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ARTICLE INFO ABSTRACT

Keywords: Recent advancements in Metal Additive Manufacturing (MAM) are transforming manufacturing. Most research
Metal additive manufacturing (MAM) and market adoption of MAM have focused on Powder Bed Fusion (PBF), with less attention given to Directed
Small- and medium-sized enterprises (SMEs) Energy Deposition (DED), Binder Jetting (BJ), and Metal Material Extrusion (MEX), which are only now

Technology implementation

. . reaching industrial readiness. This increased availability of MAM processes provides SMEs with a wider range of
Decision making

options, opening up new opportunities that were previously inaccessible. However, despite recent technological
improvements that broaden potential applications, the suitability of these processes for industrial use by
SME:s is not yet well understood. SMEs currently face difficulties in adopting MAM due to complexities and
costs. Moreover, existing literature often overlooks the distinct characteristics and needs of SMEs, making it
challenging for them to identify the most suitable MAM processes. This study addresses this gap by using a
fuzzy logic approach to evaluate the technical characteristics of PBF, DED, BJ, and MEX, focusing on their
compatibility with SME requirements. Each process is ranked based on criteria including costs, complexity,
energy consumption, mechanical quality, geometrical quality, speed, and market demand. This evaluation
is refined through logarithmic normalization and scaling, resulting in a comprehensive scoring system from
1 to 5. Based on these findings, an SME-focused evaluation matrix is proposed to guide SMEs in selecting
the most appropriate MAM process for their specific contexts. This matrix promotes informed and effective
adoption strategies, supported by practical examples illustrating the application of each MAM process in SME

environments.
1. Introduction as front runners in harnessing MAM’s potential. Small and Medium-
sized Enterprises (SMEs) face a markedly different landscape. Despite
Additive Manufacturing (AM) has revolutionized the way we create MAM'’s potential, its adoption among SMEs has been limited. Their
and think about manufacturing. Its essence lies in the layer-by-layer smaller scale of operation often means missing out on the economies
deposition of material, orchestrated by digital blueprints from CAD of scale that benefit larger enterprises. This is compounded by the

models [1]. AM, specifically its subset, Metal Additive Manufacturing dynamic and rapidly evolving landscape of MAM, which requires con-

(MAM), introduces a novel method distinctly different from traditional tinuous upskilling, which can be particularly challenging for SMEs

subtractive or form.ati\{e. manufflct}lring techniques. .The evol.ution of lacking dedicated R&D departments. Additionally, SMEs face additional
MAM represents a significant shift in Fhe manufacturing pa.radlgm, un- hurdles such as tighter resource constraints, limited access to advanced
locking a range of advancen?ents previously thought urTattama.ble‘z. W_lth technical expertise, and an inherent risk aversion due to the substantial
MAM, the palette of materials has expanded [2], design optimization investments required for MAM [8]
has seen breakthroughs, and supply chains have been reimagined [3]. Most of the existing literature primarily focuses on AM adoption
MAM'’s ability to craft intricate geometries with reduced waste and . . . . .

in large corporations with only a marginal emphasis on SMEs [9],

quicker production timelines has resonated across sectors, such as ] X o
aerospace, healthcare, automotive, and consumer goods [4—7] often overlooking the unique challenges and opportunities presented to
! ’ ’ SMEs. For instance, studies by Mellor et al. [10], Deradjat et al. [11],

The adoption of MAM, however, has been asymmetric across differ- e o ) N
ent scales of industry. Large enterprises (LEs), with extensive resources and Niaki [12] primarily address AM implementation in the context

and R&D capabilities have been quick to adopt MAM. Their investments of larger enterprises. This focus underscores a significant gap in un-
in state-of-the-art equipment and expertise have solidified their position derstanding AM adoption in SMEs. A consensus among recent studies
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Table 1 Table 2

SMEs category [15]. Characteristics of small and medium enterprises (SMEs).
Company Staff Turnover Balance sheet total Characteristic Description
Small <50 < 10 million < 10 million Limited Resources Limited financial and technological resources can
Medium <250 < 50 million < 43 million pose challenges in large-scale technology adoption

also emphasizes the pressing need for strategies and solutions tailored
specially for SMEs, and advocates for more research in the field [8,
9,13]. An essential aspect is the technical attributes of various MAM
methodologies and their alignment with the unique contexts of SMEs.
The rapid development of MAM technologies calls for an in-depth
understanding of their technical aspects. A recent study underscores
this, emphasizing that despite the vast potential of MAM, industries
often grapple with challenges in adopting them due to an insignificant
understanding of the processes, challenges, and application-specific
nuances [14]. This observation stresses the urgency of exploring these
technical attributes in relation to SMEs.

This paper addresses the identified research gap by undertaking a
detailed analysis of various MAM processes in the context of SMEs.
The study aims to elucidate a comprehensive understanding of these
processes, considering the distinctive operational and strategic needs
of SMEs. It explores the compatibility of MAM technologies with the
characteristics of SMEs, delineates specific challenges and opportunities
inherent in adopting MAM, and formulates practical recommendations
for their effective integration. The objective is to equip SMEs with
essential insights to optimally leverage MAM technologies within their
unique business landscapes.

The rest of this paper is structured as follows. Section 2 provides a
background study, outlining the defining characteristics of SMEs. This
section also sheds light on the unique challenges SMEs encounter in
adopting MAM, along with a review of the current research landscape.
Section 3 offers an in-depth analysis of various MAM processes, fo-
cusing on their technical attributes and industrial readiness. Section 4
discusses how these MAM processes align with the specific contexts
of SMEs, culminating in the development of an evaluation matrix to
guide SMEs in selecting appropriate MAM technologies. The paper
concludes with Section 5, which summarizes the key findings and
suggests avenues for future research.

2. Background
2.1. Definitions and importance of SMEs

SMEs are the backbone of the global economy, characterized by
their size, agility, and innovative potential. Definitions of SMEs vary by
country and region, often based on the number of employees, annual
revenue, or assets. For instance, the European Commission categorizes
SMEs based on such quantitative metrics [Table 1]. Despite these vari-
ations, the role of SMEs as catalysts of economic progress is universally
recognized.

The agility of SMEs enables quicker adaptation to changing market
conditions. This nimbleness is often rooted in their distinct and less
complex organizational structures, which can enable faster decision-
making processes, as there are fewer layers of bureaucracy. Most SMEs
tend to follow a short-term strategic focus, which often limits their
ability to make significant long-term investments [16]. This approach
is partly due to their typically leaner operational structures, which lack
expert support functions found in larger firms, such as dedicated supply
chain managers, IT specialists, or financial managers [16]. Addition-
ally, SMEs may face difficulties in accessing capital and financing, cru-
cial for investing in advanced technologies and training. Consequently,
SME:s often experience lower productivity and higher operational costs,
with challenges in maintaining on-time delivery performance.

However, the size of SMEs also brings distinct advantages. Their
smaller scale allows for greater flexibility and responsiveness to market
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[17].

Often lacks specialized workforce due to broader
responsibilities and lack of exposure to advanced
training and mentoring.[17]. E.g., deficiency in
technical expertise, or expert support roles such as
supply chain managers, IT specialists, and financial
managers [16]

Less associations with universities or other
research institutions as compared to larger firms
[18], limiting their access to shared knowledge
and cutting-edge research.

SMEs’ smaller size influences their ability to
achieve economies of scale [17] and presents
challenges in scaling up production efficiently.
Often faces constraints in expanding production
capacity due to financial, resource, and operational
limitations.

