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Abstract: There is a growing demand for more flexibility in manufacturing to counter the volatility
and unpredictability of the markets and provide more individualization for customers. However,
the design and implementation of flexibility within manufacturing systems are costly and only eco-
nomically viable if applicable to actual demand fluctuations. To this end, companies are considering
additive manufacturing (AM) to make production more flexible. This paper develops a conceptual
model for the impact quantification of AM on volume and mix flexibility within production systems
in the early stages of the factory-planning process. Together with the model, an application guideline
is presented to help planners with the flexibility quantification and the factory design process. Follow-
ing the development of the model and guideline, a case study is presented to indicate the potential
impact additive technologies can have on manufacturing flexibility Within the case study, various
scenarios with different production system configurations and production programs are analyzed,
and the impact of the additive technologies on volume and mix flexibility is calculated. This work
will allow factory planners to determine the potential impacts of AM on manufacturing flexibility in
an early planning stage and design their production systems accordingly.

Keywords: additive manufacturing; factory planning; manufacturing flexibility; volume flexibility;
mix flexibility; production planning

1. Introduction

Additive manufacturing is one of the key elements in the fourth industrial revolution.
It is often seen as a keystone element to higher flexibility within production systems [1–4].
The technologies’ performance, as well as the results achieved, is constantly increasing,
and more and more printable materials are added every year [1,5–7]. The fundamental
difference in the manufacturing process offers unique opportunities compared to conven-
tional manufacturing technologies (e.g., milling and turning). Advantages attributed to 3D
printing are, among others, the ability to manufacture entire components instead of single
parts, redesign and modifications without penalties, on-demand manufacturing, and the
reduction of challenges in the manufacturing process when it comes to the manufacturing
of products with complex shapes and forms or internal structures [8,9]. Especially in the
field of metal printing, substantial advances have been made. The increasing mechani-
cal properties, as well as the precision that can be achieved (±0.004 mm accuracy) using
MPBF (Metal Powder Bed Fusion), allows for complex precision manufacturing [10,11].
These properties make laser-based MPBF, for example, a desired tool for the manufac-
turing of tools and electromagnetic devices [12]. The same can be said for electron beam
MPBF in the field of biomedical and dental applications [13,14]. There are, however, as-
pects of additive manufacturing technologies that pose challenges. In their reviews of
the current state of MPBF, the authors identified aspects like the variation in mechanical
properties, surface defects, print failures, and dimensional accuracy in the final parts as
current challenges [15,16]. The authors also highlight potential mitigation strategies that
contribute to overcoming these challenges. Tools like FEM-based numerical models that can
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help simulate the MPBF process, physical-based analytical models, or the use of artificial
intelligence and machine learning can be named [16,17]. These examples show the great
potential additive technologies can have in manufacturing. However, even though the
applications of additive technologies in manufacturing have been manifold over the last
decade or two, the large-scale breakthrough of these technologies as a serious supplement
to conventional manufacturing technologies is still coming.

Simultaneously, manufacturing companies are struggling with the challenges of the
megatrends of the last decade. The increasing demand of customers worldwide for more
and more options for individualizing their products and the fragmentation of previously
rather homogenous production programs are just a few to name. On the manufacturing
side, these trends drive up the complexity within the manufacturing systems and the
number of parts and processes necessary. These developments tremendously increase
the need for flexibility within the production system. Chief among these various types of
flexibility are volume and mix flexibility since they contribute substantially to a production
system’s ability to counter the rapidly shifting market demands [18–23].

In conventional manufacturing and factory planning, a common solution is providing
flexibility via additional production resources of the same or similar technology. This
approach poses the risk of underutilized machines over more extended time spans. Due
to the technology-specific suitability of AM for lot size one or small batch sizes in general,
3D printers may be a potential solution for these challenges. However, even though the
manufacturing-related research on flexibility is almost a century old, with the first contri-
butions going back as far as the 1930s and hundreds of papers, books, and dissertations
contributing to this area of research, the potentials of additive technologies on the subject
have received only limited attention so far (e.g., [20,24–27]). Even though the very nature
of additive manufacturing offers excellent potential both when it comes to the variety of
manufacturable parts and components as well as the topic of small economic lot sizes
(down to batch size one), the substantial differences in the fundamental manufacturing
logic provide challenges when it comes to linking these two dimensions. The critical
aspect in this context is that most of the research in this area still focuses on individual
machines and specific AM processes, not on the production systems as a whole and with a
system-theoretical view [28].

Therefore, this article focuses on the intersection between the design and configuration
of manufacturing flexibility in the interplay of conventional and additive production
resources within the factory-planning process. A further focus is the quantification of
the potential additive resources can have if integrated strategically into manufacturing
systems. The goal is to show that additive technologies can benefit the flexibilization of
production systems when included in the overall factory-planning process and the system’s
design. Since almost all operational flexibility in manufacturing stems from the strategic
framework of the factory design [18], this is the place to start when thinking about the
impact of additive technologies in terms of flexibility in manufacturing.

The intention of the authors is to provide a tool in the form of a mathematical model
that addresses these issues. On the one hand, there are (to the best of our knowledge) no
models for the analysis and quantification of manufacturing flexibility that incorporate
both conventional and additive manufacturing technologies at the same time. The current
state of flexibility research and the identified challenges will be stated and explained
in a separate chapter. On the other hand, the quantification of additive potentials and
implications towards manufacturing flexibility and system structure are underdeveloped.
By proposing a mathematical model that allows for the quantification of core flexibility
types within production systems containing both conventional and additive resources and
that is also seamlessly integrable into process-oriented factory-planning procedures, the
authors hope to contribute to the design and development of more flexible production
systems and the further spread of additive manufacturing technologies. Following this line
of argument, the paper is organized as follows: Section 2 summarizes the essential elements
of literature research in the three core areas of factory planning, manufacturing flexibility
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research, and additive manufacturing. Building on this review of the current state of the
research, Section 3 fleshes out the problem and sets out the solution adopted. Section 4
contains the conceptual model, the corresponding guideline for its application, and the case
study with a subsequent discussion of the results. Section 5 discusses these findings related
to the overall factory-planning process and indicates further research needed. Section 6
summarizes and concludes this paper.

2. Related Works

The research methodology of this work is divided into two major parts. The first part is
the analysis and review of the current state of research regarding factory planning, additive
manufacturing, and manufacturing flexibility. The second part presents a conceptual model
with a corresponding guideline and a case study.

In recent years, an increasing amount of literature has been published on additive
manufacturing. The same is true for the subject of flexibility in manufacturing systems,
even though the peak of attention was 10 to 25 years ago, with dozens of publications
each year. The following two subchapters briefly provide an overview of the most relevant
works within these research fields concerning flexibility design in manufacturing systems
and the potential role of additive technologies. Since the overall flexibility of manufacturing
systems is determined by the general structure and design of the factory itself, it is vital
to understand how and at what point additive technologies need to be addressed and
considered alongside conventional ones.

2.1. Relevant Research on Factory Planning

Factory planning is a structured multi-step process using various tools and meth-
ods for designing and dimensioning manufacturing systems [22,23,29–34]. The general
planning process can be divided into several consecutive phases. Those phases address
different aspects of the planning process at different stages and have individual levels
of granularity [23,33,35,36]. Most guidelines’ planning process starts with defining the
project and factory goals (Phase I), then determining and acquiring the necessary basic
information and preliminary planning (Phase II). Phase III, then, is the development of
the general factory concept, considering aspects like structures, layout planning, or the
definition of an ideal solution. Phase IV continues with adapting the ideal solution to
the real world by integrating existing restrictions and further developing detailed plan-
ning. Figure 1 shows the phases and their content across various planning guidelines by
different authors [22,29,31,37–39].

Against the backdrop of this paper, phase II is the most important. Within phase II, the
general-planning phase, factory planners must decide what kind of technology they want
to apply and what products will be manufactured through what technology [22,31]. Most
importantly, the planners also decide, at this stage, what kind and level of flexibility the
production systems will have and what technologies will constitute this flexibility [18,40].
The decisions made at this point set the framework according to which the consecutive,
more detailed planning steps must be aligned. Furthermore, the description, analysis,
and quantification of processes, resources, and the general structure of the production
system must be based on a system-theoretical foundation and guided by the principle of
self-similarity [18,35,41–43]; i.e., by using the same elements and connection types within
each iteration, planning results can be aggregated and divided across different planning
stages and systematic layers within the production systems structure. This is exemplified
in Figure 2.
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This ability to describe processes and systems using the same elements across different
levels of granularity is highly important. The reasons for this are threefold. Firstly, manu-
facturing products of almost any kind is a rather complex, multi-stage process. In order to
organize and implement this process as efficiently and effectively as possible, most produc-
tion systems and factories are designed in a specific way [22,23,34]. The fundamental idea
at this point is to subdivide the factory based on either certain manufacturing processes or
certain technologies used based on certain products and their characteristics [46–49].

