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ABSTRACT
The evolution of additive manufacturing (AM) over the past few
decades has significantly shifted its application from prototyping to
the production of final products. Despite this progress, the indus-
trial uptake of AM remains limited due to the complex integra-
tion challenges within existing manufacturing value chains. This
paper addresses the gap by presenting a prescriptive approach
for assessing risks associated with incorporating AM into estab-
lished workflows. Utilising two case studies from the ‘Demonstra-
tion of Infrastructure for Digitalization enabling industrialisation of
AM (DiDAM)’ project, which involves several Swedish manufactur-
ing companies, this study develops a methodology for risk assess-
ment. Theproposedmethod involvesmappingworkflows intomulti-
domain matrices, establishing dependencies with uncertainty val-
ues, and performing risk analysis to determine potential impacts.
Results indicate that this quantitative risk assessment approach pro-
vides valuable insights into hidden issues that could affect the imple-
mentation of AM. By offering a decision-support tool for managers,
this methodology enhances the likelihood of successful integration
of AM and supports digitalisation efforts in traditional manufactur-
ing settings. The practical applications of this approach are demon-
strated through a detailed analysis of the two industrial cases.
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1. Introduction

Significant research and development resources have been put into additive manufactur-
ing (AM) in the past few decades, particularly focussing on newmaterials and manufactur-
ing processes (Huang et al. 2015). Among various reasons, new manufacturing paradigms
such as Industry 4.0 have led to significant shifts in how companies perceivemanufacturing
value chainswith newer technologies such as AM, playing a central role in them (Alcćer and
Cruz-Machado 2019).

With the maturity of the technology, its use has moved significantly from prototyp-
ing to manufacturing of final products (Thompson et al. 2016). However, previous studies
show that there is still a significant gap in its industrial uptake (Kulkarni et al. 2021; Martin-
suo and Luomaranta 2018). One reason often mentioned is the lack of research to review
its position in the overall product and process cycles (Mallalieu et al. 2022; Martinsuo
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Figure 1. The generic AMworkflow and the demonstrator cases coveragemapped onto it. Reproduced
from Isaksson et al. (2024) under CC BY-NC 4.0 Licence.

and Luomaranta 2018). Studies indicate that while the opportunities of additive manu-
facturing, such as design flexibility, enhanced product complexity, and customisation are
clear, companies often face challenges in adapting their existing value chains to integrate
AM effectively (Isaksson et al. 2024; Mallalieu et al. 2022). Digital aspects of implement-
ing AM, such as design, workflow and simulation often create risks, which inhibits its full
integration in the industrial eco-system (Mallalieu et al. 2022). The problem is further ampli-
fied for companies with a well-established portfolio of traditional manufacturing methods
(Hajali et al. 2023). Incorporating AM without prior analysis of the risks can lead to major
disruptions to existing workflows.

Existing studies have identified these challenges, but the literature remains largely qual-
itative, lacking structured, empirical approaches to systematically evaluate and quantify
these risks. This paper addresses this gap by introducing a prescriptive approach for risk
assessment in adoption of AM. Unlike prior studies that primarily describe challenges, this
approach provides a structured framework for collecting empirical data and conducting
quantified risk analyses. The objective of this paper is therefore to propose a prescriptive
approachwhich can assess such challenges, and understand the risks tomitigate them. The
paper derives from two case studies from a long-running project called ’Demonstration of
Infrastructure forDigitalization enabling industrialisation of AM (DiDAM)’, concentratingon
the digital value chain analyses of AM in several Swedish manufacturing companies. The
project involved three ‘test beds’ based on a generic AM process flow as shown in Figure 1.
In this paper, we consider two out of the three test beds, as the third case, Digital Process
for Repair, is out of scope for the topic of this paper. The paper presents a methodology
for risk assessment for companies looking for successful implementation of AM in their
value chain. By applying the proposedmethodology across different industrial settings, we
demonstrate its applicability and potential for generalisation. The findings contribute not
only to bridging the gap between the potential of AM and its industrial uptake but also to
providingdecision-makerswith actionable insights tomitigate risks and facilitate smoother
integration into existing workflows.

2. Background

AM, which finds its origins as a method for rapid prototyping, has gained significant trac-
tion in the last few decades. A study by the European Patent Office, for instance, estimated
a compound annual growth rate of+26% between 2013 and 2020, based on an analysis of
published patents during that period (Cavallo et al. 2023). The annually published Wohlers
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report of 2023 also shows a significant growth of the market size, with revenues estimated
tohavegrown fromUSD6.1 billion in 2016 toUSD18.0 billion in 2022 (Campbell et al. 2023),
which, however, includes both products and services. The growth is often attributed to two
main factors: first, the expiration of founding patents in the 1980s and 1990s, which led to a
significant rise in low-cost fabrication equipment (Beaman, Bourell, andWallace 2014). Sec-
ond, the rapid movement in technology enabled by digitalisation has led to new business
opportunities andvalue chains (Merrill 2014). As the technologyhasmatured in thepast few
years, significant challenges have however emerged, which have hampered its widespread
adoption in the industry. Thomas-Seale et al. (2018) for instance, refer to numerous reports
from the UK which highlight many challenges associated with adoption of AM – including,
but not limited to – sustainability, organisational complexity and so on (Faludi et al. 2015;
Ford and Despeisse 2016).

A number of studies have discussed these challenges in detail (Ahuja, Karg, and
Schmidt 2015; Ituarte, Khajavi, and Partanen 2016; Mellor, Hao, and Zhang 2014; Omid-
varkarjan et al. 2023). The following section presents a brief overview. To align with the
focus of this paper, the scope of the review and the case studies were restricted to the digi-
talisation and implementation aspects of AM, and technical aspects ofmaterial science and
the printing process are kept out of scope.