Smaller scale and limited resources may lead to
higher risk aversion, impacting decisions to adopt
new and potentially costly technologies [19]1[20].
Less complicated and more informal organizational
structure [21], coupled with a less hierarchical
nature [22], allows for quicker decision-making
and adaptation to market changes.

SMEs are particularly effective in adapting their
offerings to meet the needs of specific consumer
segments [23], advantageous for understanding
specific customer needs and preferences

Strong entrepreneurial spirit, alongside less
hierarchical structures [22], fostering a culture of
creativity, which enhances their potential for
innovation, including the exploration and adoption
of new technologies

More flexible in their production processes, likely
to engage in customized, small-scale production
(small batches of customized products).

Skilled Workforce

External Networks

Size and Scaling Capabilities

Risk Aversion

Agility in Market Response

Niche Market Focus

Innovation Potential

Customization Capabilities

changes. This adaptability is not just limited to operational agility; it
often extends to their innovative capacities. SMEs can quickly pivot
and experiment with new ideas, leading to the development of unique
products, services, and business models. This innovative spirit is es-
sential in driving industry advancements and can sometimes result in
disruptive market changes. By focusing on niche markets or specialized
customer segments, SMEs are able to offer tailored solutions that larger
firms may not be able to provide as effectively. This ability to cater to
specific needs and preferences can be a significant competitive edge in
the fast-paced business environment.

The agility and innovative capacity of SMEs significantly contribute
to their adaptive and competitive capabilities in dynamic market envi-
ronments. However, a nuanced understanding of their intrinsic charac-
teristics is imperative for comprehensively assessing their engagement
with advanced technological paradigms such as MAM. Table 2 system-
atically enumerates these characteristics, delineating the operational
and strategic contours that define SMEs.

2.2. SMEs and MAM adoption

MAM adoption by SMEs is complex, underscored by unique chal-
lenges and opportunities. As Mellor et al. highlights, the strategies and
theories effective in large corporations might not be directly applicable
to SMEs [10]. This is attributed to the distinct characteristics intrinsic to
SMEs, such as their limited scale, resource constraints, division of labor,
and bureaucracy [8], which influence their approach to technology
adoption differently than larger enterprises. Further emphasizing this
point, Martinsuo et al. articulate that grasping the specific features
of SMEs is crucial for comprehensively understanding and supporting
their adoption of AM technologies [8].
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2.2.1. Challenges towards MAM adoption

Martinsuo et al. [8] shed light on a range of challenges faced by
SME:s in adopting AM within different supply chain positions. Catego-
rized into technological, strategic, supply chain-related, operational, or-
ganizational, and external factors, based on a generalized implementa-
tion framework previously developed by Mellor et al. [10]. These chal-
lenges include material and quality concerns, long production times,
and size limitations, coupled with the absence of effective cost calcu-
lation models. Strategic hurdles such as lack of a comprehensive AM
strategy and investment payback concerns pose significant barriers.
Organizational and supply chain challenges, particularly in digital data
integration and acquiring adequate AM knowledge. Building on the
above discussion, the study by Praveen et al. [24] offers an expanded
perspective on both the challenges and benefits of MAM adoption in
SMEs. This research emphasizes the need for a deeper understanding
of business factors, such as supply chain management and cost-benefit
analysis, within the SME context. However, it also primarily focuses
on the broader organizational and economic aspects of AM adoption,
without delving into the specific technicalities of MAM.

2.2.2. Empirical insights and case studies

Beyond the broader theoretical discussions, there are several em-
pirical studies and case studies that provide practical insights into the
realities of MAM adoption in SMEs. For instance, Research by Deradjat
et al. [11], while including both large enterprises and SMEs, offers
valuable insights into SMEs’ perspectives. They examine the experi-
ences of firms in the dental sector. They reveal that SMEs often rely on
external collaborations, such as government-funded research projects
and partnerships with academic institutions, to overcome technical
challenges in AM adoption. These collaborations are vital for SMEs
to scale up their AM capabilities. In line with the need for external
collaboration, as highlighted by Deradjat et al. [11], Haug et al. [9]
provide a comprehensive analysis of how SMEs can leverage external
networks to overcome the knowledge-related challenges in adopting
AM. Haug et al. [9] emphasize the importance of SMEs leveraging
external networks to overcome knowledge-related challenges in adopt-
ing AM. Building relationships with AM developers, suppliers, and
organizations is crucial for enhancing internal AM maturity, especially
for SMEs limited in terms of in-house expertise and resources.

José Gonzalez et al. [13] present a case study focusing on the
adoption of digital supply chains in AM for spare parts manufacturing.
Their research highlights the benefits of adopting digital supply chains
for spare parts manufacturing in SMEs. This approach can lead to
significant benefits for global SMEs, including more effective logistic
management and environmental sustainability.

Shah et al. [25] further enrich our understanding of MAM adoption
in SMEs with their multiple case study approach. Their research pro-
vides critical insights into the actual application of AM in SMEs, the
barriers to implementation, and the strategic innovations adopted. The
study identifies three main challenges in AM implementation for SMEs:
high entry costs, the need for customer education, and the acquisition
of essential skills in design and machine handling. The insights from
Shah et al. provide a practical perspective on AM adoption in SMEs,
complementing the broader discussions on challenges and benefits.
They further illustrate the critical role of strategic planning, organi-
zational adaptation, and technological innovation in leveraging AM
technologies for SMEs.

2.3. Decision-support systems for AM technology selection

The selection of new technology is one of the most important
activities in many companies [26]. The rapid growth and development
of AM have made technology selection increasingly important [27].
Although no works specifically focus on the technology selection of
AM for SMEs, several studies have developed decision support systems
to assist in the selection of AM technologies. These studies, while not
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directly targeted at SMEs, offer valuable insights into the technological
landscape of AM, which is crucial for companies of all sizes.

Niaki et al. [27] summarized the state of technology selection
through a comprehensive review in 2017, identifying 10 articles that
evaluated AM across various selection criteria. These 10 articles used
various decision-making approaches and selection criteria for identi-
fying the best AM processes under different circumstances. However,
AM technology is rapidly evolving, and many conclusions from earlier
studies may no longer be relevant. For instance, Panda et al. [28]
concluded that SLS was the most appropriate rapid prototyping (RP)
system for better dimensional accuracy and surface quality. However,
advancements in printer technology and the introduction of new sys-
tems have significantly changed the landscape. Additionally, process
optimizations have been researched extensively, further altering the
relevance of past conclusions.

In recent years, several studies have advanced the understanding
of technology selection for AM. These works provide more relevant
insights into the current state of technology. Table 3 provides a com-
parative overview of recent decision support systems for AM technology
selection.

Most of these works either focus on polymers or provide generalized
frameworks without detailed evaluations of materials or processes. For
example, Maranha et al. [29] evaluate various AM processes (excluding
DED) with a focus on polymers, and Ahmed et al. [30] target niche
processes related to microfabrication. Both offer some practical insights
but lack focus on MAM characteristics. Moreover, many studies offer
decision-making tools without providing direct recommendations for
specific AM processes for particular applications or business contexts.
These frameworks often outline steps for selecting materials from broad
categories like polymers or metals without offering concrete insights
into specific products, parts, or materials. This generalized approach
limits practical applicability and requires users to have prior knowledge
of existing processes. Although one work [31] aims at non-expert
AM adopters, the complex nature of MAM processes still demands a
thorough understanding of product requirements, application areas,
and broader supply chain impacts, which can limit its effectiveness.