An example of the first aspect is the manufacturing of a car. In this case, the press shop,
the paint shop, and the assembly are three different sub-systems of a factory. They are,
however, organizationally distinct within the overall structure. The assembly, for example,
can then (in a higher level of granularity) be broken down into different sub-systems
responsible for different parts and components (e.g., front end, engine, wiring harness, etc.).
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The same accounts for the process chain. Here, the overall process of the pressing of the
body might be broken down into the different elements of the body itself: the door panels,
side panels, frame side rail, or floor assembly. These processes can then be broken down
into the necessary single forming processes.

In the case of the second aspect (the subdivision of factories following products and
their characteristics), the example of medical syringes might be applicable. Medical syringes
come in all different forms and shapes. From an efficiency point of view, it does not make
sense to manufacture all different types on the same machines. Diameters, materials,
length, width, and a lot of other parameters vary. Therefore, it makes sense, economic-wise
and factory-planning-wise, to define various sub-systems within the factory, that each
manufacture a different type, subset, or product variant. The decision on what variants
and products to combine in a given segment can be made based on criteria like volume,
sales predictability, and customer segments. For further information on this topic, please
refer to [22,46–48] and the cited literature.

In order to integrate additive technologies into the overall flexibility design of manu-
facturing systems consistently, methods and tools quantifying this impact must meet these
requirements. For the strategic integration of additive manufacturing technologies into
the overall flexibility concept of a manufacturing system, it is, therefore, key that these
principles of self-similarity and process orientation are met.

2.2. Relevant Research on Manufacturing Flexibility

The scientific research into the flexibility of production systems is nearly a century old,
with the first works focusing on elasticity, the ability of a company to adjust to changing
markets [50–52]. In the following decades, this relatively narrow view of elasticity was
expanded continuously by including planning aspects, investment decisions, or the design
of changeable organizational structures [53–57]. In the 1970s and 1980s, Jacob, Meffert, and
others coined the term ‘flexibility’ and further expanded the concept [58–61]. Depending
on the personal view of the respective authors, flexibility can be seen as the ability of a
production system to actively counter changes in the environment, reorganize itself quickly,
or operate efficiently in a given manufacturing corridor [62,63]. In the 1990s, Schewchuck
and Moodie listed more than 70 definitions of manufacturing flexibility, and Sethi and Sethi
identified upwards of 50 different types of flexibility [64,65]. To structure the different types
of flexibility and establish a hierarchical order, Sethi and Sethi designed the first hierarchical
framework for manufacturing flexibility [64]. This framework was picked up, expanded,
and transferred to a prototypical organizational hierarchy by Koste and Malhorta [66], as
shown in Figure 3.

By analyzing many publications related to flexibility, Koste and Malhorta carved out
a hierarchical flexibility framework. This framework links different types of flexibility,
locates them on different organizational levels within a production system, and shows
what kind of flexibilities are constituted by what other lower types. The three dimensions
of machine, labor, and handling flexibility are at the bottom of this hierarchy. These three
core types or dimensions of flexibility constitute (at least to a significant degree) all other
dimensions. Of those three, machine flexibility is recognized as the most important one,
quantifying the number and heterogeneity of the machine [66]. Of the higher flexibility
dimensions, volume and mix flexibility are generally considered the most important, as
they constitute a company’s ability to swiftly react to fluctuations or changes within the
production program [18,19,66,67]. This hierarchical classification of different types of
flexibility and the structured identification of the dependencies between them is one of the
milestones of flexibility research. By applying the hierarchical classification, it is possible to
determine the contribution of different manufacturing and logistical resources to a specific
type of higher flexibility. Conversely, suppose a company intends to enhance a certain type
of flexibility within one specific area. In that case, it is possible to deduct what kind of
resources with what properties are needed.
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Beyond the notion of a flexibility hierarchy, the framework developed by Koste and
Malhorta has the advantage of locating the different types of flexibility at specific levels
within the factory. As indicated in Figure 3, different flexibility types can be attributed
to different layers or organizational units within the factory structure. These layers are
labeled tier 1 to tier 5 in Figure 3. These tiers can generally be connected to the different
layers within the factory described in Section 2.1. This makes it possible to connect the
different types of flexibility to different layers in the factory and, thus, to different levels
of granularity in the process allocation. Since this works both ways, it is possible to
directly connect certain stages in the factory-planning process with different types of
flexibility. By using self-similar models to describe the different layers of the production
system and the processes, it is possible to incorporate this in the design process of the
manufacturing system.

These considerations are especially important when considering integrating additive
manufacturing technologies into production systems. By applying the logic described
above, it is possible to seamlessly integrate additive resources and technologies both in
the process chains and into the overall structure of the production system. The potential
of AM technologies is directly linked to the printers and their versatility as individual
resources. This potential can be quantified via basic types of flexibility like machine
flexibility and then extrapolated up the flexibility hierarchy. In connection with a self-similar
and process-oriented description model for production systems, it should be possible to
quantify the impact of additive technologies on different types of flexibility and production
systems as a whole. However, to do so, it is necessary to develop a flexibility model that
allows for the simultaneous quantification of conventional and additive process chains and
manufacturing logic. Based on the works and frameworks of [64,66], numerous models
have been developed for the quantification of different types of flexibility (e.g., [68–75]).
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Multiple models have been developed, especially for analyzing and evaluating the volume
and mix flexibility. Different modeling approaches have been used depending on the
authors’ angle on manufacturing and flexibility and the desired results. Alexopoulos et al.,
for example, used a logic based on dampening systems in mechanical engineering and
focused on the time a production system needs to react to a change in market demand for
certain products [70,71,76,77]. Peláez-Ibarrondo and Ruiz-Mercader, on the other hand,
used a combination of a break-even approach and a bottleneck-based capacity analysis
to determine the volume and mix flexibility of a production system [78]. Schuh et al. [69]
present an approach based on an object-oriented system concept with different classes and
an inheritance model. The model focuses on the simulation of different future scenarios,
their probability, and the evaluation of different adaptation strategies for the production
system. Wahab, Wu, and Lee developed a two-stage reference model for determining
manufacturing flexibility. In the first stage, a data envelopment analysis considering
setup and manufacturing times is used to establish the efficiency of different machines
for previously defined operations. The second stage integrates internal and external
factors. The volume and mix flexibility determination is then based on time, costs, and
variety [79]. A more cost- and risk-based approach was designed by Lanza, Rühl, and
Peters [80]. In an OEE-based comparison of different product-system scenarios varying
production volumes and mixes are simulated. The results of these simulation runs are
then interpreted based on the generated costs and existing bottlenecks. In the second
step, the impact of varying production volumes on the production system is analyzed [80].
A volatility-based approach is offered by [73,81]. The likelihood of potential changes in
the system’s environment is rated and then connected to specific flexibility dimensions.
The result is an assessment of the potentially necessary adaptations of the production
system to counter those environmental changes. The real options approach to assessing
product-mix flexibility was used by Georgoulias et al. [82,83]. Different investment options
were analyzed and rated depending on their contribution to the mix flexibility of a given
production system and the expected discounted payout. Schuh et al. present a cross-factory
approach, which considers flexibility at the network level and focuses, at its core, on the
mobility of production volumes between different production sites [84]. On the other hand,
Daniels developed an approach for the flexibilization of the operations scheduling within
the factory structure based on the work plan flexibility [85].

Two of the most comprehensive approaches for the analysis and quantification of
manufacturing flexibility were presented by Rogalski [19] and Luft [18]. Both offer a
detailed and cost-centered approach based on the available resources within the production
systems, shift models, and general resource availability. Both mathematical models enable
a differentiated analysis of the volume, mix, and development flexibility of manufacturing
systems while simultaneously offering a cost analysis regarding the production system
configuration against the backdrop of various production programs. Rogalski uses the
theoretical maximum capacity as the upper limit of a potential flexibility corridor and
the break-even logic to determine the lower boundary. The mean square deviation of the
individual product-constraint profit optima from the system-optimal production profit is
used to calculate the system’s flexibility [19]. On the other hand, Luft uses a task-based
approach to quantify the different types of flexibility while also including human resources
in the calculation. This allows for the quantification not only of manufacturing processes
but also of assembly systems [18].

Various publications also address the potential impact of additive technologies on the
flexibility of manufacturing companies or manufacturing supply chains.

A flexibility evaluation approach that explicitly encompasses additive technologies in
the context of the flexibility of supply chains is presented by Alogla et al. [86]. The authors
show that certain aspects of additive technologies, like the freedom of geometry, the
absence of tooling, or the ability for on-demand production, can enhance the flexibility of
supply chains. The volume flexibility is measured by the production systems’ capability to
satisfy customer needs within a given timespan, determined by the customer’s acceptance
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of waiting for the product in question. The mix flexibility was measured based on the
changeover times between different product families. During various scenarios, the authors
showed that these types of flexibility within supply chains could be positively impacted by
AM technologies.