2.1. Product development related challenges

The field of design for additive manufacturing (DfAM) has been extensively studied to
establish guidelines for optimising designs using AM technologies (Diegel, Nordin, and
Motte 2019). AM offers unique design possibilities not typically found in traditional man-
ufacturing, presenting both opportunities and challenges (Mellor, Hao, and Zhang 2014).
One major challenge is shifting from conventional manufacturing constraints to those
tailored for AM (Borgue et al. 2019). This shift can be difficult due to the high costs asso-
ciated with testing and certification, as well as scepticism towards new design approaches.
Moreover, designers may over-utilise the design freedom offered by AM, which in turn,
make the testing and certification extremely expensive or difficult (Borgue et al. 2019). The
freedomprovided by AM also demands a complete redesign of products traditionallyman-
ufactured, leading to significant disruptions in the design process (Hague, Dickens, and
Hopkinson2006). For instance, Birtchnell andUrry (2016) suggests a complete rethinkof the
conventional information flows within manufacturing systems to fully exploit capabilities
offered by AM. On the other hand, research by Rylands et al. (2016) on two companies indi-
cates that AM can create additional value streams, enhancing manufacturing capabilities
rather than causing disruption. While diversifying manufacturing processes is advanta-
geous, it also necessitates managing multiple systems and information flows, which can
lead to inefficiencies.

Further, while there have been significant advancements in the range of materials avail-
able to the designer to choose from, it still remains low (Mellor, Hao, and Zhang 2014).
Examples of other constraints the designer may face when working with AM include vol-
ume, geometry (Müller, Panarotto, and Isaksson 2021), compliance properties (Doubrovski,
Verlinden, andGeraedts 2011) and so on. These trade-offs are often unclear to the designer,
making the design process fuzzy with uncertain inputs.
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2.2. Process-related challenges

IntegratingAM into a company’s design andproduction processes requires substantial dig-
ital transformation. In comparison to traditional manufacturing, process chains involved in
AM, both physical anddigital are different (Luomaranta andMartinsuo 2022). Zimmermann
et al. (2023), for example, comparegeneralisedprocess chains forAMandconventional sub-
tractive methods and state a number of differences. Apart from the product development-
related changes discussed in Section 2.1, the value chain differs because of large diver-
gences in pre-process, in-process, post-process and finishing steps. For instance, in the
pre-processing stage, the tool-less nature of AM, its difference inmachine preparation, and
digital production planning all have implications on the process chain.

Further, there could be challenges based on interoperability needs (Belkadi et al. 2018).
Major portions of the design process depend on digital process chains with various soft-
ware and simulation tools working in sync. Companies may have well-established digital
chains, integrating AM into existing digital infrastructuremay be challenging. Panfili (2019)
highlights thatAM-ledproduct development often involves entirely digitalworkflows, from
CAD design interfacing with PLM software to direct printer interaction. AM having a differ-
ent value chain may therefore also indirectly affect standardisation, certification (Borgue
et al. 2019), traceability, quality assurance and quality control (Al-Meslemi, Anwer, and
Mathieu 2018; Luomaranta and Martinsuo 2022). Furthermore, companies may incorpo-
rate digital twins in their production workflows for monitoring, predictive maintenance,
and quality control (Aheleroff et al. 2021), whichmay not be the case for products produced
conventionally.

Finally, there are challenges related to value chains which expand outside the design
process but can have a significant influence on the design outcome. For example, design-
ers may consider the supply chain design when architecting a product (Ulrich and
Eppinger 2016). It often involves rethinking procurement, logistics, and inventorymanage-
ment strategies to account for the just-in-time nature of AM production and the diversity
ofmaterials and technologies used.While AM enables consolidating functions often result-
ing in more integral products, it may lead to significant change in a company’s existing
supply chain design, leading to unwanted consequences (Eyers et al. 2021). Similarly, trade-
offs exist in areas such as product flexibility, adaptability, and repairability, which may be
impacted by such part consolidation (Borgue, Panarotto, and Isaksson 2019).

2.3. Organisational challenges

ImplementingAM in companiespresents significant organisational challenges,with techni-
cal expertise and training being among themost important (Omidvarkarjan et al. 2023). AM
technologies require specialised skills thatmany current employeesmay lack, necessitating
extensive training programmes or the hiring of personnel with expertise in relevant areas
(Chaudhuri et al. 2019; Martinsuo and Luomaranta 2018; Oettmeier and Hofmann 2016).
Further, challenges arise when considering the greater ecosystem, which includes suppli-
ers, vendors, sellers and service providers (Omidvarkarjan et al. 2023). Beyond the design
or product architecture-related implications on supply chain, other factors which affect AM
adoption include the structure of supply chain in terms of location, logistics, resilience and
flexibility (Durach, Kurpjuweit, and Wagner 2017).
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Beyond technical and operational challenges, companies face significant strategic and
cultural barriers when implementing AM. Concerning the strategic aspects, the high
initial costs associated with AM equipment and technology can be a major deterrent
(Chekurov et al. 2018), especially given the uncertainty surrounding the return on invest-
ment (Priyadarshini et al. 2022). Being a relatively new and fast-moving technology, com-
panies also struggle with the lack of necessary cost models (Lawand et al. 2023, 2020),
whichmakes it evenmore difficult to accurately estimate its value in a company’s portfolio.
From a cultural perspective, resistance to change from employees and management can
slow the adoption of AM (Omidvarkarjan et al. 2023). Klahn et al. (2018) (in, Omidvarkar-
jan et al. 2023) for instance, classify the reluctance towards AM in technical and personal
dimensions and provide a matrix to address them accordingly. They classify the stake-
holders into four categories: Sceptics, Promoters, Opposers and Inhibitors, each having a
different level in terms of personal reservations and their perception of the value AM holds
for their organisation. Researchers also point out that the size of the organisation is amajor
factor in the implementation of AM.Mellor, Hao, andZhang (2014) for instance, explain that
small andmedium-sized enterprises (SMEs) and large corporations cannot be compared or
considered scaled versions of each other. Consequently, the strategies to adopt AM may
be completely different depending on the organisational structure and situation (Shah and
Mattiuzza 2018).

