindemann et al., 2015).

AM can be defined as a collection of technologies able to ‘join materials to make objects from 3D model data, usually
layer upon layer, as opposed to subtractive manufacturing methodologies’ (ASTM, 2012). The technology was created
in 1986 when Charles Hull received a patent (Hull, 1986) for the production of 3D objects using stereolitography. Rapid
prototyping (RP) was the natural application of this new production technique for many years. The improvement of
mechanical characteristics and quality, the advent of new technology (fused deposition modelling and laser sintering)
and the new materials (from polymers to metals) enable the RP to realize objects with the same characteristics of
finished products that were realized by traditional manufacturing systems. In the AM technology, Rapid Tooling (RT)
and Rapid Manufacturing (RM) are used differently to suite the customer’s needs on the characteristics of the product.

Nowadays, there are different technologies for different types of materials, quality and energy sources; however, all of
these have some actions in common:

Create a design CAD model;

Convert the CAD model into STL format;

Slice the STL file into thin cross-sectional layers;

Construct the model layer by layer;

Clean and finish the model (i.e. support removal and surface treatments).

Additive technology has various advantages and disadvantages. Some of these have been identified by (Lindemann et
al., 2012) and are listed below:

Advantages:

More flexible development;

Freedom of design and construction;

Less assembly;

No production tool necessary;

Less spare parts in stock;

Less complexity in business because less parts to manage;
Less time-to-market for products;

Faster deployment of changes.

Disadvantages:

High machine and material costs;

Quality of parts is in need of improvement;

Rework is often necessary (support structures);

Building time depends on the height of the part in the building chamber.

In addition to advantages and disadvantages, AM has a deep impact in manufacturing systems requiring a different
approach in design and operations management. It is possible to realize high shape complexity without increasing the
production costs (contrary to traditional technology). Freedom of design impacts the weight of the object that can be
made lighter. Reduction of weight has impacts on Lifecycle cost, material cost and energy consumption in the
production phase.

Production lead time and supply chain are the other important aspects upset by AM.

Even if each aspect is crucial in the manufacturing systems, the impact on the costs is the most important aspect that a
decision maker has to analyse before choosing a new technology. To understand AM advantages, it is necessary to
analyse its impact in production management area. Nowadays, the high costs of the machines and materials make
technology more expensive than traditional ones, and its use seems to be good only for a low volume of production



(Ruffo et al., 2006). Furthermore, some researchers have based their thesis about cost models of additive technology on
different costs structures of AM.

Every cost models of AM focuses on a specific technology aspect like large scale production, time and energy estimate,
relevant activities involved and sensitivity analysis on the parameters of the costing model.

This study aims to explore the most relevant cost models defined about the AM. We will examine similarities and
differences in all of them, showing their strengths and weaknesses.

LITERATURE REVIEW METHOD
Before starting with the literature review, it is important to develop the method being applied to the literature review.

The number of papers on AM to examine is very big; therefore, it is possible to approach that problem by defining a
method that can analyse and select the papers automatically.

The procedure is divided in several steps:

Definition of the keywords;

Collection of papers from the main international scientific papers’ database;

Analysis of the papers’ characteristics among the first 100 papers sorted by relevance;
Selection of the most interesting theme defined by the keyword;

Eventual knowledge lack of literatures.

The following keywords were investigated: (i) additive manufacturing overview and additive manufacturing
technology, (ii) additive manufacturing cost models and additive manufacturing business model, (iii) additive
manufacturing mechanical properties and additive manufacturing material, (iv) additive manufacturing supply chain, (v)
additive manufacturing sustainability and (vi) additive manufacturing lifecycle cost.

REVIEW ON GENERAL ASPECTS OF AM

Figure 1 and Table 1 show the total and the trend of the papers accepted from 1997 to date and the trend of curves
shows a growth for each keyword selected. Until today, researchers have focused on general aspects and technological
characteristics of AM (see Figure 2). Lifecycle cost, sustainability, supply chain and production costs have been less
focused on.

