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Abstract 

Flexibility in manufacturing operations is becoming increasingly important to industrial firms, due to e.g., increasing market demand volatility 
and shorter product life cycles. Additive manufacturing technologies show great potential in adding flexibility to manufacturing operations 
through nearly unlimited freedom in product design, very high product mix flexibility, decentralized production and the ability to produce new 
product variants after a very short period of time. This could result in shorter lead times, lower stock levels, higher product availability and lower 
transportation costs. Therefore companies have to incorporate the increased flexibility in their decision, especially on the production network 
level, when they decide whether to use additive manufacturing or not. Current methods are not able to take into account all of these flexibility 
types and the respective benefits. The application of an appropriate method could lead to a realistic evaluation and an increased use of additive 
manufacturing technologies. This paper evaluates state of the art methods, especially from the field of strategic production network planning. 
The main contribution of this paper is the development of a framework for integration of additive manufacturing technologies in production 
networks using the Real Option value as target criteria. Finally, we discuss where further research is needed in order to develop an applicable 
method based on the presented framework. 
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1. Introduction  

Additive manufacturing is said to be one of the disrupting 
technologies which will dramatically change the world of 
industrial production [1]. The main cause is, that flexible 
operations will become one of the most important competitive 
differentiators, and additive manufacturing technologies are 
able to tremendously increase flexibility in manufacturing 
operations. Reasons are nearly unlimited freedom in product 
design, very high product mix flexibility, decentralized 
production and the ability to produce new product variants after 
a very short period of time. This could result in shorter lead 
times, lower stock levels, higher product availability and lower 
transportation costs [2]. Due to that companies have to 
incorporate the increased flexibility in decision making [3], 
especially on the production network level [4], when they 

decide whether to use additive manufacturing or not. As we 
show in section three, current methods are not able to take into 
account all of these flexibility types and the respective benefits. 
Additionally, the question where and how many additive 
manufacturing machines have to be located cannot be answered 
in a structured way. The application of an appropriate method 
could lead to better production network designs, a realistic 
evaluation and an increased use of additive manufacturing 
technologies. In this paper, we first describe the state of the art 
applications of additive manufacturing. Based on this, we 
analyze the most important factors influencing the decision 
whether or not to use additive manufacturing, especially the 
influence of additive manufacturing technologies on flexibility. 
In section three, we discuss why current approaches are not 
sufficient when deciding how and when to integrate additive 
manufacturing in production networks. In section four, a 
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framework for the integration of additive manufacturing in 
production networks and its application is presented. Finally, a 
summary and remarks for further research are provided. 
 

2. Additive Manufacturing and Flexibility 

2.1. Current Applications of Additive Manufacturing 

The term additive manufacturing can be defined as ”(…) the 
process of joining materials to make objects from 3D model 
data, usually layer upon layer, as opposed to subtractive 
manufacturing methods.” [5]. Synonyms include additive 
fabrication, additive processes, additive techniques, additive 
layer manufacturing, and freeform fabrication. For a 
comprehensive overview of different additive manufacturing 
technologies, see [6]. Current applications of additive 
manufacturing are still mainly prototyping, tooling and highly 
personalized medical parts such as tooth implants [7]. All of 
these applications have in common that parts are produced in 
very small numbers. These applications appear mainly in the 
four industrial sectors automotive, aviation, tool making, and 
medical with different technology readiness levels * . In the 
automotive industry, current applications have levels from four 
to six, in aviation, five to seven, which denotes that the systems 
have shown the general capability for application but are not 
ready for production in a realistic setting. Technology readiness 
levels are higher in tool making (seven to nine) and medical 
(nine to ten), which indicates that these sectors are able to use 
additive manufacturing in real production settings [7,8]. 
Despite this limited use, researchers and practitioners predict 
great market growth (approximately nine billion dollars by 
2025) for direct manufactured parts in these industries [9]. 
Spare parts production has a particularly high potential to use 
additive manufacturing technologies [10].  

2.2. Advantages 

Additive manufacturing machines have very low changeover 
costs, which leads to smaller economic batch sizes [12]. This 
has two effects: The first is the increasing product mix 
flexibility and, thus, lower stock levels and lower customer 
response time. The second is the tendency to decentralize the 
production networks due to smaller production facilities. By 
decentralizing production, companies can reduce lead times 
and, due to that, the demand risk of the production network. 
This results in lower safety stock levels and higher customer 
satisfaction.  In some cases, a switch from make-to-stock to 
make-to-order networks, with stock levels of zero, would be 
possible [13].  