Only two studies, such as those by Caldera et al. [26] and Bertolini
et al. [32] focus specifically on MAM processes and provide more
concrete insights in this area. These works are crucial as they fill a
significant gap in the literature by addressing the specific needs of MAM
technology selection. Bertolini et al. [32] developed a TOPSIS-based
multi-criteria decision-making model to select the best manufacturing
technology matching product specifications. While the study includes
MAM it primarily addresses general manufacturing technologies and
is validated through a case study in the food and beverage industry.
This generalized framework, designed for broad applicability, lacks
the depth and specificity needed for detailed insights into MAM. Ad-
ditionally, the industry-specific focus and limited empirical data on
MAM reduce its direct relevance to other sectors within manufacturing,
where more tailored decision-making frameworks are required.

Caldera et al.’s [26] work stands out as being more directly compa-
rable to our research. They developed a decision support framework to
align AM technology characteristics with competitive criteria, provid-
ing tailored recommendations for production systems. Although they
did not solely focus on MAM, they included insights on several AM
processes with a metal focus. While comprehensive, the framework has
its limitations. Notably, it did not cover binder jetting of metals and
had a narrow set of selection criteria focusing on quality, flexibility,
velocity, and cost, which may limit its applicability for broader or more
specific industrial contexts. Among the future research directions sug-
gested by the authors, there should be a more detailed quantification
of certain key criteria, expanding the weight given to these criteria to
enhance the accuracy and understanding of technology selection. More-
over, additional competitive and selection criteria should be analyzed,
broadening the understanding of AM technology selection in various
production systems and tradeoff scenarios.
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Table 3
Comparative overview of decision support systems for AM technology selection.
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Ref Methodology AM Processes Materials Evaluated

Evaluation Criteria

Findings and Limitations

[26] Analytic Hierarchy BJ, LENS, FDM, MJ, Various (metal and Cost, Flexibility, Decision support framework emphasizing the importance of
Process (AHP), EBM, SLS, SLM, polymer) Quality, Velocity customizing AM process selection. Limited focus on metal BJ;
Conjoint Analysis LOM, SLA lacks detailed tech specifications of materials; limited to four

main criteria without in-depth analysis.

[33] Rule-based decision Various 3D printing General categories Material type, layer Decision support system that selects the best 3D printing
support system, SQL methods including thickness, accuracy, method based on material characteristics and quality
database FDM speed, quality, cost requirements. Lacks detailed analysis of specific AM

technologies and their applicability; broad approach may not
address specific industry needs.

[34] MCDM using AHP Comparison General categories Economic KPlIs, AM offers environmental benefits; limited economic

between AM and Environmental KPIs competitiveness compared to traditional manufacturing.
traditional Focuses on broad comparison between AM and traditional
manufacturing manufacturing.

[32] TOPSIS DMLS, SLA, Cold Metals and Polymers Product quality, Cold Metal Molding, Laser Cutting, and WEDM are the most

Metal Molding, production time, costs, suitable (case study). Focuses on a single case study in the
Laser Cutting, tolerances, lead times food and beverage industry; limited generalizability.
WEDM

[29] Decision support MEX, VAT, PBF, Polymers Machine characteristics, Decision support framework for AM technology selection.

system MJ, BJ process features, costs Focuses on polymer; generalized with limited applicability to
specific use cases; lacks comprehensive quantitative data or
empirical evaluations.

[35] Hybrid MCDM, MEX, VAT, PBF, MJ Polymers Dimensional accuracy, MJ ranked highest for dimensional accuracy and surface
sensitivity analysis surface roughness, quality; Generalized framework with limited applicability to

tensile strength, process specific use cases; limited quantitative data and empirical
cost, build time evaluations; focuses on polymers.

[30] Fuzzy AHP - LIFT, Micro-SLA, General categories Material Compatibility, LIFT ranked highest; Focuses on microfabrication, limiting
TOPSIS Micro-SLS, Inkjet, Geometrical relevance to general industrial applications.

Micro-3D Printing Complexity, Minimum
Feature Size

[31] Multi-level Various General categories Geometry, Material, Lot Three-level framework for evaluating AM applicability and
evaluation size, Lead time, Unit planning hybrid manufacturing processes. Generalized
framework cost framework with no in-depth information on specific AM

processes.

[36] AHP, TOPSIS Not specified General categories Surface finish, Hybrid MCDM framework; case study validation. Generalized

Dimensional accuracy, framework; lacks detailed process evaluation.
Tensile strength, Cost,
Time

[37]1 DEMATEL-AHP- ME, PBF Polymers (ABS, Tensile strength, DSS with minimal user input; supports DFAM; validated by

TOPSIS PLA, PA) Dimensional accuracy, case study. Focuses on polymers and evaluates only ME and

Surface finish, Cost,
Biocompatibility

PBF; lacks specific recommendations for process suitability.

2.4. Reserach gap

From the existing literature, a key area remains notably underex-
plored: the in-depth technical analysis of MAM processes. This over-
sight is significant given the intricate technicality of MAM and its
potential implications for SME operations.

The need for this detailed analysis is threefold. Firstly, understand-
ing how MAM integrates into SMEs’ distinct operational frameworks is
vital, as these frameworks often have unique limitations and strengths.
Secondly, a technical analysis can offer insights into the practicality
of different MAM technologies for SMEs, considering their specific
needs such as resource constraints, production scale, and customization
requirements. Finally, it can highlight areas where technical train-
ing and development within SMEs are needed, ensuring the effective
maximization of MAM benefits.

While several studies have touched upon this aspect, they have
not delved deeply into it. For instance, Deradjat [11] criticizes the
generalized approach of existing frameworks, calling for more attention
to technical factors. This is further evident in the current overview of
decision support systems for AM technology selection. Among all the
works, only a handful provide concrete practical insights, and for MAM,
only two studies have been conducted. Still, these studies either focus
on a niche application sectors or lack detailed criteria for evaluation
and quantification. Caldera et al. [26] emphasize the need for more
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criteria evaluation and detailed technical factors, underscoring the need
for comprehensive technical analysis.

Based on these elements, it is essential to broaden the technological
knowledge of MAM among SMEs. This need is also highlighted in other
studies. Shah et al. [25] point out the gap in understanding the inter-
play between organizational and technological factors, while Valadar
et al. [14] emphasize the need for robust knowledge of MAM processes,
particularly the challenges and application-specific requirements cru-
cial for SMEs. Addressing this gap is essential, not just for theoretical
comprehension but also for practical applications, particularly in the
context of the fast-evolving nature of MAM technologies and the diverse
operational environments of SMEs.

3. Metal additive manufacturing

MAM has evolved rapidly since its inception in the 1990s, transi-
tioning from a tool for rapid prototyping to a mature manufacturing
technology for end-use parts. This evolution is well-documented in the
literature [38,39], which details the historical development and market
dynamics of MAM, highlighting significant technological advances over
recent decades and future prospects. The rich history and varied appli-
cations of MAM necessitate an in-depth understanding of its current
technologies, focusing on their capabilities, advantages, and challenges
amidst ongoing advancements and the diversity of processes tailored
for specific needs.
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MAM processes
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Plasma Arc Directed
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Wire Arc Additive
Manufacturing

Metal Material
Extrusion

Fig. 1. MAM process overview according to ASTM standard [1].

3.1. Process overview - MAM

The ISO/ASTM 52900 [1] standard provides a widely recognized
framework, categorizing MAM into seven principal categories: Powder
Bed Fusion (PBF), Material Jetting (MJ), Material Extrusion (MEX), Di-
rected Energy Deposition (DED), Binder Jetting (BJ), Sheet Lamination
(SL), and Vat Polymerization. Each of these categories is distinct in
terms of the materials used, bonding mechanisms, fusion processes, and
their respective advantages and challenges. Given the diverse array of
MAM technologies, our focus narrows to the processes that are at the
forefront of industrial adoption and technological advancement. These
include PBF, DED, BJ, and MEX. Fig. 1 illustrates the most common
techniques for these four processes according to the energy source.
Furthermore, Table 4 summarizes the basic process nature of these four
MAM processes.