2.4. Regulatory challenges

One of the key challenges repeatedly discussed in the literature on the adoption of AM is
the lack of standardised regulations and guidelines across different regions and industries
(Ronchini, Moretto, and Caniato 2023; Zimmermann, Lentes, and Werner 2019). AM tech-
nologies, such as 3D printing, can produce parts with intricate geometries and properties
that differ from traditionally manufactured components. This variability makes it difficult
for regulatory bodies to establish comprehensive standards that ensure consistency and
reliability. For instance, in industries such as aerospace (Wagner and Walton 2016) and
medical devices (Horst, McDonald, and Hutmacher 2019), where safety and performance
are critical, regulatory bodies have stringent requirements. Lack of specific frameworks for
AM can, therefore, cause delays and uncertainties for companies looking to integrate these
technologies into their production processes.

Furthermore, the verification and validation processes for AM parts pose another signif-
icant barrier. Traditional manufacturing processes have well-established methods for test-
ing and quality assurance, but AM requires new approaches due to its unique production
methods (Borgue, Panarotto, and Isaksson 2022; Chen et al. 2021). Non-destructive testing
(NDT) techniques and in-processmonitoring systems are being developed to address these
needs, but they are not yet universally accepted or implemented (Lu andWong 2017). This
lackof standardised testingprotocols can lead to inconsistentproduct quality,which in turn
affects regulatory approval. Companiesmust invest in extensive research anddevelopment
to meet these evolving standards, which can be costly and time-consuming (Priyadarshini
et al. 2022). Moreover, the certification processes for AMparts often require comprehensive
documentation and traceability (Ahuja, Karg, andSchmidt 2015), adding further complexity
to the regulatory compliance landscape.
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In addition to the regulatory hurdles relating to part quality, intellectual property (IP)
concerns present another layer of regulatory challenge for the adoption of AM. The ease
of digital replication and distribution of designs in AM raises significant issues regarding IP
protection and enforcement (Kurfess and Cass 2014). Companies are wary of sharing their
digital designs due to the risk of unauthorised reproduction, which could lead to potential
revenue loss and brand damage (Vogel 2016). Regulatory frameworks are still catching up
with the need for robust IP protection mechanisms specific to AM (Ballardini 2018). Ensur-
ing secure data transfer, protecting design files from cyber threats, and developing legal
measures to combat IP infringement(s) are essential for fostering confidence in the use of
AM technologies. Until these regulatory barriers are adequately addressed, companiesmay
hesitate to fully embrace AM, thereby slowing its widespread adoption.

2.5. Sustainability challenges

One of the many advantages of AM, often discussed over other conventional manufac-
turing methods, is its sustainability fingerprint. However, like all other cases, it is highly
context-dependent (Graziosi et al. 2024). For example, one issue is material waste and
recycling. Certain processes still produce substantial waste (Graziosi et al. 2024; Mishra,
Negi, and Kar 2023). Support structures and excess powder, particularly in metal and high-
performance polymers, often cannot be recycled effectively, leading to material wastage
(Graziosi et al. 2024). Moreover, recycling AM materials can be complex due to poten-
tial contamination and degradation of material properties, complicating efforts to reuse
materials sustainably (Azevedo, CabreraSerrenho, and Allwood 2018; Raabe, Tasan, and
Olivetti 2019). Similar issues arise with factors such as energy consumption, material sourc-
ing and supply chain. Companies are often not equipped with the capabilities to con-
sider these trade-offs when deciding on the risks associated with implementing AM. The
risks associated with rebound effects must, therefore, be carefully considered (Liao and
Cooper 2020).

2.6. Risk assessment in the implementation of additivemanufacturing (AM)

Tomitigate the aforementionedchallenges, companiesmust assess the risks involved in the
adoptionofAM in their existing value chains. A fewmethods exist in the literaturewhich tar-
get this problem. First, De Lima et al. (2023) proposed a decision-makingmethod based on
the V-model. The authors list 42 criteria against which data from two orthopaedic implant
companies are analysed. While the method collects data from companies through inter-
views, it does not account for inter-criteria dependencies, if any. Further, it also does not
account for the uniqueness of a company’s currentworkflow,which plays an important role
in theexposure it has to the risks. In another approach,Altubaisheet al. (2019)proposea fail-
ure mode and effect analysis (FMEA) approach based on hybrid AHP-PROMETHEE to select
the appropriate supplier(s) in a risk-based environment. The method is limited to the sup-
ply chain and, therefore does not consider other influencing factors discussed in previous
sections which affect risk. Finally, Moreno-Cabezali and Fernandez-Crehuet (2020) propose
a fuzzy-logic-based approach where they assess risks for AM R&D projects. The method
considers ongoing projects, which therefore assumes that the company has already inte-
grated AM in its value chain. However, some of the criteria used in the risk assessment such



JOURNAL OF ENGINEERING DESIGN 317

as cybersecurity and intellectual property, training and planning, etc, are also relevant for
companies wanting to assess risks of adoption of AM in their manufacturing portfolio.

2.7. Summary and research gap

The reviewof the literature in the previous Sections 2.1 to 2.5, summarised in Table 1, shows
that there are numerous factors which may influence the success of the adoption of AM in
a company. The factors are summarised as follows:

• IF1: Design requirements and constraints (R&C)
• IF2: Design process chain
• IF3: Digital process chain
• IF4: Product architecture
• IF5: Skill and expertise
• IF6: Supply chain
• IF7: Business strategy
• IF8: Organisational culture
• IF9: Organisational structure
• IF10: Regulations
• IF11: Testing, compliance and verification
• IF12: Intellectual property
• IF13: Environmental Sustainability

To assess the risk of when implementing AM in a company’s value chain, these factors
must be assessed against a company’s current state of workflow. The risk analysis methods
available in the literature (described in Section 2.6) either do not consider the company’s
current workflow or do not account for inter-criteria dependencies. Therefore, there is a
gap in the literature which must be addressed. A method which a firm can use to indicate
risks vis-a-vis their current workflow can help in deciding ways to mitigate them for a more
successful adoption of AM in their value chain.

3. Methodology

Amethod to assess the quantified risks of AM implementation on an existingworkflowwas
developed. The method is shown in Figure 2. The following sections discuss some of the
underlying concepts before presenting the detailed method in Section 3.3.