However, cost is not the only factor affected when producing 
with additive manufacturing. With the help of additive 
manufacturing technologies, companies are able to produce 
highly customized products.  In addition, as customized 

 
 
* The technology readiness level is a method to describe the maturity of 
technologies. It is based on a scale from one to nine with nine being the most 

products match the preferences of the specific customer more 
closely, they can be sold for higher prices. Therefore, it is an 
important question for additive manufacturing technologies 
how the price surplus will be yielded depending on the 
customer segments [1,14]. 

2.3. Disadvantages 

In section 2.1 we argued that the application of additive 
manufacturing currently concentrates on a few industrial 
sectors, especially on prototyping, tools and medical implants. 
The reasons are manifold. One reason is the low technology 
readiness levels, which are caused by the low process reliability 
and the small number of available materials [7]. Moreover, 
there are still open legal questions, especially about liability 
[6]. Besides these technical aspects there are two main 
economical disadvantages associated with the usage of additive 
manufacturing technologies: Firstly, the low build rates 
[11,13], which lead to relatively high investments for additive 
manufacturing machines. Secondly, the high prices for 
granulates [7,11,13]. These two cost factors account for 
approximately 60-80 percent of the total production costs 
depending on the technology used [2,7,11,13].  

2.4. Relevant flexibility demand and potentials in the case of 
additive manufacturing 

All advantages shown in section 2.2 have one thing in common. 
They add flexibility to the production system and to the 
production network. Flexibility can be defined as “the ability 
of an open, dynamic socio-technical system to adapt itself 
based on flexibility potentials relevant to changes of the system 
itself or its environment.” [15] This potential-oriented 
definition of flexibility allows to differentiate between 
flexibility demand and flexibility potentials. The definition of 
flexibility can be extended by defining that flexibility has to be 
planned in advance with preplanned limits. In contrast to that, 
changeability [16] or structural flexibility [4] can be used to 
react to future developments which are not planned and the 
system can adjust itself to the outside of the preplanned limits. 
Flexibility demand is triggered by system-relevant changes. 
These changes can be internal or external [17]. Examples for 
internal changes can be unplanned disruptions in production 
facilities. They cause a demand for flexibility, namely 
additional capacity to compensate the losses caused by the 
disruptions. An external change might be customers asking for 
more specific products. This would cause a demand for more 
variants and, therefore, for more flexible operations regarding 
product mix [15]. 
 
Since flexibility (and the respective uncertainties) will be 
modeled in the presented framework, it is necessary to match 
the advantages with the respective flexibility types [18,19]. 
This is summarized in Figure 1. The first flexibility type is 
product mix flexibility. This becomes important due to a global 

mature. 
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trend towards high numbers of product types with lower 
volumes and, therefore, increasing volatility of demand 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
forecasts of each product type. Production networks with 
higher product mix flexibility can react faster to a change in 
product mix without increasing costs disproportionately. This 
type of flexibility can be created by low changeover cost and 
smaller economical batch sizes. With smaller batch sizes the 
network can react faster to an occurring demand. Volume 
flexibility becomes more important, especially because product 
lifecycles become shorter and the economic and political 
disruptions affect global demand. Therefore, production 
networks which are able to adjust their rate of production to 
changing demand without disproportional cost increase add 
value to the company. As already mentioned, additive 
manufacturing leads to smaller economical batch sizes and, 
therefore, promote decentralized network designs [20]. In 
decentralized networks production is closer to the customer, 
which means the network is able to determine what to produce 
at a later stage. In the meantime, it can gather more information 
about the actual demand. The results are lower misallocation 
costs resulting from higher product mix and volume flexibility. 
The third flexibility type which is important to additive 
manufacturing is new product introduction flexibility. 
 
Additive manufacturing adds this flexibility because additive 
manufacturing networks can introduce new products very 
quickly thanks to digital development and production 
processes. 

3. State of the art: Integration of additive manufacturing 
in production networks 

In this section, four requirements for a method for the 
integration of additive manufacturing in production networks 
are formulated, based on the characteristics shown in section 
two. These requirements are matched with state of the art 
methods. 

3.1. Requirements  

In order to address all characteristics (advantages and 
disadvantages) shown in section two, a method for assessing 
the value of additive manufacturing technologies in operations 
has to fulfill the following requirements: 
 

(1) Production network level: The method has to cover 
not only one production line or factory, but the whole 
production network, because decentralization can lead 
to substantial benefits and the use of several additive 
manufacturing machines leads to economies of scope. 
 

(2) Optimization: The method has to lead to optimized 
network design, because otherwise an evaluation can 
also be conducted on rather suboptimal designs [21]. 
 