Keywords Nl:’r:;::s()f
AM overview, AM technology 34165
AM cost model, AM business model 3001
AM mech. properties, AM material 18825
AM supply chain 7285
AM sustainability 2466
AM lifecycle cost 1022
Total 66764

Table 1: Papers from 1997 to date, per keyword (data source: ScienceDirect)



4500
4000
3500
3000
2500
2000
1500
1000
500
0

& =0 =

===+ AM overview, AM technology AM cost model, AM business model

= @« AM mech. properties, AM material == o «AM supply chain

eeeseee AM sustainability = == AM lifecycle cost

Figure 1: Number of papers per year and per keyword

AM AM
sustainabili _, lifecycle
ty cost
AM supply 4% 2%
chain

11%

AM mech.
properties,
AM .
material
28% AM cost
model, AM
business
model

4%

Figure 2: Mix of papers on Additive Manufacturing

General aspects of AM (Bikas et al., 2015; Bogers et al., 2016; Brans, 2013; Cardaropoli et al., 2012a; Ferro et al.,
2016; Gao et al., 2015; Go and Hart, 2016; Hedrick et al., 2015; Kianian et al., 2016; Lindemann et al., 2015; Mellor et
al., 2014; Muita et al., 2015; Nickels, 2016; Rayna and Striukova, 2016; Scholz et al., 2016; Winkless, 2015; Wits et al.,
2016; Wong and Hernandez, 2012); industry 4.0 (Brettel et al., 2016; Gaub, 2015; Stock and Seliger, 2016);

implications of

its use (Bogers et al., 2016; Huang et al.; Newman et al., 2015; Rayna and Striukova, 2016); example of

its application (Caiazzo et al., 2013; Cardaropoli et al., 2012b; Gupta et al., 2016; Huang et al.; Uhlmann et al., 2015;
Wits et al., 2016); flexibility (Brettel et al., 2016; Cox et al., 2016) and technology selection (Newman et al., 2015)
allow us to contextualize AM in an actual production system. There are many papers on mechanical characteristics,



microstructures and properties (Brugo et al., 2016; Hinojos et al., 2016; Huynh et al.; List et al., 2014; Ma et al., 2016;
Naghieh et al., 2016; Ordas et al., 2015; Palanivel et al., 2016; Park and Rosen; Park et al., 2014; Quan et al., 2016;
Shamsaei et al., 2015; Thompson et al., 2015; Wang et al., 2015, 2016; Yang et al., 2015) and on structural
imperfections (Cardaropoli et al., 2012c; Cheng and Chou, 2015; Dietrich and Cudney, 2011; Nouri et al., 2016;
Witherell et al., 2016) but, in our research, we found few papers on the themes of sustainability (Bechmann, 2014;
Belkadi et al., 2015; Burkhart and Aurich, 2015; Chen et al., 2015; Ford and Despeisse; Gebler et al., 2014; Giret et al.,
2015; Gupta et al., 2016; Huang et al.; Le Bourhis et al., 2014; Nyamekye et al., 2015; Sreenivasan et al., 2010);
lifecycle cost (Cozmei and Caloian, 2012; Gebler et al., 2014; Nyamekye et al., 2015; Petek Gursel et al., 2014; Watson
and Taminger; Wirtz et al., 2015); supply chain (Barz et al., 2016; Bogers et al., 2016; Emelogu et al.; Gress and
Kalafsky, 2015; Jia et al., 2016; Khajavi et al., 2014; Mellor et al., 2014; Nyamekye et al., 2015; Pinkerton, 2016; Scott
and Harrison, 2015; Silva and Rezende, 2013; Thomas, 2015) and cost models (Achillas et al., 2015; Alexander et al.,
1998; Baumers et al., 2016; Klahn et al., 2015; Lim et al., 2012; Mellor et al., 2014; Piili et al., 2015; Sahebrao Ingole et
al., 2009; Schroder et al., 2015; Stucker, 2012; Weller et al., 2015). All these aspects are topics of interest for our
research group and, among these aspects, after solving technological problems (materials, tolerances and mechanical
characteristics), production cost is the most important matter to be analysed. For this reason, we decide to extend the
study to older cost models before AM existed. Older models, in fact, were created to calculate the cost of RP. In the
following paragraph, we will analyse the most important work on the technology focusing on the approach and point of
view of each author and giving a critical observation on their works.

HOPKINSON and DICKENS

(Hopkinson and Dicknes, 2003) (HD) are among the first to have realized an analysis of the AM costs. Initially, the
technology was mainly used for RP and RT.

However, the authors provided for a development of technology that would allow the realization of finished products in
large scale.

In their paper, Hopkinson and Dickens report a cost analysis to compare the traditional manufacturing method of
injection moulding (IM) with layer manufacturing processes (stereolithography, fused deposition modelling and laser
sintering) in terms of the unit cost for parts made in various quantities (see the example in Figure 3). The results showed
that, for some geometries, up to relatively high production volumes (in an order of a thousand pieces), it is more
advantageous using the layer manufacturing methods.