Another example quantifying the potential impact of additive resources on a manu-
facturing supply chain is presented by Baumers et al. [20]. By building on the probability
approach for the measurement of volume, mix, and delivery flexibility within supply chains
developed by Beamon [87], the authors were able to show in a respective case study not
only the potentially positive impact of additive technologies on these types of flexibility
within a supply chain, but also its limitations.

Other works like Eyers and Potter’s studied how AM could improve flexibility within
a supply chain, especially by optimizing the dynamic allocation of labor [28]. These findings
were then repeated and expanded into different types of flexibility across 12 case studies
covering various industrial sectors, product volumes, and technologies [24]. Another case
from the automotive industry was presented by Delic and Eyers [25], looking at supply
chain flexibility and performance. Using a partial least square structural equation modeling
approach, they showed that integrating additive technologies into automotive supply
chains can enhance flexibility and performance. Similar results regarding supply chain
mechanisms and outcomes regarding the implementation of additive technologies were
reported by Verboeket and Krikke [26]. Similar results and conclusions can be found with
Moho Yusuf et al. [27], who looked at the aerospace industry, or Chung et al. [88] in the
context of smart factories and interchangeable processes.

2.3. Further Research on Additive Manufacturing

Additive manufacturing and the respective technologies have opened up a vast field of
research activities, ranging from detailed aspects of different manufacturing processes and
materials (e.g., [89–95]) and design for additive manufacturing (e.g., [96–99]) to hybrid manu-
facturing (e.g., [100–102]), Industry 4.0 (e.g., [103–105]), and sustainability (e.g., [98,106–110]).

Out of this spectrum, not all contributions are directly relevant to strategic factory
planning. However, flexibility quantification models addressing additive manufactur-
ing processes must be designed to allow the integration of such technological advances
without forcing a redesign of the model. They also need to be integrated into the over-
all structure of the factory in a second step. This underlines, even more, the need for
a consistent self-similar and process-centered modeling approach that also considers a
system-theoretic view [18,28].

The two most relevant areas of research are, on the one hand, the publications ad-
dressing the impact of additive technologies on the design of the factory itself, and, on
the other hand, the publications that enable the quantification of additive process times
and, especially, cost, sometimes early in the planning process and ideally without any
prerequisites for additive machines or software.

Stittgen [97] and Kopf [98] presented the most promising contributions out of the first
category. Stittgen offers a larger perspective on the manufacturing system and considers
production logistics. He also considers heterogeneous build jobs. These build jobs are
then set in relation to typical (conventional) production key figures such as manufacturing
times or delivery deviation within the overall framework by Nyhuis and Wiendahl on
manufacturing and logistics [22,111–113]. The analysis and evaluations were conducted
for the laser powder bed fusion (LPBF) process. On the other hand, Kopf presents a
quantification method for creating cost-efficient factory structures for AM that considers
the data situation in the early manufacturing and strategic-planning phases. The author
provides a model for the cost-oriented planning of manufacturing sequences of additive
technologies, also with a focus on LPBF. The focus is on the serial application of the
technology in an industrial environment with the primary goal of forecasting the costs for
the AM process compared to other planning alternatives.
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In the second category, the research into manufacturing cost and times in the domain
of additive technologies, current research mainly focuses on quantifying costs per unit
(e.g., [20,114–120]). Some approaches are also taking into account particular logical dis-
tinctions with conventional manufacturing processes, such as referring to shopfloor key
figures; e.g., Fera et al. consider an overall equipment efficiency (OEE) calculation and the
printer performance and capacity for heterogenous build jobs. Therewith, they developed
a cost model that integrated a more operational view [121]. Baumers et al. include process
failure as going beyond current AM cost models [122]. A progressive development can be
recognized by looking at the overall development of cost models in the context of additive
manufacturing; i.e., they build on each other, and, successively, more perspectives or key
figures are integrated (e.g., [123–126]). Various approaches add substantial value to calculat-
ing specific additive manufacturing costs and the factors that might influence the printing
times and the printers’ performance across various materials and technologies. However,
they do not remarkably contribute to an integrated production system perspective and
the overall quantification of manufacturing flexibility since they exclusively focus on the
performance of the additive resources and the factors that might influence it. Neverthe-
less, since times and costs are integral to the strategic technology-planning process, these
models provide valuable data that can be integrated into the planning process. The model
developed by Hartogh and Vietor offers a means to estimate cost and processing times,
especially in a very early planning stage [127–129]. In their works, Hartogh and Vietor
use the mathematical model of the Sierpinski carpets and a dimensionless complexity key
figure to approximate a comparative body of reference that can then be used to calculate
printing times and cost for additive series production. The respective abstraction process
of a body or part is shown in the following Figure 4.
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Even though only homogenous build chambers with one object type can be calculated,
the model offers distinct advantages regarding quantifying costs and times for additive
parts within the strategic planning process. Since, for the abstraction, no other information
is needed than the component height, volume, and surface area, the prediction algorithm
can be applied without further specific knowledge and special AM software to calculate
the potential manufacturing times and printing cost in a sufficient granularity for the
strategic planning process. Another significant advantage against this work’s backdrop is
the algorithm’s genericity, i.e., different additive processes can be quantified. As with most
comparable AM models, this model, as well, only considers the build process. Pre- and
post-processes are not assessed [128].
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As can be inferred from the current research activities around AM, the focus up to
now is, with very few exceptions, not on positioning AM in the context of the overall
production system; i.e., AM is not yet examined closely in the environment of various
production resources and more comprehensive causal relationships, such as capacity uti-
lization or interdependent production key figures. Instead, the AM process’ monetary
aspect (costs/profit) is the decisive target variable [131]. Supporting this line of argument,
Korner et al. explicitly suggested in their paper, after a comprehensive literature analysis,
the need for AM cost models to be integrated into the whole production system [132].

Nevertheless, the existing research and approaches provide valuable input for a more
holistic model. Since process times and manufacturing costs are two cornerstones of most
existing flexibility models, the respective data must also be available for additive resources,
should they be integrated into mathematical models quantifying systemic flexibility.

3. Problem Definition and Solution Process

Our proposal aims to provide a model that enables companies to integrate additive
technologies into the strategic factory-planning process and subsequently into (existing)
production systems. The mathematical model for analyzing and calculating the impact of
additive technologies has to consider the iterative nature of the factory-planning process
and the shifting levels of planning detail [35,133]. For the flexibility evaluation model,
this means that the basic logic in which the necessary processes are formulated must
offer a degree of self-similarity that allows for flexible granularity regarding the planning
progress. Furthermore, the model and its application procedure must take into account
the substitutive nature of additive technologies. All models, methodologies, and concepts
analyzed by the authors compare different resources at each process stage and iteratively
distribute the process of the individual products onto the different resources. This process-
for-process approach does work for conventional production systems and resources within
acceptable limits. However, it fails to address the ability of additive resources to substitute
entire conventional process chains. The same applies to integrating post-processes for AM
components, which is necessary to modify certain features of previously printed parts, like
the surfaces.

In order to achieve this, we first present a modified process-description model based
on the logic of the works of [18,134–136]. This basic task logic possesses the required
self-similarity. It thus allows for the necessary fluid level of granularity in the analytics,
but it has also already been applied in the context of flexibility analysis ([18]) and factory
planning ([35,133]). Based on this logic, a mathematical quantification model for volume
and mix flexibility and a corresponding application guideline were developed. Both the
model and guideline were applied in various case studies, one of which will be presented
in this paper.

4. Proposed Flexibility Quantification Model
4.1. Basic Task Logic

For a quantification model to be of value in the early stages of the factory design and
technology evaluation process, it must be based on a fundamental description logic. This,
on the one hand, has to allow a continuous and fluid adjustment of the abstraction level
(by means of self-similarity). On the other hand, the substitutional character of additive
manufacturing technologies needs to be addressed. The conventional approach using
reference work plans and tying processes at certain stages to specific machines’ respective
technologies is not sufficient: there is a lack of flexibility in the alternating levels of detail
as well as regarding the substitution potential of additive technologies.

For this reason, the authors chose a task-based approach [134,135] based on a process-
centered logic for planning and designing production and logistical systems developed
by Kuhn et al. [133,137–139]. This task-based approach was also applied by Luft [18] for
the analysis, evaluation, and development of manufacturing flexibility in conventional
production systems. Due to the fundamental process logic at the core of the model and
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the resulting self-similarity, there is a simple and frictionless adjustment of the level of
granularity in the analysis and evaluation, as well as the integration of the substitution
potential of additive technologies concerning conventional process chains.