(3) Monetary evaluation criterion which covers 
flexibility: The decision whether and how to integrate 
additive manufacturing technology in a production 
network is clearly a strategic investment decision with 
high investment cost and high impact on the 
company’s performance. Additionally, decisions in 
network design are characterized by high uncertainty 
and high degrees of flexibility. Therefore, it is 
necessary to evaluate this investment with a cash 
flow-based monetary evaluation approach (also 
including higher sales prices) which also takes into 
account flexibility, e.g. approaches based on Real 
Options [22]. 

 
(4) Flexibility types: Flexibility is one main driver 

towards creating value with additive manufacturing 
technologies. The main types are: product mix 
flexibility, volume flexibility and new product 
introduction flexibility. These have to be included in 
the evaluation method. 
 

3.2. Approaches for profitability analysis of additive 
manufacturing   

Holmström discusses different scenarios to include additive 
manufacturing in the production network. His approach gives 
some qualitative guidelines but does not represent a structured 
method [13].  
 
Khajavi evaluates different network configurations of a spare 
parts supply chain based on production costs. The approach 
does not include an optimization approach or a monetary target 
criterion which is based on cash flows or covers different 
flexibility types [23]. 

3.3. Approaches for strategic production network planning 

There are several approaches to strategic network planning or 
network design which include the production network and are 
able to optimize the design by solving a linear mixed integer 
problem. Kohler develops an approach to evaluate different 
supply chain designs [24]. The approach considers 

Figure 1: Relationship of AM characteristics, strategies and flexibility types 
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technological specifications and is cash flow-oriented. It is 
limited because flexibility types are not explicitly modeled. 
New products cannot be added to the product portfolio. Also 
from a monetary perspective flexibility is not included.  
 
Bundschuh [25] and Friese [26] present a deterministic 
dynamic decision problem for the special case of automotive 
production networks. The models presented are deterministic 
dynamic linear optimization models. The models are based on 
cost. Change in sales prices is not included. Flexibility is 
covered partially in terms of volume and product mix 
flexibility. One discount rate is used throughout the whole 
optimization problem. 
 
Prinz et al. [27] and Lanza et al. [28] developed approaches 
based on a linear optimization problem. The target function, 
however, includes quantitative and qualitative criteria. 
Flexibility types are not explicitly modeled and new products 
cannot be introduced while optimization runs. 
 
Peters uses a stochastic optimization model for capacity and 
investment planning based on Markov Chains. The target 
criterion is the total cost of the production network. Flexibility 
types are not modeled explicitly and not covered in the 
monetary evaluation [29]. 

3.4. Real Options approaches 

Real Options approaches have two important advantages: 
Firstly, they allow to evaluate flexibility monetarily. Secondly, 
they use a risk free discount rate to value the investment 
because the demand is risk-adjusted [22]. This is important 
because investment decisions in production networks do not 
face the same risk in each period of the optimization problem. 

 
Bengtson et al. develop an optimization model based on Real 
Options for a manufacturing system. The optimization model 
uses a linear mixed integer problem. The model is capable to 
include several products and production lines. Only product 
mix flexibility is analyzed. It uses very restrictive assumptions: 
products consist only of one part, there is no set-up time and 
the parameters of the stochastic process used to simulate 
demand does not vary over time. Even though the model itself 
is very restrictive, it shows that the application of linear 
optimization problems in combination with Real Options is 
possible. Also, the knowledge on how to apply the model, 
especially the integration of a Monte Carlo simulation is of 
great value for the presented framework [30]. 
Huchzermeier uses a Real Options approach to evaluate supply 
chain configurations [31]. The model includes demand risk and 
exchange rate risk. It is simulated in a Monte Carlo simulation. 
There is no optimization model for the generation of supply 
chain configurations. Moreover, it does not provide a 
structured method for application. 
 
Sudhoff presents a model of mobility options on production 
networks, which includes several sources of uncertainty. There 
is no optimization model to generate different production 
network configurations [32]. 
 
It has become clear that none of the presented approaches fulfill 

all four requirements. However, strategic production network 
planning approaches, especially those based on linear 
optimization problems, represent a valuable methodological 
core of the framework presented in section four. 