According to HD, AM offers clear advantages compared to traditional technology, such as the lack of moulds and the
facility of creating very complex geometries, that in some cases are not achievable just with injection moulding.
The absence of tooling also reduces a significant amount in the product development process at an early stage.
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Figure 3: Cost comparison for the lever by different processes

The costs of the parts were broken down into machine costs, labour costs and material costs.



Total cost per part = Machine cost per part + Labour cost per part + Material cost per part

These costs were calculated assuming that a machine produces one part constantly for one year. The material used for
production is polyamide.

OBSERVATIONS

The proposed model provides a first approximation of the costs in different additive technologies. The work was
realized when the technology had not matured; later, different aspects of Hopkinson and Dickens’ research were further
developed and improved by other researchers. The list of the observations is given below:

e The model does not consider the recycling of non-sintered powder (Ruffo et al., 2006);

e  Production volume is not originated by market demand, but it is obtained by multiplying production rate [parts/h]
with machine uptime. This assumption is misleading because the cost model should also calculate production costs
for different productive contexts where the market demand is a variable and the machine does not work in the
same conditions.

e The hypothesis of production of the same component for a whole year cancels one of the main advantages of the
additive technologies: the simultaneous production of different parts (Baumers, 2012). Furthermore, the break-
even point of the production costs for the lever of Laser Sintering (LS) compared to the Injection Moulding (IM) is
achieved for a volume of about 14000 pieces. This suggests an economic advantage of using the LS for lower
volumes; however, with the production rate stated at 17.66 parts per hour, this quantity can be achieved in about
37 days. That seems to be in conflict with the assumption of the same piece production for a full year.

e HD calculate unit cost of production in saturation conditions of the machine chamber. For this reason, the
technology does not show economies of scale. Nevertheless, it’s necessary to analyse production costs even in
cases where the chamber is not full. The curve of production costs should have a deflection (Ruffo et al., 2006).

e  Power consumption is considered but not included because of its low impact in total costs.

e The model does not consider further processing (i.e. surface finishing, often necessary for addictive technologies).
To compare SLS with IM it is necessary realize objects with the same characteristics.

e HD set the machine uptime to 90% of the total time (365 days x 24 hours), like IM, for high-volume
manufacturing systems. In this way, they set the operation time as 7884 hours (328.5 days/year). This assumption
leads to an overestimation of the machine working time. The approach of working over 46 weeks per year, twenty-
four hours per day, seems to be extremely high.

e The costs for injection moulding were obtained by quotes for unit cost of tooling plus unit costs for each moulding
produced. It is unclear how the authors calculate the unit cost per part. The authors do not include typical
industrial cost factors like energy cost, machine depreciation and labour costs.

e  The authors neglected the impact of RM on lead time and time-to-market. Usually, for IM, the time-to-market is
high; in fact, many weeks are necessary to build a moulding tool for a new product, while for the RM, this time is
drastically lower, due to the possibility to start (if the raw material is available) directly with the production of the
part and not needing the tools for moulding; even so, it is important to note that the cycle time for RM is,
normally, longer than the IM one. These aspects have not been considered in IM—RM comparison of this paper.

Hopkinson and Dickens were the first researchers who analysed the RP costs. The hypothesis of a large scale
production shifts the focus away from prototyping to manufacturing usage of additive technologies. Our observations
show a rather rough economic model. Probably it is due to the incomplete understanding of technology potentiality and
because the technology has offered performance very lowers than today.

RUFFO ET AL.
Some of the observations made on the HD model have been analysed and resolved by (Ruffo et al., 2006).

The model considers a high impact of the overhead costs of the technology analysed. Ruffo et al. analyse the production
of the same object (lever) used by Hopkinson and Dickens, that is obtained by laser sintering. The HD model assumed
an allocation of indirect costs on the basis of annual production volume: this caused a constant unit cost when measured
with the quantity produced. According to Ruffo et al., this assumption is incorrect. Injection moulding, in fact,
amortizes the cost of the mould in the initial phase of production, showing a deflection of the curve cost (like in Figure
3). In the same way LS amortizes the cost of the machine in the initial production phase. Ruffo et al. assert that cost
curve for both technologies must have the same trend.