The fundamental idea of the basic task logic is the separation or rather the separate
answering of two questions, which, in manufacturing, are usually answered in one step.
These questions concern the “how” and the “what” of each transformation within the
creation process of a product within the manufacturing system [134–136]. These questions
are generally answered by generating a work plan in which each necessary transformation
(what) is directly linked to a specific machine (how). A core reason for the increasing
complexity in manufacturing is created by directly answering these two questions in one
stride. The direct link of transformation and means in one document (work plan) also
means that every alternative regarding how the transformation can be achieved must also
be described in a separate document. Furthermore, it severely limits the adaptability of
models for flexibility analysis and evaluation since the same restrictions apply here [18].

In the context of strategic factory planning, this is especially challenging since with the
definition of the work plans (even on a rather generic level), many technological questions
are answered (and, thus, design options eliminated) at a stage where more flexibility and
different design options would be highly beneficial [41,43].

In contrast to work plans, the task-based approach differentiates between tasks and
processes. Tasks have both an external and an internal perspective. The external perspective
encompasses respective goals (e.g., costs, performance, or efficiency) and objects (e.g.,
material and information). Against the backdrop of this paper, the primary goal would
be the completion of a specific production program (with certain volumes and variants
for a defined number of products) within a given time. The most relevant attributes of the
objects would be the material (parts and components) necessary for the manufacturing of
the production program across all intermediate levels, as well as the initial and final states
of these objects related to each task.

Accordingly, the external view of tasks defines, through the exact specification of the
respective initial and final states of the task objects along the respective task chain, two
things: on the one hand, the logical sequence of the subtasks (pre- and post-events) and,
on the other hand, the goals to which the activities for the fulfillment of a task are to be
aligned. The activities whose correct execution results in fulfilling the corresponding task
are described by the following set of characteristics, which represent the internal view
of the task [18,134,136]. Namely, these are resources and methods. The resources are the
productive performance potential (human and machine) within the respective production
system. Methods, on the other hand, specify by which solution procedure (e.g., work steps),
under which rules, and based on which basic principles the goals of a task may be reached.
For this paper, the sequences of work steps and the corresponding work instructions, which
determine the sequence of transformation tasks to be performed to produce a product (final
task object) successfully, are of primary relevance. The process structures described by
them determine the division of the production systems into organizational units and, thus,
have a significant influence on the structure of a production system and, therefore, also on
the levels of system flexibilities to be considered [18].

The execution of the activities necessary to fulfill the task is called a process [140] or
an operation [136]. Compared to processes, tasks have more degrees of freedom in that
the fulfillment of the task can be triggered by different prior events and, linked to this,
also by different input objects, which means that alternative activities can fulfill the goal
of a task [134].

The following Figure 5 graphically exemplifies the basic task logic and the concept of
standard and alternative work plans.
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Figure 5. (a) Schematic representation of a basic task with the corresponding basic processes;
(b) conventional work plan logic.

The task pictured in Figure 5a is the creation of a hole inside the pictured object, the
plate. The description of the necessary transformation at this stage would specify the
whole, its diameter, tolerances, and so on. It would, however, not determine a specific
manufacturing process. The connection of the task (creating the whole while adhering
to all constraints) with a specific machine or manufacturing process will create the actual
(basic) process. Depending on whether the whole will be created by using machine one,
two, or three, it will create a different process. For the manufacturing process of a part
or component, this means that there is one basic task chain describing all the necessary
transformations. Each of these tasks can then be connected to one or more (different)
machines capable of performing this task. A process chain or work plan is generated
by combining different processes along the transformation process from raw material
to finished part. Each work plan is just one manifestation of the initial basic task chain.
This principle is exemplified in Figure 5b, with standard and alternative work plans as a
standard means to allocate resources in modern production planning and the control of
ERP (enterprise resource planning) systems.

The basic task logic was chosen as a theoretical foundation for the following flexibility
model that considers conventional and additive production resources. It (the basic task
logic) encompasses both self-similarity as well as a disjunctive description of the “how”
and the “what” of a transformation in the context of manufacturing. Furthermore, the
already-proven applicability of the basic task logic within the overall factory-planning
process as well as the resulting simplification regarding the application of the developed
model within this process advocated this decision. The same holds for the interpretation of
the results.

4.2. Proposed Basic Mathematical Model

In order to provide potential applicants of the mathematical model with an as-easy-as-
possible step-by-step approach, the description of the mathematical model is carried out
in four steps. After reformulating the overall production program for conventional and
additive manufacturing, the conventional part of the production system and the capacity
restriction within will be addressed first. The same will then be performed for the part
with additive resources. Since additive manufacturing often requires significant post-
processing [1], which impacts the production system in terms of, for example, planning and
resource availabilities, this will be added in step three. Subsequently, the formulation of an
overall cost function follows, encompassing both types of resources and the post-processes.
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4.2.1. Reformulation of the Production Program

In order to calculate the capacity utilization additive and the conventional production
resources (and, subsequently, the flexibility of the system) against the backdrop of a specific
production program, it is necessary to reformulate this production program to fit the basic
task logic. This reformulation is a three-step process. This process and the corresponding
equation will be displayed first and then summarized in Figure 6. The definition of the
respective overall production program in the respective scenario is step 1. The overall
production program (PP) consists of a certain number of different products. Within every
scenario analyzed, each product within the overall production program will be manufac-
tured in a certain volume, in the following, labeled p_1 to p_o. On the level of the individual
products, this can be described as follows:

PP(p) =
→
p = ( p_1, p_2, . . . p_o) with p ε N; o ε N (1)
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In order to make it compatible with the basic task logic and the mathematical model,
the program must be divided into an additive and a conventional part. In the current devel-
opmental phase of the model, the factory planner has to decide on the precise distribution of
the individual production volumes for each product. This is step two of the reformulation
process. The assignment of a product to the conventional or the additive part does not
have to be exclusive. Products can be manufactured additively and conventionally within
one scenario. The planner has to determine what quantities of a product (e.g., p_5) will be
manufactured additively (thus contributing to the additive part of the production program
(PPadd(p_5)) and what quantities will be manufactured conventionally (thus contributing
to the conventional part of the production program (PPcon(p_5)).

The following equation ensures that all production volumes for all products in
the overall production program have been assigned to the additive or conventional
production program:

PP(p) = PPadd(p) + PPcon(p) (2)

Since the mathematical model has to operate on different levels of granularity within
the factory-planning cycle, it is necessary to make the description of the production program
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fit this requirement. Thus, the conventional and additive parts of the production program
have to be formulated following the basic task logic. The conventional production program
can be described as follows in the basic task logic:

BTcon
i = PPcon

p
◦dcon

ip with i = 1, . . . , n; n ε 0N (3)

In the equation above, dcon
ip represents the number of times a given basic task i has to be

performed in order to manufacture or assemble product p. If, for example, the production
p was a car and the task in question was the fitting of a tire; this task would have to be
performed four times for each unit.

To make this model and the entire application procedure more applicable, especially
for SMEs, the level of granularity chosen for the following discussions is the typical
production lot since this is often used across various stages of the planning cycle. Lp, thus,
represents the standard manufacturing lot size for all basic tasks related to the product p.
The demand for a product p (Ωp) within the conventional production program PPcon(p)
can thus be reformulated as Πp with manufacturing lots (Lp) as follows:

Ωp

Lp = Πp with all p = 1, . . . , o and Πp ε N; Lp ε N, Lp 6= 0 (4)

Together with the calculation of the overall basic task demand (Equation (3)), this lot
size calculation represents step 3 in reformulating the production program.

To ensure the consistency of the production program during the simulation runs, it
is necessary to secure the manufactured production lots within each simulation run. This
is achieved by comparing the number of necessary basic tasks BTcon

i with the number of
allocated lots (xp

ij) and the respective lot size (Lp):

BTcon
i = ∑o

p=1 ∑m
j=1 xp

ij ∗ Lp with i = 1, . . . , n (5)

Following the reformulation of the conventional production program, the additive
part must be adjusted as well. Since additive manufacturing does not take place in
batches like conventional production, it is necessary to use a different metric to make
the calculations compatible with the conventional and make them applicable within the
factory-planning process.

For this purpose, the print job (J) has been selected as an appropriate level of granular-
ity regarding the strategic capacity calculation. As was the case with the production lot in
the dimension of conventional manufacturing, each print job contains a number of basic
tasks. While it is theoretically possible to run this model with heterogeneous print jobs,
only homogenous jobs are considered at this stage. Hence, only one type of basic task is
contained in each job. Furthermore, each job must be defined specifically for an individual
printer (β), containing a certain number of basic tasks of one specific type ( f p

α ). This ensures
that the number of basic tasks in the job will fit into the printer.

Jβ =
{

f p
α ; f ∈ N; α ∈ 1, . . . , γ; p ∈ 1, . . . , o|γ, o ∈ N

}
with β = 1, . . . , δ; δ ∈ N

(6)

To ensure the completeness of the additive production program within each calcula-
tion, the number of basic tasks within all jobs printed must match the overall demand for
all basic tasks:

BTadd
α = ∑o

p=1 ∑δ

β=1 yβ ∗ f p
α with α = 1, . . . , γ; γ ∈ N (7)

The following Figure 6 visualizes the three necessary steps in the reformulation of the
production program and illustrates the overall procedure.
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With the production program reformulated, the second step is the definition of the
capacity restrictions both for additive and conventional resources.