4. Framework for Integration of additive manufacturing 
in production networks 

4.1. The framework and its integrated modules 

The framework proposed in this paper consists of four 
integrated modules as shown in Figure 2. The first module is 
the network module (module A). This module visualizes the 
current structure of the network. This is of great importance, 
because defining the scope of the optimization problem is a 
major challenge when dealing with production networks. It 
consists of nodes (module B1) and edges (module B2). Nodes 
are the actors of the network, e.g. markets, factories, production 
lines or additive manufacturing machines. The edges connect 
the nodes and define their relation, e.g. if there is a linkage 
(material flow) between two production lines, the distance 
between additive manufacturing machine and customers or the 
height of the transportation cost between two factories. This is 
shown in Figure 3.  The second module is the risk module 
(module B). The risk module describes the uncertainty the 
production network has to react to. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As we argued in section two, the main benefits of integrating 
additive manufacturing will be based on demand flexibility: 
volume, product mix and new product introduction. Therefore, 
in this framework only demand uncertainty will be part of the 
analysis. Consistent demand scenarios will be generated in 
module B1. This is a necessary step to understand the different 
alternatives of the demand behavior. 
 
Based on the scenarios in module B2 the demand  is 
described by a stochastic process which can be defined by the 
following equation [33]: 
 

 
 

(1) 

 
The vector  describes the demand for the 
correlated products ( . The drift rate of the process is 

Figure 2: Structure of the AM integration framework 
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described by vector . The volatility matrix  describes for  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
each combination of and  the volatility depending on their 
correlation. The Wiener Process  is defined by a 
Brownian motion with 

 with  being a normal distributed random 
number with mean of 0 and variance of 1. This multivariate 
stochastic process has to be simulated by a Monte Carlo 
simulation because analytical solutions are very complex and 
time consuming [32,33].  
 
The third module is the optimization module (module C). It 
contains a linear mixed integer optimization problem which is 
defined by three sub-modules. Which target function (C1) to 
use depends on the company’s target system. However, as 
shown in section four, the maximization of the net present 
value is an appropriate target criterion with one drawback, 
namely the usage of one interest for all periods of the 
optimization problem. Therefore, this framework uses a Real 
Options approach (which is based substantially on the net 
present value) for the target function. The boundary conditions 
(C2) define all constraints for the solution, such as capacity 
limits, investment limits and other assumptions, e.g. no backlog 
from earlier periods. The algorithm which solves the 
optimization problem is described in module C3.  
 
This framework uses the CPLEX Solver because it´s one of the 
most efficient solvers available [28]. The fourth module is the 
analytics module (module D). The output of the module is 
shown in Figure 4. This module visualizes the solution of the 
network optimization and it´s characteristics. The solution is 
visualized in the optimal design strategy module (D1). 

 
 
 

 
This module shows where to locate how many additive 
manufacturing machines for the different scenarios, and which 
part of demand they produce. 
 
The Real Option Value (ROV) module (D2) visualizes the 
distribution of the ROV of the optimal design solution. Because 
it is important to understand the cost drivers of the specific 
solution, the framework also provides the TCO of the optimal 
solution (D3). 

4.2. Application of the framework 

An optimal production network design and Real Option value 
of the investment into the network requires four steps to be 
taken. Figure 5 shows this procedure with the respective 
modules of the framework. In step 1, the network structure hast 
to be described as a graph. This is done in module A. In step 2, 
the risk-free demand has to be simulated. By adjusting the 
demand we can use the risk-free discount rate to discount the 
expected values in each period of the optimization problem. 
The simulated demand is described by one vector (one 
dimension for each product type) for each period. The network 
structure data and the simulated demand define the parameters 
of the optimization problem.  
 
In step 3, the optimization problem is solved and the result is a 
ROV value for one optimized network design. To include the 
uncertainty in the framework, we conduct steps 2 and 3 n times. 
By using several simulation and optimization runs we create a 
distribution of ROV. In step 4, we can interpret the expected 
solution for ROV as average ROV (aROV) over all 
optimization runs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5. Summary  

This paper shows that additive manufacturing technologies can 
add flexibility to production networks and when deciding 
whether or not to use additive manufacturing technologies, 
production cost is not a sufficient criterion. Four requirements 
for an appropriate method were derived. Based on these 
requirements, a framework for the integration of additive 

Figure 5: Application procedure of the framework 

Figure 4: Output Visualization of Module D  

Figure 3: Network Structure from visualization to matrices 
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manufacturing technologies in production networks was 
presented. The main contribution of the framework is that it 
leads to an optimal network structure by using a linear 
optimization approach. As a target criterion the Real Option 
Value was used, because this enables us to incorporate different 
flexibility types in the evaluation monetarily. Applying a 
method based on this framework has two effects: Companies 
can use additive manufacturing technologies more effectively 
because they can decide how to integrate additive 
manufacturing based on a structured approach. In return, this 
leads to an increasing market for additive manufacturing 
system suppliers and, therefore, for the whole ecosystem of 
additive manufacturing. 
 
Further research is needed to develop a detailed method based 
on the presented framework. Particularly the modeling of the 
multivariate demand uncertainty and its integration into the 
optimization problem is of great importance.  
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