The model offers a breakdown cost structure in various activities (activity based costing). This approach comprises a
definition of the activities involved, the calculation of the costs of each activity and in the summing of each cost.
Activity costs are then split into in direct and indirect costs and are attributed to a single part with a full costing system.



The only direct cost is relative to the material used.

The costs of labour, machine, production overhead and administration overhead are indirectly allocated.

Labour and machine maintenance are considered to be indirect as they are paid annually with contracts. Total cost of a
single build is the sum of direct and indirect costs. The direct costs depend on the amount of material used and indirect
costs depend on the time of construction:

Cost of a build = Direct costs + Indirect costs
where

Direct costs: material used;
Indirect costs: labour, machine and overheads.

The main differences compared to the previous model are listed below:

e Labour was considered by HD as a direct cost adding its cost directly to the part produced. New model adds the
machine operator salary indirectly to the product. Its allocation is proportional to the working time of the machine.

e Material recycle is not considered in the HD model.

e  Machine utilization set in HD was 90% versus the more realistic 57% of the new model.

e Recycle of material is possible but with limitations due to the thermal treatment of the powder.

This approach, like HD, provides the definition of cost curve for different production volume. The positioning of the
object in the machine chamber is like a 3D matrix in which every element represents an object to build. Starting by the
first object we can add the next one until the line is full. Then, to add more objects, we have to start a new line
horizontally (on the same layer). When all lines are full, to add more objects, we have to start a new layer (on the top of
the previous full layer). When all the available layers are full, if we want to produce more parts, we have to start a new
bed (new chamber) repeating the previous phases.

Unlike the Hopkinson and Dickens study, which shows a constant cost for the LS parts, the cost curve (Figure 4) has a
deflection for low production volumes and a change in the costs curve tendency whenever one of three following
situation arises:

1. It is necessary to use a new row (line) in the x direction for the addition of a part.
2. It is necessary to add a new vertical layer for the addition of a part.
3. Itis necessary to start a new bed for the addition of a part.

This trend is justified by extra time and materials necessary to produce more parts. The saw tooth trend is caused by the
impact of a fixed time element for every build (warm-up and cool-down) and every layer (powder deposition time).
Increasing the number of parts in every layer and every build, the effect of fixed time consumption (and consequently of
costs) will be lower. Instead, the increase of the layer number (i.e. adding only one object in a new layer) produces a
negative effect on the costs. We have the same negative situation when we start a new bed containing only one part.
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Figure 4: Production curve for the lever (Laser Sintering)

The cost of the single piece, according to the new model, is significantly higher than the cost calculated by Hopkinson
and Dickens. The comparison evidences a cost underestimation of the old model.



For high production volumes, the curve tends to stabilize because of the indirect cost splitting on a higher number of
parts.

OBSERVATIONS

The possibility to recycle the powder and a more accurate analysis of the overhead costs make the Ruffo et. al model
more accurate than HD model. Moreover, the trend of the saw tooth curve of the unit cost means that the model is very
sensitive to the number of parts produced focusing on the build saturation issue. The observations are listed below:

e Energy consumption is considered for the first time by Ruffo et al., even if its cost has been inserted between
overhead costs. This approach is unusual by having possibility to refer the energy consumption to the single part
produced so to its cost.

e Moreover, in this model, no post-processing was taken in account (like the previous model).

e | ead time and time-to-market have not been considered by comparing RM and IM (like the previous model);

e Since Ruffo et al. considers the same IM unit cost of HD, it is worth noting that this issue was not solved by Ruffo
etal;

e Ruffo et al. set the machine utilization to 57% of the total time (by contact with industrial partners). In this way, he
defines working time in 100 hours/week, for 50 weeks per year. Even if this approach seems more reliable than the
previous HD assumption, Ruffo et al. do not consider possible failure and maintenance time. HD uses the ‘uptime’
terminology, while Ruffo et al. use ‘utilization’. In each case, the operating time of the machine is obtained by
multiplying the total time (365 days x 24 hours) and the machine utilization (or uptime).

BAUMERS ET AL.

The studies by Baumers et al. (Baumers, 2012), (Baumers et al., 2012) are the first that have examined, in detail, the
economic and energetic aspects and also the time necessary to realize the AM construction. The highlights of his work
are listed below:

e An activity based cost (ABC) estimator of the type devised by Ruffo et al. is employed, but energy costs are
grouped as direct;

e An estimate of total build time;

e An accurate analysis of energy consumption.