» PBF: Involves selective melting/partial melting and solidification
of a powder material layer by layer using a focused energy source,
typically a laser or electron beam [40]. Mainly 3 variants exist
based on energy source and powder particle fusing mechanisms,
including SLS, SLM, and EBM [41]. PBF requires controlled at-
mospheric conditions and precise parameter control for efficient
production [42-44].

DED: Functions by layer-by-layer metal deposition using focused
thermal energy, such as a laser or electron beam, to melt ma-
terials during deposition [45]. Several process variations exist
based on their energy source, Plasma/ARC (WAAM), laser (LMD,
WLAM), and electron beam (EBAM) [46]. DED is known for its
capability to deposit large volumes and uses both powder and
wire feedstock. Operational efficiency in DED depends on careful
management of deposition parameters and cooling rates [47].
Metal MEX: In Metal MEX, a blend of metal powder and poly-
meric binders is extruded layer by layer. The process includes
extruding the ‘green’ part, debinding to eliminate binders, and a
sintering phase for part densification [48]. Technical challenges
involve managing the composite feedstock and precision in the
debinding and sintering stages.

BJ: Utilizes a liquid binding agent dispensed onto layers of pow-
der, followed by sintering [49]. The process requires optimization
in printing and post-processing methods, with a focus on man-
aging powder deposition, binder/powder interaction, and cur-
ing [50].
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3.2. Comparative description of MAM processes

As MAM solidifies its role across various industrial sectors, syn-
thesizing existing knowledge about its processes becomes increasingly
important. Numerous studies have outlined the advantages and dis-
advantages of different MAM techniques. In response to recent ad-
vancements and evolving market demands, we have consolidated these
insights and presents a comparative summary of these techniques, of-
fering a detailed perspective that assists in discerning the most suitable
MAM techniques for specific industrial applications.

3.2.1. Market presence and technological maturity

Understanding the market presence of each MAM process provides
insights into their adoption, industry prevalence, and current trends.
Fig. 2 illustrates the market share of each MAM process in 2019 [51].

» PBF: Dominating the MAM market, PBF is particularly favored
in precision-demanding industries like aerospace, medical, and
automotive [42]. Its ability to produce high-quality, dense metal
parts is a key factor in its market leadership, as highlighted in the
AM Power report [51].

DED: Despite a smaller market share (8% in 2019), DED is vital
for niche applications such as repair and large-scale part pro-
duction, offering unique value in sectors that require material
addition to existing components [45].

MEX, BJ, and SL: Collectively, these processes accounted for
about 7% of the MAM market in 2019. MEX, attracting attention
for its simplicity and cost-effectiveness, is increasingly popular
in sectors seeking accessible MAM solutions [48]. BJ is gaining
traction due to its versatility and efficiency in a wide range of
applications [50].

In terms of technological maturity, Laser Powder Bed Fusion (L-
PBF), a variant of PBF, exemplifies the advanced development stage of
MAM technologies. DED is also recognized for its industrial readiness,
catering to diverse applications such as repair and large part manu-
facturing [47]. The AM Maturity Index from AM Power indicates that
currently, only a few MAM techniques, mainly types of DED and PBF,
are considered industrially viable [52]. However, with BJ and MEX
approaching this readiness stage, there is an anticipated shift in the
market and technology landscape. This shift is expected to see a rise in
the market shares of DED, MEX, and BJ in the coming years, reflecting
the evolving dynamics in MAM.
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Table 4
MAM process nature.
Basic Principle Processes Material type Applications Ref
PBF Thermal energy selectively fuses metal SLS/DMLS Powders Functional metal parts, [40]
powders laid out on a powder bed SLM/LBPF EBM functional prototyping
DED High-energy heat source (laser or LMD, LENS, Powders or wire Functional metal parts, [45]1[47]
electron beam) melts metal feedstock WAAM, WLAM repairs, adding material
during deposition to build a part layer EBAM to existing parts
by layer
BJ A liquid binding agent is selectively Metal Binder Powder and Functional metal parts, [50]
deposited to join powder particles jetting polymeric binders low-rate production
runs of non-critical
MEX Heated filament or feedstock of metal Metal MEX Powder with binder Functional metal parts, [48]
powder and binder composite extruded (Screw-based, material prototyping
through a nozzle Plunger-based,

Filament-based)

5% 39 2%

M Powder Bed Fusion

Directed Energy Deposition

85%

B Metal FDM  H Binder Jetting Other

Fig. 2. Market overview MAM - 2019 [51].

3.2.2. Technical overview

Each MAM process exhibits a unique set of technical attributes that
determine its effectiveness and suitability for specific manufacturing
applications. The existing literature provides an overview of these
attributes. Tables 5 and 6 offers a synthesized comparative overview
of the technical aspects of four key MAM processes.

Quality is a critical characteristic for adopters and can be primarily
divided into mechanical and geometrical requirements [53]. Mechan-
ical requirements typically include strength, elasticity (Young’s modu-
lus), toughness, fatigue, and hardness. Table 5 provides an overview
of the strength and elasticity, specifically for stainless steel 17-4 PH
in the horizontal orientation, as reviewed by Armstrong et al. [41].
The reported values represent averages derived from multiple studies
included in the review and can vary significantly based on factors such
as the specific printer, material, and process settings. Baseline values
for wrought, metal injection molding (MIM), and casting processes
are also provided for comparison. Geometrical requirements include
surface roughness, dimensional accuracy, and geometrical tolerances
as defined by ISO standards, illustrated in Table 6. The geometrical
accuracy of Directed Energy Deposition (DED) and Material Extrusion
(MME) is derived from specific studies and can vary considerably based
on factors such as printer setup, material used, and process param-
eters [53,54]. Generally, a thinner layer thickness during MAM can
lead to higher accuracy, better surface quality, and densification [55],
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though at the cost of build speed. For example, Manuela et al. [54]
report major differences in surface finish for MME when varying layer
thickness.

In addition to quality attributes, other important technical factors
include energy consumption, costs, and production speed. The cost of
MAM solutions varies widely due to the diverse sizes and capacities of
printers. Most suppliers do not publicly disclose their pricing; however,
general trends in costs can be inferred from industry reviews such as
Khorsani’s analysis of PBF systems [42] and comprehensive lists of
MAM solutions [56,57]. The cost range specified in the table reflects the
spectrum of costs for different processes, with PBF and DED typically
being more expensive, followed by BJ and MME as the most cost-
efficient system. Finally, the production speed and deposition rates
vary significantly depending on the process parameters used in the
experiments. While a thinner layer thickness during MAM can improve
accuracy and surface quality, it typically reduces build speed.

Comparing different MAM processes directly presents inherent chal-
lenges due to their distinct operating principles. For instance, BJ utilizes
binder extrusion, MEX fuses powder with a binder, DED employs wire
or powder extrusion, and PBF uses a laser or electron beam for material
fusion at a powder bed. These fundamental differences in thermal
sources, consolidation mechanisms, and feedstock forms necessitate
that each process be evaluated on its unique merits. Recognizing this,
the technical overview is further complemented by a detailed analysis



M. Sceterbp and W.D. Solvang

Table 5
Mechanical properties (average values) of 17-4 PH stainless steel for PBF, DED, BJ and
MEX adopted from [41].