4.2.2. Capacity Restriction of Conventional and Additive Resources

To consider conventional and additive production resources, planners must first define
the available capacity of these resources within the given period. The model focuses on the
time component for both parts of the production system. At this stage, the authors presup-
pose that the geometrical capacity restrictions of the printers, as well as the technological
feasibility for all resources and technologies, were evaluated beforehand. Regarding this
model, all conventional resources j can be assigned a time-availability k j and all additive
resources D a capacity time-availability kD. Both are referred to in the following as capacity.

The available capacity for a conventional machine can be defined in various ways. If
no data are available, workforce members can offer an estimate based on their experience
with the equipment. If the data in question are available in the existing IT infrastructure
(e.g., the ERP system or MES), it can be used to specify the available capacity. However,
to keep the estimate and, thus, the simulation results as realistic as possible, the authors
suggest using the OEE, the overall equipment effectiveness. The OEE is a widely accepted
key figure for measuring plant productivity [141]. As a key figure, the OEE identifies and
classifies the unused potential of machines and industrial plants. It includes technical faults
and losses that affect the performance of a production system. The general idea behind
quantifying a system’s OEE is rather simple. It is a step-by-step procedure that considers
several capacity-reducing factors. Based on a given production period (e.g., the duration of
a to-be-analyzed scenario), the downtimes of the machine or plan are subtracted (step 1). In
a second step, all occurring losses due to slowed operations are deducted. The third step is
the deduction of the losses attributed to defective parts. This procedure leaves the planner
with the period (capacity) available for manufacturing faultless products. Figure 7 shows
the overall logic of the OOE and the different types of losses, together with examples.
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The OEE approach for quantifying the available capacity within a given period is by
no means mandatory. However, the authors strongly suggest using this approach as a
structured means to establish the actual available capacity of a given production resource.
For more information on the concept of the OEE as well as its differences, please consult
the following literature [141,142]. The OEE logic can be applied to both conventional
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and additive production resources. Even though the fundamental manufacturing logic is
different, the capacity-reducing factors addressed in the OEE logic still apply.

To ensure that the capacity of a conventional manufacturing machine is maintained, it
is necessary to define the time a production resource j requires to process a lot of specific
basic tasks assigned to a certain product p. For the factory-planning process, average setup
and changeover times from product A to product B are sufficient. Scheduling considerations
like in the research on flexible job-shop scheduling (e.g., [143–149]) are unnecessary. Thus,
the time for processing a certain lot (Tp

ij ) on a conventional machine can be formulated,
taking into account the processing time of one basic task i on machine j (tij), the lot size of
product p (Lp), and the average changeover time of machine j for basic task i (tr

ij).

Tp
ij = Lp ∗ tij + tr

ij (8)

For conventional production resources, the capacity restriction, thus, can be formulated
as follows.

n

∑
i=1

o

∑
p=1

xp
ij ∗ Tp

ij ≤ k j with j = 1, . . . , m (9)

For the time restrictions on the additive resources, it is assumed that, for every build
job defined for any given printer D, a corresponding time Tβ can be determined, which, in
addition to the actual print time tβ, also takes into account the time components for the

preparation of the printer tD(up)
β and downstream times (e.g., removal of the parts) tD(down)

β

of the printer. These are all times when the printer is occupied in any manner in order to
fulfill the task and is not available for other operations. The time necessary to print a certain
job Tβ on a printer D can, thus, be calculated analogously to the conventional production
lots.

Tβ = tβ + tD(up)
β + tD(down)

β (10)

The capacity of the printer over the considered time is, therefore, ensured by the
number of jobs Jβ assigned to the printer D. The cumulative time to produce these jobs
must be less than the available capacity of the printer kD, where yβ represents the total
number of jobs Jβ that were assigned to printer D during a simulation run using the
quantification model.

∑δ

β=1 yβ ∗ Tβ ≤ kD with D = 1, . . . , E (11)

For both the conventional and the additive resources, no negative lots might be
assigned.

xp
ij ≥ 0 and xp

ij ∈ N (12)

yβ ≥ 0 and yβ ∈ N (13)

4.2.3. Integration of Post-Processing Processes

Due to the differences in the outcome of additive manufacturing processes compared
to conventional ones (e.g., surface quality), it is often necessary to perform the so-called post-
processing [5,150–152]. These are additional manufacturing steps that must be performed
to, for example, remove support structures or enhance the surface of the product. These
additional processes or steps must also be integrated into the model since they take up
capacity that would otherwise be used solely for conventional manufacturing if performed
on conventional equipment. In order to make the integration of those processes compatible
with the overall logic, the calculation must also be lot-based. Generally, the factory planner
can decide the lot size for the post-processing (as almost all external factors and aspects
within this model) depending on the company’s situation. In this initial case, the lot size
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for the post-processing (NBβ) will be equivalent to the number of basic tasks α, which are
assigned to products p, within the previously defined jobs Jβ.

NBβ = Jβ (14)

The time required (T j
β_NB) for post-processing one lot of additively manufactured parts

of a job β on a conventional machine j can be calculated analogously to the conventional
batches. This is carried out using setup times t(up)

α_NBj, processing time, and lot size.

T j
β_NB = NBβ ∗ tα_NBj + t(up)

α_NBj (15)

For the conventional production resources, this results in the following adjusted
capacity constraint, in which wj

β describes the number of build jobs β to be post-processed
on conventional machinery j.

∑n
i=1 ∑o

p=1 xp
ij ∗ Tp

ij + ∑δ

β=1 wj
β ∗ T j

β_NB ≤ k j with j = 1, . . . , m (16)

Again, the nonnegative constraint applies; i.e., no negative post-processing lots may
be assigned, and these lots may always be processed completely and not split.

wj
β ≥ 0 and wj

βεN (17)

The lot size of the post-processing must always be equivalent to the number of basic
tasks within a given build job. This may be adjusted for scheduling reasons, logistics, or
other operational requirements.

4.2.4. Overall Cost Function

The last relevant aspect of the mathematical model against the backdrop of factory
planning is the integration of fixed and variable manufacturing costs. The general objective
of the factory-planning process is the conceptual design of a manufacturing system that
allows the manufacturing of the previously defined production program. Thus, the overall
goal is the minimization of the cost, displayed in the following target function:

ctotal = ∑m
j=1 ∑o

p=1 ∑n
i=1 xp

ij∗c
p
ij + ∑δ

β=1 ∑n
j=1 wj

β ∗ cβ_NBj+

∑δ
β=1 yβ ∗ cβ + ∑m

j=1 C f ix
j + ∑E

D=1 C f ix
D

(18)

This function encompasses variable and fixed costs. The variable costs include the pro-
cessing of conventional lots on conventional machines cp

ij, the processing of post-processing
lots on conventional machines cβ_NBj, and the variable costs of printing a job β (cβ). The

total variable costs incurred are also dependent on the number of actual lots (p
zi and wj

β)
and jobs (yβ) that get assigned to the various machines j and printers D. The fixed costs
associated with the machines and printers within the production system are represented as
C f ix

j and C f ix
D .

4.3. Necessary Input Data

Since the models’ intended use is as a tool for the strategic factory-planning process, it
is necessary to define the different types. The two main aspects are the production system
and the production program. For the successful application of the model, it is necessary
that the initial production system definition, which poses the system-side framework for
the analysis, contains the following details:

1. Number and type of machines;
2. Available capacity for each machine;
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3. Bill of materials (BoM);
4. Work plans and alternative work plans for every product (including processing times);
5. Information/process plans for the conventional post-processing of additively manu-

factured parts;
6. Standard lot sizes for all products for the conventional manufacturing process;
7. Actual or calculated and quantified build jobs (printing times can be generated using

the model developed by [127–129]);
8. Potentially available option for the flexibilization of the production system.

The definition of the production program, on the other hand, must contain the
following information:

1. Number of different products;
2. Maximum anticipated production volume for every product;
3. Minimum anticipated production volume for every product;
4. Anticipated rate of substitution between all relevant products (relevant for

the mix-analysis);
5. Timespan that is to be analyzed.

The options for the modification of the production program as well as the production
system are consequently included in these initial framework conditions.