According to Baumers, high indirect costs of AM (time dependent allocated) and presence of fixed element of time
consumption (for each layer and for each build) make the analysis of the build unused capacity problem very important.
In this way, it is possible to reduce the effect of indirect costs. Hopkinson and Dickens assume that there is no excess of
capacity because the chamber of the machine is always full. However, Ruffo et al. also base their estimates of average
unit cost on much smaller production quantities and the assumption is that any excess capacity remains unused.

From the perspective of economic theory, average cost functions are seen as cost/quantity combinations that are
technically efficient. This means that minimum cost is obtained from the input used. In this contest, Ruffo and Hague
(Ruffo and Hague, 2007) note that “in reality manufacturers set every build with the highest packing ratio possible’, this
means that there is an incentive to completely fill build volumes with products.

Another important observation of Baumers et al. is that break-even costing models may not be able to capture the
capabilities of geometrically less restrictive manufacturing processes to create a complex product. Furthermore, in
direct competition with conventional mass production, AM faces the disadvantage of not being able to offer the scale
economies available to conventional manufacturing processes.

For his research, Baumers et al. employ an activity-based cost estimator of the type devised by Ruffo et al. The cost
estimate for the build is constructed by combining data on the total indirect and direct costs incurred. Indirect costs,
expressed as a cost rate measured per machine hour, contains costs arising from administrative and production
overheads, production labour and machine costs (including depreciation). Unlike Ruffo et al., energy cost is grouped as
a direct cost.

The total cost for each build can be expressed as follows

Cbuild = (Clndirect X TBuild) + (W X PRaw material) + (EBuild X PEnergy)

where
Crndirect: indirect cost per machine hour;
Truitd: total build time;

w: total weight of the part in the build (including support structure);



Praw materiar:  Price per kg of raw material;
Epuila: total energy consumption per build;
Penergy: mean price of electricity.

The time and energy estimator and the grouping of energy in direct costs make the cost model more accurate than
previous models. Baumers et al., however, do not consider other activities that are indirectly connected to the phase of
building but are still relevant from the economic point of view (post-processing and material removal). In many cases, it
is necessary as a further phase, for example, to enhance mechanical property or to improve surface quality. As we will
see later in this study, these activities will be analysed by other researchers.

The estimate of the building time is obtained by combining fixed time consumption per build (warm-up and cool-
down), layer dependent time consumption (time necessary to add powder) and laser deposition time for the sintering of

the powder:
z YV x
Tpyita = T]ob + (TLayer X n) + Z Z Z Tyover Xyx
z=1y=1x=1
where
Tiop: fixed time consumption per build;
n number of layer;
TLayer: fixed time consumption per layer;

Tyoxel xyz- time needed to process each voxel;

In the analysis of energy consumption, Baumers et al. divide total energy between consumption for each job, single
layer energy consumption, geometry dependent energy consumption and a constant base line level of energy
consumption throughout the build:

z YV x
EBuild = E]ob + (ETime X TBuild) + (ELayer X l) + Z Z Z EVovel xyx

z=1y=1x=1
where
Ejop: fixed energy consumption per build;
Erime: fixed energy consumption rate;
ELayer: fixed energy consumption per layer;

l: number of layer;
Eyoxel xyz- €nergy needed to process each voxel;

OBSERVATIONS

The observation on previous works (HD and Ruffo et al.) and the quality of the build time and energy estimator are
important future steps. These observations concur to better understand AM performance in terms of costs and
potentiality.

Even if Baumers et al. group energy costs as direct (more accurate costing), his cost model is the same of the type
devised by Ruffo et al.; therefore, the observations derived from the previous cost model (see Ruffo et al.) are still valid.

LINDEMANN ET AL.

In his paper (Lindemann et al., 2012), Lindemann et al. assert that Hopkinson and Dickens and Ruffo et al. have chosen
a similar approach for the calculation of costs in their models and each of them has set a specific emphasis on a certain
topic.

In sum, we could say that every existing costing model has advantages and disadvantages; however, no models satisfy
all criteria. Thus, there is a need to combine the strengths of existing models without including their weaknesses and
develop a new costing model that is suitable for the calculation of today’s AM.

Before developing a cost model, all relevant cost processes of the AM production process, have been investigated and
modelled with Event-driven Process Chains. As a calculation method, a ‘Time Driven Activity Based Costing’



approach has been adopted. ‘Time Driven’ means that the allocation depends on the duration of the activities. For the
estimation of relevant cost processes, Lindemann et al. define four main processes:

Building job preparation;

Building job production;

Sample parts and support manually removing;
Post processing to enhance material properties.