Process Orientation UTS (MPa) YS (MPa) Elong. (%)
PBF Horizontal 1257 1088.3 13.9

DED - 1134 1053 7.6

BJ Horizontal 1077 885.2 8.2

MEX Horizontal 1046 730 6.75
Wrought - 1379 1233.5 15
Casting - 1306 1161 4.35

MIM - 862.5 852.5 6

in Tables 7-10. These tables delve into the specific strengths and chal-
lenges of each MAM process, as identified in the existing literature. It
offers a in-depth view that assists in determining the optimal suitability
of each process for various applications. This approach underscores that
while every MAM process has distinct advantages, they also possess
particular limitations, rendering them more appropriate for certain
manufacturing scenarios than others. This nuanced understanding is
crucial for appreciating the diversity and potential of these processes
in various industrial contexts.

3.3. Comparative analysis

This study evaluates the performance of PBF, DED, BJ and MEX
by quantifying and scoring eight key criteria: cost, complexity, energy
consumption, production speed, market demand, surface roughness,
dimensional accuracy, and quality. However, comparing the MAM pro-
cesses is no easy feat due to the differences between processes and the
inherent uncertainty and various ranges in the data. Thus to navigate
these challenges we adapted a fuzzy logic approach as outlined by Chan
et al. [84]. Furthermore, we employed logarithmic normalization to
manage a wide range of values and scaling to ensure comparability.

The criteria were first classified into objective and subjective cate-
gories.

» Objective criterias: Cost, energy consumption, production speed,
mechanical quality, surface roughness, dimensional accuracy, and
market demand

» Subjective criterias: Complexity

Data for each criterion were collected from established literature
and technical specifications as summarized in the tables above. Nu-
merical values were gathered for objective criteria, while linguistic
evaluations were used for subjective criteria. To handle the inherent
variability and uncertainty in the data, we converted the collected
data into Triangular Fuzzy Numbers (TFNs). TFNs provide a way to
represent data with three parameters: minimum, average, and maxi-
mum values. The linguistic variables used for subjective criteria were
converted into TFNs using predefined scales. The linguistic scale was
defined as follows:

» Low (L): (1,1,2)
* Medium (M): (1,2,3)
 High (H): (2,3,3)

For the subjective criterion of complexity, several subcategories
were evaluated to understand the overall complexity of each MAM pro-
cess. These subcategories included material handling, energy source,
inert atmosphere control, software, and monitoring. Each subcategory
was assessed using the defined linguistic scale (L, M, H). The evalua-
tions for each MAM process were converted into TENs, and the average
fuzzy number for each technology was calculated. The evaluations for
the complexity criterion are summarized in Table 11.

Next, we conducted fuzzy set analysis to process the TFNs. This
involved aggregating the TFNs for each criterion across different tech-
nologies and normalizing the fuzzy sets to ensure comparability. De-
fuzzification was performed to convert the fuzzy values into crisp scores

181

Journal of Manufacturing Processes 128 (2024) 175-189

using the center of gravity method, providing a clear quantitative
measure for each criterion. Given the wide range of values across the
different criteria, logarithmic normalization was employed to handle
these variations and make the data comparable. This process included
converting each value to its logarithmic equivalent to handle large dis-
parities in magnitude and normalizing these logarithmic values based
on the observed minimum and maximum values.

The scaled scores for all criteria were then combined to derive a
score for each technology. This was done by averaging the scaled scores
for each criterion, ensuring that each criterion was equally weighted
in the final evaluation, providing a balanced assessment of the overall
performance of each MAM process. Fig. 3 illustrates the relative perfor-
mance of each process across these key areas. This radar diagram offers
a clear and concise comparative perspective, highlighting the strengths
and weaknesses of each MAM process. While the analysis is partly
subjective, it is grounded in the available literature and effectively
illustrates the diverse capabilities of these technologies.

PBF: Exhibits high geometrical and mechanical quality, making it
feasible for high-end markets with strict mechanical and geomet-
rical requirements. However, it faces significant challenges in cost
efficiency and ease of integration due to high initial investments
and the need for specialized expertise.

DED: Offers moderate production speed and material flexibil-
ity, suitable for large-scale parts manufacturing and repair. It is
constrained by high operational complexity and safety concerns,
requiring precise control and monitoring, which can be a barrier
for SMEs with limited technical expertise.

BJ: Provides moderate cost efficiency and high production speed.
It has moderate complexity but faces challenges related to part
quality and surface roughness, necessitating careful consideration
of quality trade-offs. Its lower entry costs make it attractive for
SMEs focused on fast production.

MEX: Stands out for its affordability and simplicity, making it
ideal for SMEs focusing on prototyping and low-volume pro-
duction. However, its slower production speed and moderate
part quality can limit its applicability for high-volume or high-
precision manufacturing.

4. Discussion of MAM in the context with SMEs

The comparative analysis presented in Tables 6-10 and Fig. 3
elucidates the distinct advantages and challenges inherent in each MAM
process. This understanding is particularly important when considering
the integration of these processes within varied manufacturing envi-
ronments, such as those faced by SMEs. Translating these technical
details into actionable strategies is imperative for strategic decision-
making in SMEs. it is crucial to recognize that the decision to adopt a
particular MAM process transcends mere technological capabilities. It
encompasses a broader consideration of how these technologies align
with the specific operational, financial, and strategic requisites of SMEs.
They must consider factors such as required investment, the complexity
of operations, the quality, and demands of their market, and their
capacity for in-house expertise development.

4.1. Implementation of PBF in SMEs

4.1.1. Financial barriers

PBF, with its capacity for producing high-precision and detailed
parts, presents both opportunities and challenges for SMEs. Perhaps
most notable is the high capital costs, being the most expensive among
the various MAM processes, which may pose a significant barrier for
SMEs with limited investment capabilities. The costs associated with
acquiring a PBF machine, along with the necessary ancillary equipment
and materials like specialized powders, are substantial. Given the sub-
stantial costs associated with PBF, effective cost-reduction strategies



M. Sceterbp and W.D. Solvang

Table 6

Comparison of metal additive manufacturing processes.

Journal of Manufacturing Processes 128 (2024) 175-189

Attribute

L-PBF L-DED

MEX BJ

Deposition rate

SEC (kWh/kg)

Surface Roughness

(um)

Accuracy

Capital Costs

0.1-0.18 kg/h [46]

31.11-155.17 [41]

16-35 [60] 25-35 [61]

+0.1 mm [64]
+0.12 mm [65]

+0.34 mm [53]

$90k-$2 m [42,56]

5.18-292.22 [41]

0.1-1.41 kg/h [46]

$90k-$210k (WAAM) [66]
$150k-$2 m [57]

5-15 mm/s [58]
Up to 80 mm/s [48]

Up to 200 cm?/min [59]

33.19 (printing only) [41]
9.56-18.10 [62]

2.47 (printing only) [41]

0.5-50 [55]
Avg: 12.84 [63]

+0.25 mm [54] +0.3 mm

+0.5 mm [50]

$10k-$135k [56] $150k-$400k [56]

Mechanical quality

Table 7

—PBF

—DED

BJ MEX

Costs efficiency

5

Market

Dimensional accuracy

Ease of integration/use

Energy consumption

Production speed

Surface roughness

Fig. 3. Comparison between the different MAM processes.

Advantages and limitations of PBF according to existing literature.

Advantage

Limitation

« Produces parts with excellent
mechanical properties, including
high precision [67], and high
specific strength and stiffness [68]
- Enables efficient use of materials
through recycling [67] and near
net-shaped production [41,69,70].
« Capable of producing fully dense
parts [71].

« Wide selection of materials [41].