4.4. Proposed Methodology

From the perspective of a software system, a methodology represents a procedure or
a step-by-step protocol designed to help with the application of the system [153]. Here,
we propose a generic five-step guideline for people to apply the mathematical model.
This guideline outlines the general steps needed to generate usable results for the factory-
planning process. As a prerequisite, the overall target definition of the project and various
pro-planning activities (such as generating the necessary input data) must have taken place
already. A clear set of objectives compatible with the possible mathematical results must be
in place. An example of a potential objective is the analysis of the volume and mix flexibility
of a certain part of the production system against the backdrop of a set of previously defined
production programs. Another example is the analysis and evaluation of new machines in
the production system and their impact on aspects like cost and different types of flexibility.
Moreover, the general structure of the production system, including its resources, must be
defined. This means that all of the information described in Section 4.3 is available and
has been checked for consistency. For the following steps and the exemplary flow chart
displayed in Figure 8, it is assumed that compliance with the available capacity, satisfactory
capacity utilization, and an acceptable cost structure, together with reasonable levels of
volume and mix flexibility, are the main objectives.

Step 1 is the implementation of a starting version of the previously defined production
program. The production program in question has to be defined beforehand as a part
of the overall scenario. For every product in the production program, a certain range of
potential production volumes was determined for a specific period of time. Since, usually,
in the factory-planning process, a scenario analysis for the future production program
is conducted, it is recommended at this stage to take the value with the highest entry
probability as a starting point. The two central pieces of information for the production
program are the timespan to be analyzed and the corresponding production volumes. An
example of how the production program can be implemented is displayed in the case study
in Section 4.5.2.

Step 2 is the implementation of the initial production system configuration. This
includes all the information listed above, e.g., machines with their available capacity, work
plans, bill of materials, or standard lot sizes for conventional manufacturing. As discussed
in Section 4.2.2, it is advised that the logic behind the data determining the machine capacity
is known and accepted by the model users. The suggested OEE logic was perceived as
an acceptable common denominator by everybody within the participating company that
provided the information for the following case studies. It is, however, not mandatory
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to use this metric. An example of how an implementation might look or be conducted is
displayed in Section 4.5.2.

Step 3 then is splitting the production program into the part for conventional manu-
facturing and the part designated for the additive resources. There is no general rule on
how to approach this at this stage. Planners should start with a rough estimate and then
iterate to a more optimal solution. Suppose either the backup capacity of the model on the
conventional side or the additive side is utilized within the simulation run. In that case, it
is necessary to reallocate volumes to the other part of the production program. This logic is
also displayed in Figure 8. The distribution and redistribution of volumes can be carried
out in various ways within the software used for the calculations. In the implementation
realized by the authors, different basic task chains were designed that could be directly
connected with specific production volumes. Examples of this are displayed in Section 4.5.2.

Step 4 is the actual calculation itself. In order to achieve a minimum application hurdle,
the model was formulated so that the calculations could be performed in Excel using a linear
solver or comparable methods, depending on the complexity of the individual problem.
Since the process of factory planning is in large part about the design of a flexible and
robust production system, it is advised to take the initial production system configuration
and test it against a broad range of production programs varying within the boundaries set
by the planners initially. By generating these different scenarios, the necessary data for the
latter interpretation of volume and mix flexibility can be generated.

The tools used for this calculation are up to the planner. These calculations can be
performed using specific software for factory planning or can be conducted in Excel. Using
factory-planning software might prove difficult, depending on the designed scenario. Most
factory-planning solutions capable of this kind of machine-process allocation are based
on the work plan logic. Thus, it might be difficult to implement the basic task logic. It is,
however, also possible to implement the production program and the production system
in Excel and then use a simplex algorithm or a different tool capable of optimizing these
linear optimization problems. Examples of how this might look are given in Section 4.5.

Step 5, then, is the analysis and following interpretation of the generated results.
Depending on the initially formulated results, this can be multi-dimensional. An analysis
of the general capacity utilization and identification of potential bottlenecks are possible,
as well as the quantification of the volume and mix flexibility of the production system
against the backdrop of the previously defined and calculated scenarios.

Depending on the analysis results, there are various options for how the planner might
proceed. If all the objectives have been met and none of the backup resources have been
utilized, the scenario can be seen as concluded. The planner can then move on to a different
scenario or start optimizing the structure of the production system based on the capacity
utilization of the resources under consideration.

If the objectives have not been met, it is necessary to determine what kind of problem
occurred. If the problem is a capacity overload in the conventional or additive part of
the production system, the planner can try to redistribute volumes. In order to do so, it
is necessary to analyze the capacity utilization of the considered production resources
and then determine which resource has reached maximum capacity and what tasks have
been assigned to the backup capacity. Based on this information, the planner can then
redistribute limited volumes of the, for example, conventional production program towards
the additive or vice versa.

If the capacity of the production system as a whole or of some machines specifically
is not meeting the requirements defined beforehand, the planner can start to adjust the
production system configuration. Depending on the analysis results, the planner can
remove certain underutilized resources and restart the simulation. If the remaining capacity
is sufficient, this will boost the overall capacity utilization and reduce the overall costs.

If the volume or the mix flexibility is insufficient, the planner has to choose between
the adaptation of the production system (e.g., by adding new resources) or the modification
of the production program. Since the production program often cannot be influenced
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by the company, adapting the system is usually the next step. The planner then has to
determine what resources might be best to boost either type of flexibility. This, for example,
can be achieved by comparing the individual capacity utilization of the machines within
the system.

If none of the options described above is applicable, the planner has to terminate the
analysis and the simulation, and fundamentally question the overall design of the scenario.
Thus, either the production system configuration, the potentially addable resources, or the
overall production program must be adjusted.

Figure 8 shows a simplified and compressed process for the model application to
analyze a production system.
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Depending on the results of the calculations and whether the objectives have been
met, various iterations of parts or the entire process might be necessary to determine an
acceptable production system configuration. The specific composition of the individual
calculation runs can, of course, vary from time to time, depending on the project-specific
requirements. The generalized process in Figure 8 shows a rather low level of granularity.

4.5. Case Study
4.5.1. Case Study Objectives

The objectives for the conduction of the case study were twofold. The first objective
was the verification of the mathematical model in terms of the correctness of the calculated
results. This was ensured by a double check of the calculated levels of capacity utilization
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against data generated by the company’s internal production planning as a scheduling
system and separate calculations performed in a specific factory-planning software. Even
though not all specifics could be modulated within those two systems, the results generated
could be used to verify the mathematical model’s functionality and correctness regarding
task allocation and capacity utilization.

The second objective was the analysis of a multitude of potential production systems’
configurations against the backdrop of an uncertain future, simulated by various production
programs. During this process, the methodology of the scenario technique [40,154,155]
was applied.

The target here was not to prove that manufacturing a part or component with additive
technologies can be cheaper, even though that was the case in some scenario configurations.
The overall objective was to evaluate whether the entire system would be more flexible
when manufacturing fluctuating production programs. Thus, even if the additively manu-
factured part was more expansive than it would have been conventionally, the transition of
this part to the additive resources enhanced the flexibility of the system for other parts and
components disproportionately. Consequently, the additive resources contributed to the
overall flexibility of the production system, even though the individual part on a printer,
when looked upon in isolation, did not.

4.5.2. Background Information

A case study was generated with a co-operating company to verify the mathematical
model. The company in question is in the process of expanding its product portfolio and
is considering the increase in the production volume of various products. Due to various
insecurities on the sales side, the company is already facing the challenge of varying
production volumes of up to 200% for various products within its portfolio. Furthermore,
the general capacity situation in the production system and the existing layout do not
allow for the generation of isolated production sub-systems solely to manufacture a specific
portion of the overall portfolio. Amidst these challenges, the company is considering using
additive manufacturing technologies to compensate for demand fluctuations and enhance
the production systems’ flexibility and unique selling proposition.

A sub-part of the existing production system containing processes like milling, hard-
ening, turning, deburring, and laser-marking was isolated and used for the analysis.
Furthermore, the company defined a corresponding production program with the required
potential variations of the production volumes and potential shifts within the mix. In addi-
tion, the necessary post-processes were defined and quantified, and all the other necessary
data (see Chapter 4.3) were generated.

During the analysis, various production system configurations and production pro-
grams were tested against one another. The general procedure followed the process
described in this paper (Figure 8) and is described in extracts in the following chapters.

In order to simulate and analyze different scenarios, the company provided relevant
information (e.g., the production layout, work plans, machines, shift models, maintenance
intervals, costs, production volumes across different market scenarios, manufacturing lot
sizes, potential interruptions, and scrap rates). Due to the existing confidentiality agreement,
the original data cannot be published. The following Figure 9 shows an example of a
standard work plan. The intention is to exemplify how the partnering company provided
information. The work plan connects necessary transformations for manufacturing a
product with machines. It also (among other things) specifies the processing and setup
times and a basic process description of the transformation.



Processes 2023, 11, 1968 22 of 36
Processes 2023, 11, x FOR PEER REVIEW 22 of 36 
 

 

 
Figure 9. Exemplary workplan. 

The information regarding the machines was provided in the form of an Excel file 
containing shift models, maintenance intervals, and other capacity-relevant information 
(please see Figure 7 for further relevant information). 