The main processes have been selected to be able to represent different cost centres. This facilitates the calculation and
makes it easier to adopt the model to different production environments.

The framework of machine cost per build defined by Lindemann et al. is structurally similar to the previous framework
defined by Ruffo et al. The differences are due to:

e Electrical energy cost and gas cost per hour grouped as direct costs;
o Fixed costs per every build (labour costs and gas costs).

The material cost is defined in the same way defined by Ruffo.

For completeness we show the formulation of the costs structure stated by the authors. The cost of a single build is
obtained by summing the activities costs (A;) involved:

Cost of a build = Z A;
i

OBSERVATIONS

Lindemann et al. are among the first researchers that have included the post-processing activity in the costing model.
This activity includes, for example, quality control, surface treatment and support removal. Some of the items included
in the post processing activity are unavoidable in all additive processes. For this reason, the idea of considering the cost
of the post processing phases helps to better understand the economic aspects related to the technology.

RICKENBACHER ET AL.

According to Rickenbacher (L. Rickenbacher et al., 2013) et al., AM processes are interesting candidates for the
replacement of conventional production processes like cutting or casting. The integration of AM processes into a
production environment requires a cost-model that allows the estimation of the real costs of a single part, although it
might be produced in the same build job together with other parts of different geometries. The highlights of the cost
model proposed by Rickenbacher et al. are listed below:

Cost calculation of single part in a build (assuming a contemporary production of different parts).
Deep analysis of the steps involved in the process.

Cost model including all pre- and post- processing steps linked to AM processes.

Algorithm to calculate the time fraction for each part in the build job.

Build time estimator derived by a linear regression on 24 different build jobs.

The cost model is based on the generic cost model of Alexander et al. (Alexander et al., 1998). The cost of the single
part (P;) is obtained summing the costs of the seven process steps which is defined below:

Ctot(Pi) = CPrep (Pi) + CBuildjob (Pi) + CSetup (Pi) + CBuild (Pi) + CRemoval (Pi) + CSubstrate (Pi) + CPostp (Pi)

where

Cror (P): total manufacturing costs.
P;: part with ith geometry.
Cprep (Py): cost for preparing geometry data (orientation, support structures, etc.).

Cpuitajop(P): cost for build job assembly.

Csetup (Py): machine set up costs.

Cpuia(Py): cost for building up the part.

Cremovar(P;):  cost for removing the part from the SLM machine.
Csupstrate (P;): COSt to separate parts from substrate plate.

Cpostp (Py): cost for post-processing.



Rickenbacher et al. also developed an algorithm to calculate the time fraction for each part in the build job. The
algorithm allows calculating the layer-dependent fraction of total build time per part. In Figure 5, we can see that in
dark grey three parts are affected, two in the grey slice and so on. The allocation criterion of time could be proportional
to the corresponding cross-section of the part or proportional to the amount of layers of the slices defined.

Figure 5: Simultaneous build-up of multiple parts with different heights

The algorithm suggests optimizing the use of building space by simultaneously building up as much geometries with
similar part height as possible.

To estimate build time, Rickenbacher et al. use a linear regression model derived from 24 different build jobs. He
defines the following equation that allows to calculate the regression coefficients:

ZTBuild(Pi) =apg+a;* N, +a;* Vi +
7

as * Ssuppeor T Qs * Z N; + as * Spor
7

where

Touila: building time;

P;: part with ith geometry;

ay, ... ,as: regression coefficients;

Ny: number of layers;

Viot: total volume of building job;

Ssuppso,-  total surface area of the support structures,
N;: guantity of parts with ith geometry;

Stot: total surface area of the build job.

These regression coefficients (a,, ... , as) will be used to calculate the total build time of each part using the following
equation:

Qo
Tpuia (P) = SN, + TP+ a, xV(P) +
i i
as * SSupp(Pi) + Ay + as * S(Pi)

where
Touila: building time;
P;: part with ith geometry;
ao, ... ,as: regression coefficients;
T, layer-dependent fraction;
V: volume of the part;
Ssupp- surface area of the support structures,
N;: quantity of parts with ith geometry;

S: surface area of the part.



OBSERVATIONS

Even if the cost model includes a detailed analysis of the pre- and post-processing related to the AM process, a
possible material removal step has not been included.