3.1. Risk assessment

Engineering systems encounter uncertainties at various stages (Brahma et al. 2023; Earl,
Johnson, and Eckert 2005) which manifest as risks such as increased costs or extended
project timelines (Grebici, Goh, and McMahon 2008). Risk assessment methods primarily
seek to estimate the impact of these uncertainties on key metrics. In engineering systems,
there could be many sources of uncertainties both external and internal. Internal sources
may include fuzzy requirements, incorrect dependencies etc., whereas external sources
of uncertainties may include, unstable supply chain, manufacturing process reliability, or
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Table 1. Summary of the publications from which the list of 13 influencing factors are synthesised. The publications are arranged chronologically.

Publication IF1 IF2 IF3 IF4 IF5 IF6 IF7 IF8 IF9 IF10 IF11 IF12 IF13

Hague, Dickens, and Hopkinson (2006) X
Doubrovski, Verlinden, and Geraedts (2011) X X
Kurfess and Cass (2014) X
Mellor, Hao, and Zhang (2014) X X X X X X X
Ahuja, Karg, and Schmidt (2015) X X X X X X X X X
Birtchnell and Urry (2016) X X
Oettmeier and Hofmann (2016) X
Rylands et al. (2016) X X X
Vogel (2016) X
Wagner and Walton (2016) X X X X
Lu and Wong (2017) X
Azevedo, CabreraSerrenho, and Allwood (2018) X
Ballardini (2018) X
Belkadi et al. (2018) X
Klahn et al. (2018) X
Martinsuo and Luomaranta (2018) X X X X X X
Shah and Mattiuzza (2018) X X X X
Borgue et al. (2019) X X X X X
Chaudhuri et al. (2019) X X X X
Horst, McDonald, and Hutmacher (2019) X X
Panfili (2019) X
Raabe, Tasan, and Olivetti (2019) X
Zimmermann, Lentes, and Werner (2019) X X X X X X X X
Lawand et al. (2020) X X
Liao and Cooper (2020) X
Müller, Panarotto, and Isaksson (2021) X X
Aheleroff et al. (2021) X
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Chen et al. (2021) X X
Borgue, Panarotto, and Isaksson (2022) X X
Eyers et al. (2021) X X
Luomaranta and Martinsuo (2022) X X X X
Priyadarshini et al. (2022) X X X X X X X
Lawand et al. (2023) X X
Mishra, Negi, and Kar (2023) X
Omidvarkarjan et al. (2023) X X X X X X X X
Ronchini, Moretto, and Caniato (2023) X X X X X X X X X X X
Zimmermann et al. (2023) X
Graziosi et al. (2024) X X X X

IF1: Design requirements and constraints (R&C), IF2: Design process chain, IF3: Digital process chain IF4: Product architecture, IF5: Skill and expertise, IF6: Supply chain, IF7: Business strategy, IF8:
Organisational culture, IF9: Organisational structure, IF10: Regulations, IF11: Testing, compliance and verification, IF12: Intellectual property, IF13: Environmental Sustainability.
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Figure 2. Quantified risk assessment method to assess risk of AM implementation based on the
observedor anticipatedworkflows. Themethodmaps theworkflowand influencing factor dependencies
in a multi-domain matrix, on which the change prediction method (CPM) algorithm (Clarkson, Simons,
and Eckert 2004) is applied to assess risks.

user skill levels (De Weck, Eckert, and Clarkson 2007). Thus, it is crucial to consider these
uncertainties and associated risks when evaluating the integration of AM into a company’s
existing system.

Classical risk analysis techniques often simplify risk assessment by focussing on individ-
ual risks without considering interactions or propagation effects such as FMEA. However,
in complex systems these simplifications may not fully capture the real-world complexity
of risk networks. For instance, an upstream risk might propagate to multiple downstream
risks, leading to a chain reaction or knock-on effect. Further, risks can propagate through
interconnected systems or processes.

More recent methods of risk analysis add features such as the propagation of risks
through dependencies (Brahma and Wynn 2022). An example of such a method is the
CPM by Clarkson, Simons, and Eckert (2004), which was developed to predict the magni-
tude of risks from design changes propagating in a system. Like many other risk analysis
approaches such as fault tree analysis (FTA) and probabilistic risk assessment (PRA) (Mobey
and Parker 2002), CPM is also based on the fundamental approach of answering three ques-
tions, known as the ‘set of triplets’ (Kaplan andGarrick 1981). These questions are:What can
go wrong (failure mode)? How likely is it to occur (likelihood)? What are the consequences
(impact)? In CPM, likelihood and impact values are recorded using design structure matrix
(DSM), which are processed through an algorithm to calculate the risk to a component
from a given change. Additionally, CPM considers the knock-on effect of change, propa-
gating the probability through interconnected components within a system. CPM has also
been shown to have certain limitations. Of interest to this article, Hamraz, Caldwell, and
Clarkson (2012) argue that CPM does not adequately consider cross-domain risk analysis
and therefore suggests improvements on it. This enables cross-domain analysis of systems,
which has been used in this paper.
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3.2. DSM/MDM representation

A popularmethod of representing dependencies within a system is the use of design struc-
ture matrices (DSMs). Introduced by Steward (1981), DSM are square matrices, where rows
and columns represent the same set of elements of a system. A mark in the intersections
of the rows and columns depicts how the elements depend on each other. While there are
many conventions on how to read a DSM, the one followed in this paper is where the ele-
ments in the columns initiate the uncertainty, and the rows indicate systemelementswhich
receive them. How themarks in the cells are arranged can indicate various characteristics of
a systemsuchas task sequences, dependenciesor iterations for a taskDSM(WynnandClark-
son 2018;Wynn and Eckert 2017), modularity in product architecture DSM (Browning 2001)
and so on.