4.5.3. Implementation of the Production Program 
The production program was implemented, on the one hand, in Excel and, on the 

other hand, in a specialized factory-planning software that works on the basic task logic 
described earlier. The production program was implemented so that changes in volume 
and composition could be carried out with little effort. This was achieved by generating 
an initial consistency check that confirmed the conformity of the production program en-
tered with the restrictions on lot sizes and build jobs described in Section 4.2.1. Different 
basic task chains were defined to facilitate the latter splitting of the production program. 
Therefore, specific parts of the production volumes could be directly connected with dif-
ferent work plans. For the additive part of the production program, this meant defining 
the basic tasks representing the print jobs and the necessary post-processes. The work 
plans were important for the conventional part of the production program (schematically 
displayed in Figure 10a). In a second step, the task–machine allocation specified in the 
different work plans has been abstracted and combined into a task–machine table, sche-
matically displayed in Figure 10b. The table in Figure 10b also contains the individual 
machines’ processing times (in minutes). 
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The information regarding the machines was provided in the form of an Excel file
containing shift models, maintenance intervals, and other capacity-relevant information
(please see Figure 7 for further relevant information).

4.5.3. Implementation of the Production Program

The production program was implemented, on the one hand, in Excel and, on the
other hand, in a specialized factory-planning software that works on the basic task logic
described earlier. The production program was implemented so that changes in volume
and composition could be carried out with little effort. This was achieved by generating an
initial consistency check that confirmed the conformity of the production program entered
with the restrictions on lot sizes and build jobs described in Section 4.2.1. Different basic task
chains were defined to facilitate the latter splitting of the production program. Therefore,
specific parts of the production volumes could be directly connected with different work
plans. For the additive part of the production program, this meant defining the basic
tasks representing the print jobs and the necessary post-processes. The work plans were
important for the conventional part of the production program (schematically displayed in
Figure 10a). In a second step, the task–machine allocation specified in the different work
plans has been abstracted and combined into a task–machine table, schematically displayed
in Figure 10b. The table in Figure 10b also contains the individual machines’ processing
times (in minutes).
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Figure 10. (a) A schematic representation of exemplary workplans in Excel; (b) possible basic
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The distribution of production volumes between the conventional and the additive
part of the production system can be facilitated by changing the percentage of the overall
volume between the different parts of the system.

4.5.4. Implementation of the Production System

The implementation of the production system was also carried out in Excel and the
factory-planning software. The implementation included not only the data about machines,
work plans, bill of materials, and the like, but also the implementation of certain flexibility
options like backup machines or additional shifts, so that the potential development of the
production system could also be considered up to a certain point.

Following the description of the capacity-relevant parameters in Section 4.2.2, differ-
ent capacity-reducing aspects were considered and implemented. Figure 11a shows the
implementation of these factors within the factory-planning software. The implementation
within Excel followed the same logic. For consistency and acceptance reasons regarding
the generated results, we recommend following the basic logic of the OEE description in
Section 4.2.2. Figure 11b displays this for a machine that works in a two-shift operation.

The adherence to the OEE logic and its elements/components offers two distinct
advantages. Firstly, the OEE is well-known in manufacturing companies, and its validity
and elements are broadly accepted. Secondly, the differentiated breakdown of overall
plant availability into individual factors enables a differentiated analysis of the potential
of individual optimization points. In this way, conclusions can be drawn about where the
production system should be optimized in the future.
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Figure 11. (a) The UI for the specification of machine capacity within the factory planning tool;
(b) a schematic representation of the capacity calculation for machines in Excel.

4.5.5. Splitting of the Production Program

The production program was split by creating two versions of the new product. One
version of the product was connected to various conventional work plans, and the other
was connected to work plans containing additive processes and post-processing. In doing
so, changes in the product allocation between additive and conventional could be made
quickly. The allocation key was changed on a percentage basis to facilitate splitting without
adjusting the overall production program.

4.5.6. Simulation/Calculation

The basic process for calculating capacity utilization, volume, mix flexibility, and
the overall cost was based on comparing the scenario-specific production program with
the scenario’s production system configuration. This was achieved based on different
breakdowns of the overall production program into conventional and additive parts and
alternations of the product mix within the production program.

The calculation of the different production programs and production system config-
uration was performed using a linear solver implemented in Excel as well as the factory-
planning software. The calculations were performed for different production programs,
production program allocations (conventional and additive), and production system config-
urations. The general target was, as stated before, to evaluate how an additively upgraded
production system would change flexibility, capacity utilization, and costs.

The choice of the solver in Excel and within the factory-planning software was de-
termined by the availability of the tools within the project and not based on performance
considerations. The solver used for the calculations within Excel was What’sBest!, and
that implemented in the factory-planning software was a simplex algorithm. The iter-
ative process of changing the production program (within the parameters given by the
partnering company), the production system modification, and the shifting of production
volumes between the additive and the conventional part of the production system was
repeated between 10 and 30 times until the calculated results offered no new insights into
the scenario’s overall configuration. Then a new overall scenario for the factory plan was
designed, and the process started again.

4.6. Results
4.6.1. Verification of the Mathematical Model

The application of the model within the described case study in conjunction with a
specific factory-planning tool and the existing software for production planning within
the partnering company allowed for a conclusive analysis and verification of the proposed
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mathematical model. The backup calculations performed in these systems showed that the
basic-task–machine allocations generated using the mathematical model were consistent
and did not violate any capacity restriction. The calculated costs were also within the
acceptable margin of error for the designated task, namely, the rough assessment of the
strategic production system design. Furthermore, the fuzziness regarding the setup times
and other capacity-reducing aspects, which could not be modeled exactly due to the
relatively high level of aggregation in the general-planning phase, remained within an
acceptable range.

4.6.2. Cost, Volume, and Mix Flexibility

The calculated results of the different simulation runs were analyzed, interpreted,
and, in the case of the flexibility assessment, used to set the benchmark of the production
system again without additive resources. The following figures show different aspects of
the analysis across various scenarios. The scenarios displayed within the figures always
comprised a fixed production system configuration. This configuration was then tested
against changing production programs or varying part allocations between the conventional
and the additive part of the production program. Figure 12 shows the development of the
calculated costs of a specific product across 20 different scenarios. The product in question
was manufactured additively and conventionally across all scenarios. Figure 12 displays
the maximum, minimum, and average cost for the product within each scenario across all
production programs and program mixes tested within each scenario.
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The flexibility of the production system regarding the manufacturing of various parts
and components was also analyzed across various scenarios. The analysis of volume and
mix flexibility was set up so that these two dimensions could be measured across all parts
of the production program. The scenarios were designed so that the overall production
program was kept stable, and only one part (in the case of the volume flexibility) or a pair (in
the case of the mix flexibility) would be altered. The analysis did not focus on a specific part
that was manufactured additively but rather on the impact of the additive manufacturing
of a part on the entire production system and the overall production volumes.
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The following two figures show a subset of volume and mix flexibility results. In
Figure 13, the volume flexibility of the production system regarding the manufacturing of a
specific item C is displayed across various scenarios.
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The most interesting aspect of this analysis was that the biggest gains in volume
flexibility (scenarios eight and nine) were achieved when shifting a different part (not
part C) towards additive manufacturing, thus freeing manufacturing capacities within
the conventional system and significantly boosting the output of part C. This effect can
mostly be attributed to a bottleneck situation within the conventional part of the man-
ufacturing system that was then eased up with the reallocation of one part towards the
additive resources.

The analysis of the mix flexibility followed the same pattern, with the difference that
two parts were chosen out of the production program. The production volume of one of
these parts was then reduced to zero, with the rest of the production program kept the
same. The question to be answered then, as an indicator for the production system’s mix
flexibility, was how much the maximum producible production volume increase would
be. The following Figure 9 shows the volume flexibility across various scenarios. This
analysis was performed with various pairs of parts across different production system
configurations and programs. Each scenario (1 to 24) in Figure 14 represents one part-
pair within a number of production programs measured against a specific production
system configuration and shows the changes in the level of volume flexibility that could
be achieved. During the analysis of the mix flexibility, specific attention was paid to the
question of how much the integration of additive resources and the subsequent reallocation
of production volumes within the system impact the overall mix flexibility of the production
system. This was, amongst other things, achieved by monitoring the capacity utilization of
the additive resources compared to the conventional ones and the distribution of the overall
production program among additive and conventional resources. All measurements were
carried out against the backdrop of a purely conventional production reference system.
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As seen in Figures 2 and 3, the integration of additive resources can substantially
affect production systems’ volume and mix flexibility. The effects are, however, not always
positive or substantial enough to justify the integration of these new technologies. The
calculations performed by applying the mathematical model showed that looking at a
specific component and its manufacturing with additive technologies is a much too limited
view of the question of how additive technologies can enhance production systems. Within
various scenarios, the biggest impact was achieved by cost advantages not when looking
at a single part or component, but rather when looking at the overall capacity utilization,
the capacity bottlenecks within the production system, and the products using these
scarce resources. Even though the current case study only looked at a small part of
the production system and did not take into account the company’s entire production
program, the analyses showed that the contribution AM can make to manufacturing must
be viewed against the larger background of an entire production system and a more
heterogeneous production program. Positive effects on volume and mix flexibility often
occurred due to alternative task-capacity allocations that were only possible due to the
additive manufacturing of a small part of the overall production program.