Like all previous cost models, Rickenbacher et al. assert that it is possible to have a lower unit cost of the parts by
building more parts in the same build job.

Machine’s cost per hour [€/h] included in idle phases of the machine (Setup and Removal steps).

Reliable computation of the effect of material change and additional work of using inert gas have been included in
the machine set up costs by using the factors Fipey¢gqs aNd Fyat.change-

Proposed algorithm to allocate the time fraction of the total build time to each part realized is simple and effective.
The authors consider labour cost as an hourly rate multiplied for the duration of each step where operator is
necessary. The operator hourly cost for each step of production (90 €/h) is assumed equal for any kind of worker is
involved. In our opinion, this should be a strong limitation of the generality of the model proposed because it is
normal to have different labour hourly cost for different skills.

The cost model does not take in account energy consumption and its cost. We disagree with this approach because
this item is not negligible in metal AM processes.

The authors do not explain which cost items is included in the machine’s cost per hour.

In our opinion, it is tough to assign a realistic weight to the way in which the authors predict the building time
through a formula of estimation that is calculated with different parameters very different among themselves. The
parameters are referred also to surface area of support structure and surface area of building job; these are related to
a shape complexity element that is out of the game when the matter is focused on the AM and that is well known as
a technology complexity free. Moreover, in the equation used for total build time, calculation does not derive
explicit possible warm-up time and cool-down time. Due to the deep impact of these fixed elements of time
consumption in some additive technologies, we think that it is correct to analyse these parameters. Moreover, it is
very important to note that the authors do not validate their time estimation approach in anyway.

This cost model represents a good step forward in the effectiveness of cost estimation of AM. Even if we have doubts
on quality of the time estimator, the deep analysis of pre- and post-processing and the algorithm defined to calculate the
time fraction for each part in the build job are important tools for AM technology.

SCHRODER ET AL.

The work of (Schroder et al., 2015), states the AM business models in the literature review, the development of a
business model that evaluates the process costs of AM technologies and a sensitivity analysis on the output of his Excel

tool.

In their review, Schroder et al. analyse the main business models developed for the different AM processes. The
outcome of his study is the summary of the requirement of the new cost model necessary to represent costs completely
and realistically. The requirements of the new cost model are listed as follows:

Integration of recycling and waste of material;

Integration of support structures of products including a general appraisal for different AM processes;

Calculation of the printing time;

Maximum possible number of products that can be printed simultaneously in the workspace;

Level of complexity of the product;

Duration of the post-processing;

Integration of modern quality management methods for the protection and monitoring of product and process
quality.

For the development of his business model, Schrdder et al. use an activity based costing. The relevant activities are
defined using interviews submitted to a group of experts (small and medium companies having experience on AM
technologies) and researchers on AM. The following seven main process steps were identified:

Design & planning;
Material processing;
Machine preparation;
Manufacturing;
Post-processing;
Administration and sales;



e  Quality.
An Excel cost calculation tool has been developed to provide both costs and a sensitivity analysis as output.

For completeness, we show the formulation of the costs structure stated by the authors. The cost of a single build is
obtained by summing the activities costs (Ai) involved:

Cost of a build = Z-Ai

The sensitivity analysis is made to identify special economic effects of AM. The main findings are

e The most cost-influencing factors are the investment costs of the machine and its load factor;

e The post-processing of products with high quantities and small bodies has a big potential for process optimization;

e Economies of scale only exist for small products; products with big bodies are nearly independent from the
ordered quantity.

OBSERVATIONS

Schrader et al. increase the number of the relevant activities included in the cost model. Design and planning have never
been included in each of the cost models analysed. Probably one of the most interesting is the design activity. AM, in
fact, compared with subtractive technologies, requires extra design phases. This phase is not present in the case of
building exactly the same part typically obtained by subtractive technologies; however, in most cases, AM is able to
realize complex geometries that are not achievable using material removal technique. In all of these cases, costs of
redesign have to be considered to have a more accurate cost of the finish product.

This cost model gives certainly an accurate analysis of additive technologies. The relevant activities included, not
directly related to the building phase, give an overview on additive processes that no models have been able to realize.

However, we are unsure of the definition of administrations and sales activities. The cost model for AM should include
only industrial costs. Administrative and sales should be included in cost accounting with all other overhead costs.
Furthermore, these cost items are invariant respect to the technology adopted; therefore, for this reason, if we want use
the cost model to compare different technologies, it is not necessary to consider them.