A modification of the DSM concept, other matrix-based methods include multi-domain
matrices (MDMs), which represent dependencies across multiple information domains
(Brahma and Wynn 2022). MDMs use a combination of square DSMs and non-square map-
ping matrices, which can represent other domains (Lindemann, Maurer, and Braun 2009).
MDMs are also used in modified CPM approaches, which require risk analysis over multiple
domains. Examples of suchwork can be found in Brahma andWynn (2022). MDMs are used
in this paper to establish the dependencies between the system domain and the domain
of factors which influence risk.

3.3. Method description

Observations. The method, as shown in Figure 2, starts with observations in the concerned
companyor companies, dependingon the setup. Theobservations primarily aim to capture
theworkflows anddependencieswithin their existing systemand the anticipatedworkflow
once the AM is introduced.

Workflow DSM. The anticipated workflow is then converted into a DSM with dependen-
cies marked at appropriate places between the system elements. This DSM is marked ‘A’ in
Figure 2. The convention used in this DSM is ‘Row depends on column’.

Workflow-influencing factor relations. The DSM ‘A’ is then augmented with matrix ‘B’,
whichhas 13 rows, each corresponding to the13 influencing factors listed in Section2.7 and
the same number of columns as the corresponding DSM A. Each field in this matrix shows
the influencing factor’s dependence on the elements of the system as shown in the DSM
column headers. Matrix D is a mirror of matrix B, however, the dependencies are reversed
i.e. it shows the dependence of the elements of the system workflow on the influencing
factors.

Influencing factor DSM. The final matrix C is formed by the intersection of matrices B and
D. This matrix, is essentially a DSM of the Influencing factors. Marks in this DSM therefore
show if any of the influencing factors have influence on each other.

The four matrices A, B, C and D make the overall MDM, which captures the relations
between the elements of the system workflow and the influencing factors.

Likelihood and Impact. In the next step, the dependencies in the MDM are replaced with
likelihood and impact values, which range between 0 and 1. The likelihood is defined as
the probability that an uncertainty from one element will affect another. Impact, on the
other hand, is defined as the severity effect if such a propagation occurs. For instance, there
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may be a 40% probability that an uncertainty in element Dmay affect element B. Then, the
likelihood value entered in theMDM is 0.4 in the corresponding cell. On the other hand, the
severity of such an uncertainty propagating from B to D is 50%. Therefore, a value of 0.5 is
entered in the impact matrix.

These values of likelihood and impact for DSM A are elicited by interviewing domain
experts. The values in matrix A are elicited from experts who have domain knowledge of
the system, e.g. company personnel where the new AM workflow is being implemented.
Matrices B, C and D’s values are elicited by domain experts who have expertise in the
implementation of AM.

Risk prediction usingCPM. In the next step the CPM algorithm (Clarkson, Simons, and Eck-
ert 2004) is applied, with the impact and likelihood MDMs as the input to the algorithm.
The CPM algorithm has two parts. In the first step, all possible propagation paths are deter-
mined. For example, in the MDM shown in Figure 2, element B depends on A and D, A in
turn depends on C, whereas D depends on B. So the propagation paths originating from B
can take either of these two paths B→A→C or B→D. In the second step, along each such
propagation path, the risks are calculated based on the CPM algorithm, where probabilistic
operators are used to calculate the combined risk between a set of elements. The combined
risk is a sumof thedirect and indirect risk,wheredirect risk is calculatedwithout considering
intermediate paths and indirect risk considering intermediate paths between twoelements
of a system. The CPM algorithm allows for the definition of the number of steps for which
thepropagation is tobe considered. Anynumber of stepsmore than3or 4 tends toproduce
asymptotic results.

The CPM algorithm results in a combined riskmatrix, which is used to generate the com-
bined risk plot as shown on the right side of Figure 2. The values of the plot are row and
column averages of the combined risk matrix. The vertical axis shows the incoming risk,
i.e. the exposure of each element of the MDM to risks coming from other elements. The
horizontal axis shows outgoing risks, i.e. the effect an element has on the others.

4. Case studies

Themethod presented in the previous section is applied to two case studies from a 3-year-
long collaborative research project in Sweden, where some of the challengesmentioned in
Section 2 were studied in depth. The paper presents themethod applied to two cases from
different industries and highlights the applicability of themethod in two different contexts.

4.1. Background of cases

The focus of the project was the value chain disruptions caused by the introduction of AM
in various industrial settings. The objectives included identifying the consequently arising
needs, with a specific focus on the needs related to the digital aspects. Figure 1 presents
a six-step generic AM workflow, which was adopted as the baseline arrangement for the
project scope. The steps start with product design (marked in box A) and end with repair
and maintenance, as marked in box F. The project was designed to have three ‘Test Beds’,
aiming to study and implement such value chains, thereby advancing the industrial adop-
tion of AM. Themotive behind choosing the three test bed demonstrators was (a) coverage
of the entire generic AM process and (b) coverage of internal and external aspects of a
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Figure 3. Gear protector (left) The physical part manufactured by milling (right) The CAD model of the
same tool, showing how it surrounds the gear. Reproduced from Hajali et al. (2023) under CC BY-NC-ND
4.0 Licence.

supply chain such as external print houses, traceability, etc, including a special case for
repair. Figure 1 shows the three test cases mapped onto the generic workflow.

The application of the methodology presented in the previous section on two of the
three test beds is shown below. The scope of this paper was limited to two of the three test
beds as it fulfils the objective of showing the applicability of the method in two different
cases without unnecessarily increasing the length of the paper.

4.2. Case 1: digital design for AM

The primary objective of this test bed was to showcase the benefits of digital design for
AM and to identify procedures for designing tools adapted for AM. The demonstrator use
case involved utilising AM to produce tools for the production line of amajor Swedish orig-
inal equipment manufacturer (OEM). These tools are designed for specialised and unique
applications in the production line, leading to their manufacture in limited quantities. For
instance, Figure 3 illustrates a milled gear protector used to shield a gear during a wash-
ing operation. Unlike components for end users, which typically require extensive design
time and are produced in large volumes, these tools are characterised by the OEM as
necessitating minimal design time and effort.