« Necessitates support structures and
post-processing, such as build plate
separation and finishing [41,67,72].

« Limited by the size of the build chamber
and powder bed [67].

« High residual stresses due to thermal
influences [72].

« Health and safety concerns due to the use
of fine powders and lasers [67].

« Surface finish may exhibit “stair
stepping,” generally requiring additional
post-process smoothing [67].

« Slower production speeds [67,73].

« Operation complexity demands skilled
operators and meticulous process control
[69]. E.g., in modern L-PBF systems there
are more than 100 processing parameters
[72].

become crucial for SMEs. The primary scenario where PBF becomes
cost-competitive is in the production of small, specialized high-value
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Table 8
Advantages and limitations of DED according to existing literature.

Advantage Limitation

« Offers versatility with a large build
area [74].

« Accommodates a diverse array of
materials, facilitating wide application
use [47,74].

« High deposition rates [41,75].

« Ideal for depositing material to an
existing surface, beneficial in repair
and manufacturing hybrid structures
[41,76].

« Can change the deposited material
directly during the manufacturing
process [75,76].

« Support structure typically not
needed [77]

« Substantial post-processing to refine
the surface finish and dimensional
accuracy [47].

« Poor surface finish [75].

« The thermal nature of the process
can introduce residual stresses,
potentially necessitating additional
treatments [47,78].

« Health and safety concerns due to
high-energy beam usage [79].

components that require intricate designs and high precision. This
aligns excellently with DFAM practices. The high expenses, predomi-
nantly driven by machine and material costs [85] can be substantially
mitigated through Design for Additive Manufacturing (DFAM). DFAM
can lead to significant cost reductions — up to 70% in production
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Table 9

Advantages and limitations of MEX according to existing literature.

Advantage

Limitation

» Recognized for its cost-effectiveness
accessibility, being 60%-80% cheaper
than PBF [80].

« Low barriers to usage because of its
ease of use and similarity to widely
known FDM process [81].

« Demonstrates efficient material
utilization by depositing where
needed, minimizing waste.

« Relatively safe and clean operational
processes [48].

« Yields relatively high accuracy in
part fabrication [41].

« May necessitate support structures for
certain geometries such as overhangs
or unsupported features [81].

« Tends to exhibit high porosity,
affecting part density [41].

« Often results in a sub-optimal surface
finish, suffering from the “staircase”
effect [41,81].

« Post-processing, including debinding
and sintering for densification, as well
as support removal and machining, is
essential for enhancing part quality
and surface finish [41,48].

« Anisotropy is typical due to voids
between layers [41].

Table 10

Advantages and limitations of BJ according to existing literature.

Advantage

Limitation

« Cost-effective for certain applications,
particularly due to its relatively lower
machine costs [55,82].

« Exhibits high scalability potential,
making it suitable for various production
volumes [82].

« No need for support structures [50,82].
« Wide range of available materials. Not
affected by optical reflective, thermal

« Characterized by low density, high
porosity, and unpredictable shrinkage
during post-processing [41,55,83].

« Multistep process, including
debinding and sintering [55].

« Involves careful powder handling
and safety precautions to mitigate
risks associated with fine powders
and binding agents [41].

conductivity, or thermal stability [82].
« Achieves relatively high production
rates as only the binder is deposited
[50,55].

« Good final surface finish [41].

Table 11
Complexity evaluations for MAM processes.
PBF DED BJ MEX

Material H M H L
Energy H H L L
Atmosphere H H M L
Software H H H L
Monitoring H H L L

costs and a 71% decrease in production time [86] through lightweight
designs and minimization of waste and support structures.

4.1.2. Operational integration

However, such cost reduction strategies, while a necessity, add an-
other dimension of challenges. PBF requires a specialized environment
and extensive technical expertise across several domains, including
material science, machine operation, DFAM, and post-processing tech-
niques. For instance, Armstrong [41] estimates that over fifty distinct
process parameters can impact the final properties of printed parts,
from pre-defined, controllable, and post-processing variables [87], each
requiring meticulous in-situ optimization to circumvent potential de-
fect. This complexity translates into a steep learning curve for em-
ployees, particularly challenging for SMEs with their limited access to
a specialized workforce. The high stakes of PBF in producing critical
components for high-end markets amplify the necessity for stringent
compliance to standards, further complicating its adoption for SMEs.
The intensive expertise required for PBF operation and the critical
importance of DFAM in optimizing production costs and times mean
that SMEs must balance their limited resources with the need for
specialized knowledge. Collaborative ventures with technical experts
and academic institutions can mitigate these challenges but may incur
additional costs. Such collaborations, though potentially valuable in
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bridging the knowledge gap, must be weighed against the resource
limitations typical of SMEs.

4.1.3. Safety and compliance

Integrating PBF into SMEs not only poses financial and technical
challenges but also raises significant safety concerns. PBF is among
the most hazardous MAM techniques, primarily due to its use of fine
metallic powders [41]. These powders present multiple risks, includ-
ing respiratory hazards for operators and potential fire and explosion
hazards due to their flammability. In SMEs, where experience in han-
dling such materials safely may be limited, these risks are even more
pronounced.

4.1.4. Strategic considerations

Nonetheless, PBF presents significant advantages for SMEs that can
overcome the financial and technical challenges. Its unparalleled design
flexibility and precision manufacturing align seamlessly with SMEs’
strengths in offering customized, high-value products. PBF is partic-
ularly well-suited for small batch sizes and low-volume production,
which is often the operational scale of many SMEs. This technology
excels in producing complex and high-quality parts without necessitat-
ing large-scale production runs, making it ideal for SMEs that specialize
in low-volume, customized orders. Moreover, PBF’s capabilities allow
SMEs to cater to niche markets and meet specific customer needs
with a high level of precision and customization. Given that SMEs are
typically more agile and have closer relationships with their customer
base, they can leverage these aspects of PBF to rapidly deliver tailor-
made solutions. This advantage is particularly potent in sectors that
value intricate design and customization, offering SMEs a pathway to
differentiate their products and services in competitive markets.

4.1.5. Market opportunities and Niche applications

With the technical and financial challenges, the practicality of SMEs
adopting PBF is contingent on their ability to secure a market niche
where such high-value components are in demand. These markets
should value the unique capabilities of PBF, such as complex geometries
and custom designs, enough to bear the associated costs. Industries like
aerospace, medical, and automotive, which require precision parts with
complex geometries, could provide viable markets for SMEs utilizing
PBF. Yet, this niche application means that PBF is not suitable for all
SMEs, especially those whose production needs do not align with these
high-value, specialized sectors. SMEs considering PBF must therefore
conduct a thorough assessment of their market strategies, target cus-
tomer base, and financial capabilities. While PBF offers the potential
to produce unique and complex parts, the return on investment for
SMEs hinges on their ability to penetrate and serve markets where such
specialized production is not just needed but also financially rewarding.
This strategic alignment is critical for SMEs to justify the high initial
investment, ongoing operational costs, and significant technological
dive associated with PBF technology.