CONCLUSIONS

Regardless of the technology in question (DMLS, EBM, LS, SLA and FDM), we can identify similar process phases
that allow the definition of a single cost model valid for each of them. Some of involved factors are labour, machine,
material, power source, warm-up time, build rate and energy consumption. By varying these factors, we obtain a
different costs impact on the finished product.

Over time, every author adds something to the previous cost model allowing an increase of accuracy.

Older models, by comparing Laser Sintering with Injection Moulding, disprove affordability for large scale production
(Hopkinson and Dicknes, 2003; Ruffo et al., 2006). Scarce understanding of the technology led to the development of
crude cost models that do not consider effectively all involved variables (energy consumption and labour).

Ruffo et al. and Hopkinson et al. used a microeconomic approach (break-even analysis). Both understood the
potentiality of AM in chamber saturation condition, but they focused on large scale production (economic approach)
instead of efficiency of the process (engineering approach).

Subsequently different work, in this direction, was realized by Baumers et al. (Baumers et al., 2011a, 2011b). In their
experiments, they investigated the impact of capacity utilization of the machine on time, energy consumption and total
costs.

Over time, we have had an increase of the detail level of the business models defined. We pass from the initial crude
cost models, through the accurate definition of time and energy consumption realized by Baumers et al., up to the
Schrdéder et al. cost model that appears to be very accurate.

Another important aspect to be considered is related to materials used in AM. Originally AM, or better Rapid
prototyping, only allowed the production of polymeric object and it was compared with injection moulding.

For large scale productions, IM shows a low and descending unit cost of the product. The absence of economies of scale
in AM and the high costs involved in terms of machine and materials make the technology suitable only for low
production volumes.



Related to materials, we have to acknowledge energy consumption. Hopkinson and Dickens assumed energy
consumption cost as negligible for its low effect on total cost. At the time, additive processes were suitable only to
realize polycarbonate and polypropylene objects. Subsequently, Ruffo et al. considered energy costs even if they were
inserted between overhead costs. Higher energy consumption necessary to realize metallic objects made essential to
take into account this cost item. In this context, Baumers et al. analysed the theme and inserted energy between direct
costs.

Older cost models do not consider any post processing (HD and Ruffo et al. and Baumers et al.). However, Lindemann
et al., Rickenbacher et al. and Schrdder et al. consider post-processing activities like surface treatments and quality
controls. In some cases, AM can be a substitute of subtractive manufacturing, whereas in other cases, after the building
process using AM, some mechanical characteristics of the parts need to be enhanced (i.e. rugosity and tolerances)
(Atzeni and Salmi, 2012). It should be interesting to hypothesize a hybrid production model that includes the post-
processing cost of AM, not only in terms of quality controls and support removal but in terms of material removal
(Campbell et al., 2012; Manogharan et al., 2015).

Existing cost models consider the activities directly connected to building process of AM; however, due to the fact that
AM allows the production of end use product, it is important to include in the cost model all the activities involved to
the calculation of the full cost of a finish part like, for example, redesign costs (Eleonora Atzeni et al., 2010; Hague et
al., 2003) and material removal cost (Manogharan et al., 2016). For this reason, the definition of a new cost model
appears necessary.

As stated in the initial part of this paper, it aims to define a critical analysis about the cost models for AM from an
operations management point of view.

Therefore, further observation regards the approach used by all the authors for defining their cost models. Each of their
cost models measures additive systems as separate by their production systems of which they are part. No one takes in
account aspects like, for example, demand of a product, production mix, lead time and delivery time. For example, the
hypothesis of large scale production is made considering the absolute measure of the production volume of a single
machine with no attention to the general market size. Moreover, the hypothesis of cost reduction by increasing the
capacity utilization of the chamber could be in contrast with the delivery time; for example, it is not possible to
infinitely wait for the saturation achievement if a delivery has to be performed. To consider only additive process is
correct if we want to measure an individual phase; however, in an integration point of view of AM in a conventional
production system, we think that it should be correct to take in account also other aspects like some the previously cited
operations, that can be before and after the work phase of AM. From an enterprise point of view, these models appear as
scarcely related to the real needs of an industrial company that are generally underestimated from the theoretical
approaches.

Moreover, it is worth noting that all the observations on the existing cost models, and the synthesis of their strengths
and weaknesses, can lay the foundations to define and build a new cost model that will help solve the open issues
analysed here.
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