4.2.1. Case 1: observationmethod
The first step in the method application involved understanding the existing workflow in
the case company and the changes expected if AM was introduced. A series of interviews,
workshops and observational studies were conducted at the ‘low-volume design depart-
ment’ of one of the company’s plants, with additional study visits to two other plants.
The interview participants included design engineers, manufacturing engineers, spare part
manufacturers and the end users, i.e. production personnel, who are expected to use the
tool in the production line. This provided insights into how requirements and constraints
are set and how the design process chain is followed.

Further, a number of interviews and workshops were also conducted to understand
the existing AM digital flows. The interviews and the workshops identified the work and
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Figure 4. Observed workflows for tool manufacturing in a Swedish OEM. Flow marked as 1 relates to
conventionally manufactured tools. Flow marked with 2 shows changes due to the introduction of AM.
Reproduced from Hajali et al. (2023) under CC BY-NC-ND 4.0 Licence.

information flow. To make the study manageable, a few boundaries were set up for the
observations. Consequently, the starting point was decided to be the point where a new
tool is requested, whereas the tool’s final delivery to the end-userwas determined to be the
end-point of theworkflow. Thework and information flowobservedweremappedbetween
these two boundaries, resulting in the workflow shown in Figure 4. Box 1 shows the exist-
ing workflow, and Box 2 shows the anticipated modification with the introduction of AM.
To test the practicability of the new workflow, three tools were manufactured according
to the new workflow, which were previously manufactured by the company by conven-
tionalmeans. The tools were carefully selected based on their current use in the production
line and aspects such as suitability to be additively manufactured. Note that it took a few
iterations before the anticipated workflow was finalised.

4.2.2. Case 1: uncertainty elicitation and CPM
Once the workflow was clearly drawn up, it was converted into an equivalent DSM (Matrix
A in Figure 2). Alongside, the other matrices (B, C and D) were also filled up based on the
relationships between the elements of the workflow and the influencing factors they may
have a dependency on. The quantified likelihood and impact values of the dependencies
were elicited alongside the project coordinator. Figure 5 shows the filled MDM, with the
fields showing the likelihood values on the top and the impact values on the bottom. Note
that matrix D is blank, as the elements of the workflow affect the influencing factor and not
the other way around.

Once the uncertainties are elicited, the CPM algorithm is run for three steps, the reason
for which is mentioned previously.

4.2.3. Case 1: results
The results are presented in two parts. The first Figure 6 shows the resultingMDM, contain-
ing the combined risk values. The height of each box shows the combined likelihood and
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Figure 5. MDM of Case 1. Gray box on the top left shows workflow DSM, grey box at the bottom right
is the influencing factor DSM, the remaining two matrices define the relation between the influencing
factors and the workflow elements.

the width shows the combined impact. This view, however only shows the element pair
interactions, which makes it difficult to discern the risk of each influencing factor because
of the system. Figure 7 shows the aggregated results where the row averages of the risk
matrix are plotted on the vertical axis and the column averages on the horizontal axis. Of
interest are the influencing factors (IF 1 to IF 13), especially their sequence and incoming
risk values.

The sequence provides an opportunity to prioritise the risk mitigation and, therefore,
is very important. For this case, the risks were calculated as shown in Table 2, also seen in
Figure 7. Factor IF 13: Environmental Sustainability has the highest risk, whereas IF 11 and
IF 1 are the lowest at 0.13.

4.3. Case 2: digital process for printingwith external suppliers

This test bed aimed to investigate the factors that support the industrialisation of AM
through local print-on-demand production, which occurs close to the end user. Litera-
ture suggests numerous advantages of on-demand printing (Ford and Despeisse 2016;
Tofail et al. 2018), such as stronger supply chains through alternative production methods,
material savings due to less tooling, reduced inventory, reduced transportation needs, and
shorter lead times due to simplified manufacturing steps. However, it also poses multiple
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Figure 6. Resulting MDM for case 1 on application of the CPM algorithm for 3 steps. The height and
width of theboxes in the intersection of elements show the combined likelihood and impactmagnitudes
for each combination.

challenges, which are driven by securing data sharing for intellectual property-sensitive
designs with external service providers and managing potentially complex data adminis-
tration (Kurfess and Cass 2014; Vogel 2016). This case studywas primarily set up to examine
these challenges.

4.3.1. Case 2: study setup
The simulation environment of the test-bed was set up with two OEMs acting as the cus-
tomers, one material supplier, a dedicated company specialising in post-processing of
printed parts, two research institutes taking up the role of AM service providers and a
software company who had the role of providing the digital process support using their
proprietary software. All companies and research institutes are based in Sweden. To put
the use-case in context, Figure 8 shows a simplified process flow map of the setup.
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Figure 7. Case 1: Aggregated risk values for eachMDMelement. The horizontal axis shows the outgoing
risks and the vertical axis shows the incoming risks.

Table 3 presents possible associations between different disciplines & departments and
the defined process steps. For instance, where external manufacturing occurs, a ‘hand-
shake’ between the customer (OEM) and the supplier (AM Service provider (AM-SP)) takes
place, which in turn depends on the type of agreement between the two parties. It can
be A → B, B → C or C → D, depending on the capabilities of each organisation and the
business model of the OEM. Further, there could be a procurement step with competing
AM Service providers (Print houses). Here, separating who has access to which information
becomes even more important. Finally, there could also be a varying degree of iteration
loops, which further adds complexity to the physical and virtual flow.

The aforementioned structure is first modelled as a process flow diagram, which is then
converted to the MDM shown in Figure 9.

4.3.2. Case 2: uncertainty elicitation
Once the case was set up and the relationships defined, interviews were conducted to
elicit the likelihood and impact values. The primary source of the data was the project
coordinator, with inputs from representatives from each of the companies adding to the
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Table 2. The list of influencing factors and the corresponding aggregated value of
incoming risk for Case 1.