4.2. Implementation of DED in SMEs

4.2.1. Financial barriers

Integrating DED into SMEs presents a complex set of challenges
and opportunities, primarily influenced by substantial investment and
operational costs. The initial financial outlay for DED equipment often
represents a significant barrier, given the limited capital availability
typical of SMEs. This is compounded by ongoing operating expenses,
such as maintenance, energy, and material costs, adding to the financial
burden.
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4.2.2. Operational integration

Operational complexity is another critical factor, especially consid-
ering the high build volumes associated with DED. Controlling the DED
process is complicated, as the majority of users often rely on expensive
and time-consuming techniques, such as multiple experimental runs, to
define optimized process parameters [75]. Given the necessity for spe-
cialized knowledge in accurately controlling process parameters, SMEs
may face hurdles due to their typically limited access to the specialized
workforce due to broader responsibilities and limited exposure to ad-
vanced training and mentoring [17]. As Armstrong et al. [41] highlight,
precise control over thermal power, feed rate, beam focus, and cooling
cycles is crucial for maintaining part integrity and avoiding defects
such as residual stresses, porosity, and cracking. Moreover, the safety
hazards associated with DED, such as exposure to high-energy beams
and potentially harmful fumes, exacerbate the need for specialized
knowledge and skills. The risks of operating such equipment without
the requisite expertise are significant, both in terms of employee safety
and product quality.

4.2.3. Market opportunities and flexibility

Still, if SMEs somehow overcome these initial financial and knowl-
edge barriers (e.g., through external collaborations or government
funding incentives [8,11]), then DED can offer excellent flexibility and
production rates. Its high deposition rates are making DED one of
the most promising economical alternatives for manufacturing large
metal parts [66]. As a rough order of magnitude: PBF processes can
achieve rates of about 0.1 kg/h, whereas DED processes reach average
rates of 1 kg/h, and are capable of going up to 4 kg/h [88]. This
flexibility could be particularly beneficial for SMEs engaged in niche
markets or specialized manufacturing sectors where such capabilities
are in demand. However, this advantage should be weighed against the
fact that SMEs often deal with smaller production volumes, and their
market focus might not always require the unique capabilities of DED.
Nonetheless, For SMEs aiming to scale up their production, especially
in sectors where large components manufacturing is a norm, DED offers
a viable solution. Similarly, for SMEs operating in MRO (Maintenance,
Repair, and Overhaul) sectors, where DED specific ability to deposit
material directly to an existing surface, differentiates it from all other
processes where it is able to repair damaged components providing
good mechanical properties that for the most part is comparable with
bulk material [76]. This could allow these SMEs to offer specialized,
high-value services that differentiate them from competitors.

4.2.4. Challenges and post processing

While DED’s high deposition rates are advantageous, the require-
ment for extensive post-processing might not align well with the opera-
tional tempo of SMEs, especially those dealing with smaller batch sizes
or custom orders. L.e., SMEs need to respond to quickly to customer
demand might be offset by the extensive post-processing needs.

4.3. Implementation of BJ in SMEs

4.3.1. Cost considerations

BJ’s distinct sinter-based approach contrasts sharply with the fusion-
based techniques of DED and PBF. This unique nature opens up a
range of opportunities for SMEs, yet also requires careful navigation
of its specific challenges. The relative affordability of BJ in terms of
equipment and material costs is a key advantage for budget-conscious
SMEs. However, the total cost of ownership, encompassing mainte-
nance, materials, and particularly post-processing requirements, needs
thorough consideration.
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4.3.2. Operational complexity and technical expertise

BJ’s technical complexity is also considerably lower than that of
DED and PBF, mainly because it does not involve laser or electron beam
melting processes eliminating the need for precise control and manage-
ment of beam parameters such as power, speed, and focus significantly
reducing the technical expertise. Additionally, the sintering process in
BJ is a well-understood technique in the manufacturing industry [83].
This familiarity offers an advantage to SMEs, as it aligns with existing
knowledge and practices, further reducing the operational complexity.
Unlike the precise and often complex thermal management needed in
DED and PBF, BJ’s sintering process is more straightforward, making it
a less technically demanding option for SMEs.

However, despite its simpler operational complexity, a significant
issue with BJ is its technical maturity. For SMEs, this lack of maturity
means dealing with a technology that is still evolving and may not
yet meet all industrial standards, especially in producing parts with
high precision and consistency. This uncertainty can be problematic
for SMEs that require reliable and stable manufacturing processes for
their products. The decision to adopt BJ must be balanced against
the potential risks associated with its evolving nature, which might
include more frequent updates, adjustments in processes, and adapting
to advancements as the technology matures. It is particularly its current
limitations in part quality that cannot be overlooked. BJ typically ex-
hibits lower surface roughness, accuracy, and resolutions [55]. Further-
more, the high porosity of BJ parts, resulting in up to 50% less density
compared to PBF-produced parts [55], is a major concern, impacting
the sintering process with considerable and unpredictable shrinkage.
BJ’s current inability to predict and control this shrinkage challenges its
application in producing parts with strict tolerances required for many
industrial uses [83]. This unpredictability requires SMEs, especially
in high-precision sectors, to carefully assess BJ’s alignment with their
quality and accuracy requirements.

4.3.3. Market customization and material flexibility

However, advancements in controlling this shrinkage could greatly
enhance BJ’s applicability. BJ’s larger material pool, absence of support
structure requirements, high scalability, fast production rates, and sim-
pler, safer operations [82] are all benefits that can offer huge potential
for SMEs as the technology matures. Part of this potential comes
from BJ possibility to virtually process any powder feedstock [50,55],
not limited by factors like optical reflectivity or thermal conductivity
that challenge DED and PBF [82]. This material flexibility aligns well
with SMEs. The versatility in material selection allows SMEs to adapt
swiftly and efficiently to their local customers’ needs, offering tailored
solutions. This attribute of BJ, being able to handle various materials,
provides SMEs with the flexibility to explore and cater to diverse
market demands, enhancing their competitive edge. Additionally, while
BJ’s rapid production speed is a notable advantage, its impact may be
moderated by the necessity of post-processing [89]. For SMEs, partic-
ularly those engaged in smaller-scale operations, the high production
rates of BJ might not be a primary requirement. In particular, as
seen by praveen [24] Production capacity expansion did not prove
to have a significant influence on AM Because SMEs already have
fixed production capacity with present plant and machinery; hence, the
companies might not be able to perceive AM for mass customization
and enhancing the production output.

4.4. Implementation of MEX in SMEs

4.4.1. Cost efficiency and operational simplicity

Metal MEX, sharing a sinter-based approach with BJ, presents
unique cost considerations for SMEs. Unlike the more advanced and
costly PBF and DED methods, MEX is affordable in terms of equipment
and operational expenses. This affordability is a significant advantage
for budget-conscious SMEs, allowing them to integrate MAM into their
processes without a substantial financial investment. The operational
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simplicity of MEX, akin to familiar polymer FDM/FFF techniques,
reduces the learning curve for SMEs. This simplicity benefits SMEs,
often lacking specialized staff, as MEX does not demand intricate
control like PBF or DED. Furthermore, the safety aspects of MEX make it
an appealing option for SMEs. The lack of hazardous material handling,
as seen in powder-based methods, reduces safety risks and the need
for complex infrastructure. However, despite these initial advantages,
SMEs must also weigh the ongoing costs associated with MEX, such
as maintenance and materials. Understanding MAM basics, including
design principles and post-processing techniques, remains essential.
The technical maturity of MEX is also a factor for SMEs. As a relatively
new entrant in the MAM landscape, MEX is still evolving, which could
pose challenges in consistency and quality standards expected in certain
industries. Although slightly more advanced than BJ, SMEs aiming to
adopt MEX must be prepared to adapt to technological advancements
and updates in the process.