5. Discussion

The development of the mathematical model for the quantification of volume and mix
flexibility for production systems containing additive technologies in the context of strategic
production system design and planning offers new insights into what contribution these
technologies may offer. The approach reduces a gap in the existing research for strategic
factory planning when it comes to the quantification of the potential impact of additive
technologies on the overall performance of the production system. More specifically, the
model and the application offer an opportunity to quantify the contribution to the key
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success of factory volume and mix flexibility. Even though the calculations are made on
the level of general capacity planning and scheduling issues that are not in scope yet, the
results offer a good estimate of what additive technologies can achieve if integrated in
a rather holistic way in the context of the entire production system. Due to the general
setup of the model and the underlying structure of the basic task logic, CAD or STL files of
products are not necessary. Calculations for AM build times can be performed based on
the data generated by approximate methods like the model of Hartogh and Vietor, which
lowers the initial investments (e.g., software and personal) and makes the model more
applicable in the early planning stages, when additive technologies, the respective software,
or the necessary skillset might not be available within the company on a sufficient level.

However, it should be noted that, even though both additive and conventional man-
ufacturing processes can be calculated and evaluated within one manufacturing system
and in the context of a single total cost function, the model does not allow for a single
production program; i.e., it is necessary to split up the overall production program and then
use an iterative approach to determine the best distribution of tasks between the additive
and the conventional part of the production system. This step does increase the necessary
planning effort and might prolong the identification of the best achievable solution.

Following this line of argument, the model and the application guideline in their
current state only provide a tool for calculating solutions planners have designed in the
first step and then the consecutive iterative optimization based on the interpretation of the
results. The tool cannot determine the ideal configuration of the production system or what
kind and type of machines should be integrated with which quantities. The same holds for
further aspects like personal factors and skills, logistics, or the entire field of the structural
restrictions of the buildings and the specific requirements additive technologies have on
these dimensions. The mathematical model focuses only on production capacities, tasks,
and processes. This, however, is sufficient for the strategic capacity planning within the
overall factory-planning process and the technology planning within [22,23,33–36,42].

The proposed mathematical model was designed to quantify the two core types of
flexibility, volume and mix flexibility. This was achieved, as demonstrated with the case
study. However, as shown in Figure 3, these types of flexibility are only two out of many.
In order to fully assess the flexibility of production systems comprising additive and
conventional resources, it is thus necessary to assess the remaining types of flexibility
and create a holistic and consistent model that allows for the quantifying of all aspects of
the flexibility concept in the field of manufacturing, and, subsequently, the contribution
additive technologies can make to it.

The case study used to verify the basic functionality and correctness of the math-
ematical model is not inclusive of all possible aspects, and some limitations should be
noted. The main challenge for the application of the model is the necessary database. The
required data contain numerous pieces of information that are most often unavailable in
manufacturing companies. Chief among those is the alternative work plans and, thus, the
necessary process times for the manufacturing lots in machines other than the standard
work equipment. This information usually exists in the form of implicit knowledge in the
heads of the employees but is not easily accessible for strategic capacity planning.

Following the line of argument regarding the availability of various pieces of informa-
tion within the production system (e.g., alternative work plans), the basic task logic used
to connect all this information into the overall factory-planning process is also not imple-
mented widely. Nevertheless, describing the transformation performance to be achieved in
a production system in a disjunct way regarding the available production resources and the
respective technologies is an essential step. This not only holds true for factory planning
but also targets the core of Industry 4.0 and the decentralized and service-oriented future
of manufacturing in general [156–163].

The last point is that the mathematical model is designed to assist strategic planning.
It consequently lacks applicability in the operational domain, where additional restrictions
and requirements apply. Tasks like operational scheduling and production sequence
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planning are outside the scope of the current solution. However, the fundamental structure
of the model is also applicable for this kind of tasks. The premise is that the process-
chain-substituting ability of additive resources can be modeled in a way that does not
disproportionately increase the number of machines and processes in the system.

6. Conclusions

In the literature on additive manufacturing technologies and manufacturing flexibility,
the focus is often on comparing the conventional manufacturing process of a product
versus the additive way. This is then analyzed and interpreted across the dimensions of
cost, volume, and mix flexibility or lead times within a single company or across a supply
chain [20,24–28]. No studies, however, examine the potential implications of additive
technologies within a larger picture and, most notably, in an early phase of production or
factory planning. The analysis of the impact of additive technologies on manufacturing
in the context of an entire manufacturing (sub-)system in combination with a production
program consisting of numerous different products with fluctuating demands has not
been addressed so far. This is especially important because much of a production system’s
flexibility is determined during early planning [18,19,22,23,42].

To gain further insights and to offer some degree of assistance within this planning
phase, a mathematical model, together with a corresponding guideline, was developed.
It builds on a task-based and process-oriented description logic for production and logis-
tical systems and the modification of existing flexibility models. This novel model and
the corresponding guideline allow for the analysis of volume and mix flexibility within
production systems that contain both conventional and additive production resources.
This allows for a scenario-based analysis and evaluation of various production system
configurations against altering production programs within the factory-planning process.
This approach enables planners to determine a system’s volume and mix flexibility and
how manufacturing costs and capacity utilization of specific resource configurations fare
against changing market demands. Thus, planners can design more flexible, robust, and
adaptable factory solutions.

The developed model was tested against a modified application use case with a part-
nering company. During these tests, the model addressed various core aspects of the
strategic factory-planning process related to flexibility design. The model was used to
analyze different production system configurations and to quantify their inherent potential
regarding volume and mix flexibility. The analysis covered production system configura-
tions containing only conventional production resources and hybrid production system
configurations containing additive and conventional production resources. The model was
specifically used to identify limiting factors (resources) within the conventional produc-
tion system and mitigate these bottlenecks by shifting parts of the production program
onto additive resources. This identification of potential capacity bottlenecks within the
conventional production system, together with the ability for the targeted reallocation of
limited amounts of the production volume to additive resources, enabled a new view on
the strategic potential additive technologies can have on the design of different types of
manufacturing flexibility. The model’s capability to calculate conventional and additive
production resources together enabled a differentiated understanding of additive potentials
at an early planning stage. This, in turn, allowed planners during the project to analyze
and evaluate production system configurations that would otherwise not even have been
considered. Especially, the opportunity for a low-effort analysis of a larger number of
different production programs against a set of conventional and hybrid production system
configurations enabled the development of more efficient and more flexible production
system configurations containing both additive and conventional resources. In doing so,
the developed model can be used to integrate additive technologies into the early factory-
planning process. This gives planners new possibilities for designing and configuring more
flexible production systems without the limiting framework conditions of conventional
manufacturing technologies. These insights cannot be achieved by applying conventional
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models for flexibility assessment due to their incompatibility with the different AM-process
logic and their limited integrability in a process-oriented factory-planning process.

The analysis of various production system configurations against numerous altering
production programs showed that additive technologies hold great potential for the flexibi-
lization of production systems. Depending on the production system configuration and the
composition of the corresponding production program, the flexibility gains using additive
technologies for some part of the production program led to volume flexibility gains of up
to 425%. In the case of the mix flexibility, these gains exceeded 200% in some scenarios.
The main insight, however, was that these flexibility gains were often not for the additively
manufactured product but rather due to capacitive reallocations due to the shifts within
the production program from conventional to additive and the subsequent gains in free
conventional production capacity. The gains in flexibility, however, frequently came with
higher costs for the additively manufactured product. However, this mostly depended on
the efficiency and complexity of the alternative, conventional manufacturing process, and
is very situational.

The results offered in this paper are only a small first step in the direction of an
integral, more holistic approach when it comes to analyzing and evaluating the potential
impact additive technologies can have on manufacturing flexibility. The developed model
provides a first solution for the analysis and evaluation of production systems containing
both conventional and additive manufacturing technologies. Our current research has
only looked at two types of flexibility out of many (see Figure 3). In order to create a
comprehensive picture of the flexibility of a manufacturing system encompassing additive
technologies, more flexibility types need to be integrated and connected. The impact of AM
concerning lead times and manufacturing complexity is also an increasingly relevant topic
that should be considered with flexibility and complexity in mind. The task-centered logic
for modeling transformational processes within manufacturing systems offered within this
paper might serve as a starting point. Finally, the authors suggest more research on the
interdependencies of strategic production system planning and additive resources. AM is
an important part of today’s modern production systems and thus needs to be considered
in conceptualizing and planning them as an integrative aspect.
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