IF No. Influencing factor description Incoming Risk

IF1 V: Design requirements and constraints (R&C) 0.13
IF2 W: Design process chain 0.25
IF3 X: Digital process chain 0.43
IF4 Y: Product architecture 0.35
IF5 Z: Skill and expertise 0.33
IF6 AA: Intellectual property 0.38
IF7 AB: Supply chain 0.32
IF8 AC: Business strategy 0.34
IF9 AD: Organisational culture 0.26
IF10 AE: Organisational structure 0.34
IF11 AF: Testing compliance and verification 0.13
IF12 AG: Regulations 0.26
IF13 AH: Environmental Sustainability 0.46

Figure 8. Physical and virtual (data exchange) process map on organisation level. From the bidding
phase to the product in operation. The blue arrows are orders, red arrows are data exchange, and green
arrows are physical deliveries (dotted green arrows are alternative physical deliveries).

intra-organisation uncertainties. Figure 9 shows the overall MDM, including the influenc-
ing factor DSM and the relationships between the influencing factors and the case DSM.
The values for these were also elicited by interviewing the coordinator of the project. Sim-
ilar to Case 1, the matrix D is empty as the elements of the case flow affect the influencing
factor and no reverse influence was expected.

Once the MDM was populated with the uncertainty values, the CPM algorithm was run
on it for three steps, as described in the previous section.

4.3.3. Case 2: results
Figure 10 (Right) shows the aggregated values of the combined risks for each of the MDM
elements. For this case, IF6: Intellectual property was calculated to have the highest incom-
ing risk and, therefore, the highest influence on the overall risk of the setup. Next was
IF13: Environmental Sustainability, with a 27% risk, followed by IF12 and IF3, which are the
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Table 3. Process flow associations for Case 2.

Organisation/Department/Discipline
A Product Design

Functional Geometry
BManufacturing

Product Design, Layout
CManufacturing
Process Design D Printing

E Post Manufacturing
Processing

Ownership Dept R&D/Product owner R&D/Product owner Production Production Production
Technical Discipline CAD/CAE CAD/CAM/CAE CAM/CAE Machine Operator Machine Operator
Responsible Org OEM OEM or AM-SP AM-SP AM-SP AM-SP
Sub Suppliers Material Providers HT, HIP, Machining

CAD = Computer Aided Design, CAM = Computer Aided Manufacturing, CAE = Computer Aided Engineering, OEM = Original Equipment Manufacturer, AM-SP = AM Service Provider, HT
= Heat Treatment, HIP = Hot Isostatic Pressing
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Figure 9. MDM of Case 2. The MDM is comprised of the case DSM, located at the top left corner of the
MDM, showing the process flow of Case 2. The values on the top of each cell is the likelihood and on the
bottom is the impact for each interaction.

Table 4. The list of influencing factors and the corresponding aggregated value of incoming
risk for Case 2.

IF No. Influencing factor description Incoming risk

IF1 V: Design requirements and constraints (R&C) 0.06
IF2 W: Design process chain 0.08
IF3 X: Digital process chain 0.23
IF4 Y: Product architecture 0.17
IF5 Z: Skill and expertise 0.12
IF6 AA: Intellectual property 0.33
IF7 AB: Supply chain 0.16
IF8 AC: Business strategy 0.17
IF9 AD: Organisational culture 0.15
IF10 AE: Organisational structure 0.20
IF11 AF: Testing compliance and verification 0.01
IF12 AG: Regulations 0.23
IF13 AH: Environmental Sustainability 0.27

regulations and the digital process chain, respectively. The incoming risks for Case 2 are
summarised in Table 4.

For this case, it was also particularly important to analyse the outgoing risk factors care-
fully. Unlike Case 1, multiple organisations are involved in this test-bed, where different
organisations may have different contributions to the overall risk values. AM5: Digital hub,
has the highest propensity to propagate risks to other components of the system, even
though its own risk exposure is very low. Similar are the cases for AM4: Post processing
company and AM2: The end user of the product. Such elements which have low incoming
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Figure 10. Case 2: (Left) Resulting MDM for Case 2 on application of the CPM algorithm for 3 steps. The
height andwidth of the boxes in the intersection of elements show the combined likelihood and impact
magnitudes for each combination. (Right) Aggregated risk values for eachMDMelement. The horizontal
axis shows the outgoing risks, and the vertical axis shows the incoming risks.

risk but high outgoing risk are called risk multipliers (Clarkson, Simons, and Eckert 2004),
which propagate more risk than they absorb.

5. Discussion

The two cases show how different initial conditions, in form of dependencies and work-
flows, can manifest as different risk outcomes for various cases. The method discussed in
this paper enables such an analysis for an organisation which wants to implement AM in its
existing workflow and assess the risks. Although it is not presented in this paper, the paper
also allows for multiple scenarios to be tested for every single case. This can allow for an
even more in-depth analysis of the risks. Further, analysis of the results also reveals some
generalised insights, which are discussed as follows. These insights have potential implica-
tions for the overall challenges of the industrialisation of AM. A few of these insights also
highlight some of the limitations of the approach presented.

Complexity ofworkflow.Workflows and information flows in an established company are
usually highly complex, whichmakes it very difficult to capture them in a formalway. Figure
4 for instance, shows theworkflow for the part shown in Figure 3. Such processes are highly
reliant on the experience of design engineers and are often iterative, which makes captur-
ing the process accurately quite difficult. It is also often not possible to capture the process
to a high level of granularity, thereby losing information in the process. The resulting work-
flow description, therefore, is always somewhat simplified. Further, the tacit information
that engineers almost always rely on is also expected to be somewhat lost. Another aspect
is the geographic concentration of the cases used to arrive at these insights. The insights
presented in this paper are based on case studies from Swedish manufacturing compa-
nies, which may limit their applicability in other industrial contexts, geographic regions, or
sectors with different manufacturing practices and cultures.
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Holistic assessment. The methodology presented in the paper offers a more compre-
hensive alternative to traditional methods, such as DfAM, by addressing the broader inte-
gration challenges of AM into established workflows. While DfAM focuses primarily on
optimising part designs for, the approach presented in this paper emphasises the proac-
tive identification and mitigation of risks within the entire manufacturing value chain and
provides actionable insights into hidden dependencies and uncertainties that could hinder
implementation of AM.