4.4.2. Technical maturity and part quality

In terms of part quality, MEX generally has a lower resolution
compared to PBF and DED but is capable of producing functional
metal parts with mediocre surface finish [41], good mechanical proper-
ties [77], and without the stresses typically seen in thermal processes.
These properties depend on the material, printing parameters, and
post-processing techniques. Overall, MEX can compete with other AM
techniques when the feedstock is homogeneous, ensuring uniform and
isotropic shrinkage [77] - a significant advantage over BJ, which cur-
rently faces challenges with unpredictable and uncontrollable shrink-
age. To achieve defect-free parts with high relative sintered density,
meticulous control of printing parameters is crucial (e.g., flow rate
multiplier, layer thickness, and extrusion temperature) [90,91]. Non-
optimized printing parameters and lack of debinding and sintering
experience can adversely affect mechanical properties and part quality.
However, this challenge is already addressed by user-friendly, closed
MEX systems, which come as complete sets, restricting users from
using third-party feedstock and varying debinding and sintering param-
eters [48]. Thus, MEX demonstrates its potential for SMEs by offering
a balance of cost-effectiveness, simplicity, and part quality. Its ability
to produce metal parts comparable in quality to more established AM
processes or MIM processes [41,77]. Coupled with the relative ease of
operation, positions it as a promising option for SMEs, especially those
venturing into metal AM for the first time.

4.4.3. Production speed limitations

A significant limitation of MEX lies in its production speed. Typ-
ically, the printing speed for MEX is relatively low, ranging from
10-100 mm/s [58], and this is further compounded by the multi-step
process involving debinding and sintering. While it is possible to in-
crease the printing speed, this adjustment demands careful monitoring
due to its substantial impact on part quality. Accelerating the process
can lead to issues such as poor layer adhesion, diminished mechanical
properties, and reduced precision in the final products [48]. Conse-
quently, this limitation predominantly confines MEX to applications
in prototyping and low-volume production, potentially making it less
viable for SMEs engaged in high-volume manufacturing. However, for
SMEs seeking a swift entry into MAM with lower production volumes
and a focus on complex, customized parts, the slower speed of MEX
may not be as critical. In such cases, the technology’s benefits, such as
cost-effectiveness and simplicity, can outweigh the limitations posed by
its slower production speed.

4.4.4. Adoption strategies with MEX

SMEs must carefully evaluate their process needs. If time efficiency
is crucial, printing speed can be increased, but this requires a strategic
balance in printing parameters to ensure the maintenance of quality
standards. Likewise, the debinding and sintering operations can be
optimized. For example, there are systems available that eliminate
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the need for a separate debinding step [92], and sintering setups can
be tailored based on production volume and specific needs. In in-
dustrial settings, continuous sintering is recommended for economical
production, whereas for batch production, parts are typically placed on
ceramic trays in the sintering furnace [77].

4.5. SME-focused evaluation matrix

It is clear the four MAM processes of PBF, DED, BJ, and MEX, each
offer distinct advantages and challenges for SMEs. In choosing the most
suitable MAM process, SMEs must carefully evaluate these processes
against their specific needs, market demands, and resource availability.
The decision depends heavily on the unique context of each SME.
While PBF and DED might be more suited for SMEs targeting high-end
markets with complex part requirements, MEX and BJ could be more
appropriate for those seeking cost-effective solutions for customized,
low-volume production.

To facilitate this decision-making process, we illustrate an eval-
uation matrix that compares MAM processes against the mentioned
criteria important to SMEs. This matrix is based on the radar diagram in
Fig. 3 and serves as a guide, encouraging SMEs to conduct a thorough
and nuanced assessment of each MAM process. The importance of each
criterion can vary significantly between different businesses, sectors,
and market demands, underscoring the necessity of a tailored analysis
for the effective adoption and integration of MAM. Fig. 4 illustrates
three practical applications/examples of the evaluation for SMEs with
different focuses:

Cost and complexity focus: For SMEs venturing into MAM for
the first time, minimizing cost and complexity is often crucial due to
limited budgets and resources. These businesses frequently target the
low-end market, where affordability and straightforward integration
are paramount. BJ and MEX score higher in this context because of their
cost efficiency and straightforward operation. BJ is relatively affordable
in terms of equipment costs, and its operational complexity is lower
compared to PBF and DED. MEX stands out for its affordability and
simplicity, aligning well with SMEs that have limited resources and are
looking for an accessible entry point into the MAM market. However,
MEX comes with challenges related to part quality and production
speed, which SMEs must consider.

High-Quality and Precision Focus: For SMEs targeting markets
that require high precision and strict tolerances, PBF is the most
suitable option. PBF excels in producing high-precision, detailed com-
ponents, making it ideal for specialized, high-value applications. Its
high cost and technical complexity can be justified in markets such
as aerospace and medical devices, where precision and quality are
paramount. SMEs need to weigh these benefits against the significant
investment and operational expertise required to effectively utilize PBF
technology.

Volume and Speed Focus: For SMEs that prioritize production
speed and volume, BJ stands out due to its high production speed. BJ’s
ability to produce parts quickly makes it ideal for SMEs focusing on
rapid manufacturing and high throughput. Although its part quality
may not match that of PBF or DED, the trade-off in speed and cost effi-
ciency can be beneficial for SMEs in industries where quick turnaround
times are critical. MEX also performs well in terms of cost-effectiveness
and simplicity, but its slower production speed limits its applicability
for high-volume manufacturing.

These examples demonstrate how the evaluation matrix can be
adapted to different SME priorities. The scenarios underscore that the
optimal MAM process is not a one-size-fits-all solution and must be
tailored to the specific needs of each SME. While MEX offers compelling
benefits for SMEs just venturing towards MAM, there may be instances
where an alternative process is more appropriate. Herein, the overar-
ching theme is clear: the successful integration of MAM technologies
within SME operations hinges on a tailored approach. This paper has
delved into the technical aspects of the most industrially mature MAM
processes, describing their characteristics, benefits, and prospective
developments applicable to SMEs.
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MAM Criterias
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Fig. 4. Evaluation Matrix for MAM Processes: Examples for SMEs with different focuses.

5. Conclusion

This paper has provided an in-depth analysis of MAM processes in
the context of SMEs. By examining various MAM processes, including
PBF, DED, BJ, and MEX we have highlighted their unique attributes,
advantages, and limitations, especially as they pertain to the opera-
tional and strategic frameworks of SMEs. The analysis underscores the
diverse nature of MAM processes, each presenting distinct opportunities
and challenges for SMEs. While PBF and DED offer high precision and
suitability for complex part requirements, their high cost and tech-
nical complexity may pose significant barriers for SMEs with limited
resources. On the other hand, BJ and MEX emerge as more accessible
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options, offering cost-effectiveness and operational simplicity, albeit
with their own set of challenges related to technical maturity, part qual-
ity, and production speed. Crucially, the decision-making process for
SME:s in adopting MAM is nuanced and context-dependent. It requires a
careful balance between their specific needs, market demands, resource
availability, and technological capabilities. The development of the
evaluation matrix, presented as an illustrative example in this paper,
serves as a guide to assist SMEs in assessing various MAM processes. It
is important to note that this matrix is intended as a starting point for
SMEs, encouraging a detailed and customized evaluation of each MAM
process to determine the best fit for their individual requirements.
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The study does have some limitations. First, the comparison di-
agram and evaluation matrix are based on currently available data,
which may evolve as MAM technologies advance. The rapidly changing
nature of these technologies means that the findings may need periodic
updates to remain relevant. Second, the available data on MAM is
fragmented and has considerable variation. Herein, the study relies on
a generalized assessment of MAM processes, which may not capture all
the specific nuances and contextual factors unique to individual SMEs.
Third, the economic and operational conditions of SMEs vary widely,
and while the study attempts to account for these variations, the
recommendations may not be universally applicable. Lastly, the study
does not include empirical validation through real-world case studies,
which could provide deeper insights into the practical challenges and
benefits of adopting MAM technologies in SMEs.
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