Scope of risk factors. While the methodology addresses 13 factors which influence risk
associated with the adoption of AM, they are mostly based on literature survey with very
minimal input from the cases. Therefore, the listmay not encompass all potential risks, such
as those arising from rapid technological changes or unforeseen market dynamics.

Quality of data. Some companies utilise product lifecycle management (PLM) tools to
support the process of workflow management, capture of design rationale and other data
for record keeping. This can be a highly valuable source for eliciting dependencies for the
MDM. However, the likelihood and impact values which drive the risk analysis will still need
expert opinion, which can be subjective. This is a significant limitation of quantitative risk
analysis methods in general. However, the literature points to several ways to address this.
For example, the method presented in this paper could be adapted for Monte Carlo simu-
lations where probability distributions are used instead of a single likelihood-impact pair.
There are several examples of such adaptions of CPM (see Brahma and Wynn (2022) for a
review on the topic). Further, data for likelihood and impact can also be drawn from histor-
ical data. However, this is not always available for smaller organisations ormay be available
in formats which need translation into uncertainty values appropriate for this method. Fur-
ther, the paper does not dive deep into the long-term challenges related to workforce
training and skill development necessary for implementing AM technologies. Factors such
as skill are also often difficult to quantify.

Reliance on digital systems. The analysis also showed how the industrialisation of AMwas
highly reliant on digitalisation and digital systems. For both cases, the risk values for the
digital process chain and related factors of intellectual propertywere significantly high. The
second case, for instance, showed how software can be used tomanage all the data access-
related challenges in the process, which can help in the protection of IP and ensure what
information is available towhomand towhat extent. However, this is also very subjective to
the process and the organisational setup and, therefore, difficult to capture sufficientlywith
approaches such as DSMs or MDMs. For example, such setups may be dependent on how
non-disclosure agreements are set up between organisations in the workflow. Capturing
the fine print of such setups can be challenging in the method described in this paper.

Further, there is also the issue of cross-functional IT systems. Companies that participate
in suchworkflowsmay have different IT infrastructures, leading to a lack of interoperability.
Such uncertainties are not always visible at the early stages of AM implementation and,
therefore, must be captured properly in the uncertainty values in the method described in
this paper.

Decision support tools. The method presented in this paper is a form of decision support
for companies who want to implement AM in their workflows. However, there is also a lack
of decision-support tools post-implementation of AM. Once implemented, designers have
to choose for each design whether they want to use AM or use other traditional methods
of manufacturing for a part. Such decision-making is particularly difficult when there are
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multiple criteria such as sustainability, reliability, maintainability, flexibility and so on, and
are beyond the set criteria of cost, lead time and performance.

One of the related challenges for the method is the variability of the workflow between
parts. While in traditional design processes, tasks such as details surrounding assembly and
manufacturing may only be considered after the design process, in AM, the consideration
of manufacturing, assembly, and functionality/performance are correlated and not inde-
pendent. This highlights the potential conflicts a company may have if they have both
conventional and AM processes in its manufacturing portfolio. The source of this complex-
ity is primarily from the design freedom AM has to offer. Some of these risks, such as those
related to product integrity, reliability and other complexities of post-processing, may be
solved using simulation tools within the workflow, which, however, can be expensive and
make the workflow significantly more complex. Related to such risk are also aspects of cer-
tification and testing. Digital capabilities of simulation and testing may help mitigate such
risks as well.

Risk values and process repeatability. AM also has its challenges related tomaterial sourc-
ing and availability (e.g. varyingmaterial quality), which can lead to risks of process repeata-
bility. This can have a significant effect on the quality control of parts produced. Such
variablity is, however, difficult to capture in the method described in this paper. Previously
mentioned methods such as Monte-Carlo simulations to simulate such variability can help
in gauging the risks properly. Additionally, companies should ensure the availability of dig-
ital infrastructure to capture the traceability of data for materials, which may also help in
mitigating some of the risks related to certification and testing.

6. Conclusion

There has been a rapid development of AM in the last few decades, leading to new manu-
facturing and business opportunities. As a result, many companies are looking to integrate
them into their existing value chains. However, being radically different to the traditional
methods of manufacturing, it brings significant challenges. Companies are unable to fore-
see the resulting risks,which lead to either complete failure of implementationor extremely
high rectification costs. In this paper,wepresented amethodof assessing risks basedon the
current and the anticipated workflow of an organisation after the implementation of AM.
The method is applied to two cases from a long-running project in Swedish OEMs. First,
observations are made from the two cases leading to the elicitation of the workflows. The
workflows aremapped intoMDMs, alongwith 13 influencing factors derived from the liter-
ature. The dependencies in the MDM are then populated with uncertainty values in terms
of likelihood and impact. A risk analysis algorithm is then used to assess the risk propaga-
tion and the final risk values for the system. The overall risks are evaluated on the 13 risk
factors.

Analysis of the results shows that this type of approach can give a quantitative view of
issues thatmay not be obvious butmay have significant ramifications when it comes to the
success of AM implementation. An objective and quantitative evaluation of the risks in a
companybefore implementingAMcan increase the chanceof success. Further, themethod
can be used as a decision-support tool which can help managers evaluate digitalisation-
related risks surrounding AM and in companies with existing manufacturing ecosystems.
The paper presents applications of the method in two industrial cases.
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However, the study has some limitations. The complexity of workflows makes accurate
representation challenging, leading to possible loss of contextual information. The risk fac-
tors, mostly derived from literature, may not fully cover case-specific risks, and reliance
on expert opinion introduces subjectivity. Additionally, the geographic focus on Swedish
manufacturing companies may limit the insights’ generalisability.

In the future, we intend to address these limitations by includingmore diverse case stud-
ies and integrating simulation techniques, likeMonte-Carlo, tobetter account for variability.
Developing computer-based decision-support tools and enhancing digital infrastructure
for data traceability would also improve the method’s applicability. By addressing these
limitations and advancing the methodology, the proposed risk assessment approach can
become more comprehensive and widely applicable, ultimately supporting more success-
ful adoptions of AM in diverse industrial contexts.
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