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ABSTRACT

Purpose: The rising interest in the integration of digital advanced manufacturing and production systems in the
Industry 4.0 context is one of the main factors in the introduction of Additive Manufacturing (AM). The novel
technology might change the way firms operate, and the way they interact with consumers, opening new horizons
for an improved profit margin and more sustainable business models. The research presented a comprehensive
review on the potent role of AM in adhering to customers’ complicated and unique needs using various technolo-
gies and techniques, as it discussed the role of AM in introducing new business models that increase the business
competitiveness and profitability through an optimisation of production processes. In addition, AM is grasping
with innovative solutions varying from waste reduction to shorter supply chains to longer products lifecycle,
incentivising firms to adopt it for the economies realised on materials, energy, and costs. Notwithstanding, AM
implementation is still in its infancy and faces technical challenges of capability, IT integration, and outcomes.
Design/Methodology/approach: This research is based on a quantitative approach that was administered online
by means of a highly structured online survey, which aim was to collect primary data that fills the gaps of the
research hypotheses due to the lacking nature of research papers exploring them. Therefore, the literature review
was a paramount phase in acquiring empirical knowledge about the problem background and concept boundaries
that shaped the topic’s core objectives and research questions from the lacking nature of explored areas.
Findings: This research investigated the role of AM in industry 4.0 by exploring its impact and intersection
with AM firms’ business models while exposing the limitations and challenges to its adoption within industrial
contexts. The study highlighted that the AM positive impacts on companies’ business models on the value chain
and turnover. This study also revealed the eco-design prospect of AM that will be helpful for different firms to
rethink their business models shaping them to be more cost-efficient.

Originality: This research gave insight on AM technology through a quantitative survey that mainly aimed to
classify knowledge and to investigate the role of AM as a lever in improving firms’ value chains through an
exploration of possible intersections with business models and impacts of implementation, possible sustainability
scenarios and challenges it may face within Industry 4.0 context.

Introduction

In response, the interest in adopting more up-to-date technologies
has highly increased in recent years within the framework of the fourth

Until the last decades, production and crafting systems relied cru-
cially on few main techniques to create parts and objects, and this was
either by subtracting little by little the material from the initial input
matter until it forms the desired object (also called sculpting or drilling),
or by deforming materials to obtain the desired shape (moulding or fold-
ing), or through the combination or the gluing of several materials [1],
or through the use of two or more of these processes which implied the
use of various tools, equipment, and manpower.
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industrial revolution [2]. Thus, the urgency to adapt more production
systems to the highly growing complicated production demands besides
improving the capability of business models, has become a necessity to
cope with the market pace and competitiveness [3]. Additive manufac-
turing (AM), therefore, came offering diverse possibilities to the smart
manufacturing industry, allowing firms and organisations to improve
their position in the market through the optimisation of labour, energy
and material involved in this new way of manufacturing in order to cre-

Received 25 March 2022; Received in revised form 23 May 2022; Accepted 24 July 2022

Available online 26 July 2022

2666-4127/© 2022 The Authors. Published by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.susoc.2022.07.001
http://www.ScienceDirect.com
http://www.keaipublishing.com/en/journals/sustainable-operations-and-computers/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.susoc.2022.07.001&domain=pdf
mailto:nida.naveed@sunderland.ac.uk
https://doi.org/10.1016/j.susoc.2022.07.001
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Elhazmiri, N. Naveed, M.N. Anwar et al.

ate a product that allies with market’s changing and various demands
[41.

AM is known for being highly timesaving and cost-effective for small-
batch complex geometries products, through its advanced characteris-
tics of non-traditional mass customisation, shortening the entire product
development cycle, allowing companies to replace and improve their
tooling more frequently and quickly [5]. This article is going to address
how AM tends to facilitate the customers and market needs in order
to be more adopted by companies at some point [6] through an online
survey led on active professionals in AM related companies within the
UK, Europe, and the United States. The rising interest in using this novel
technology has resulted from the numerous advantages giving the possi-
bility to stand out in the market for the environmental and social virtues.
The high demand for efficient industries and production facilities from
the consumers and environment control agencies is pushing firms in the
4th industrial revolution to adapt more their structures and value chains
[7]1 which will be discussed in detail in this research.

Moreover, AM has succeeded to captivate the attention of manufac-
turing industries in the era of industry 4.0 for the sustainable benefits
it yields, including what it heralds of possibilities for shorter, more fo-
calised, and collaborative value and supply chains and possibilities to
close the loop and recycle, refurbish and repair [8]. In other terms, AM is
considered similar to a biological process through the creation of layer-
by-layer products, therefore, this technology is considered less wasteful
than the traditional methods of production such as the subtractive ones.
Besides, AM can overflow with potential sustainability benefits that de-
couple the impact of the industrial activities on the environment from
the social and economic values, such as the extended life of products
that can be realised through repairs and refurbishment tools that AM
offers, as it can impact the firm’s value chains through the shortening of
supply chains, the innovative models as well as the possibilities for new
collaborations [9].

Impacts of AM technology on sustainable business models

The adoption of AM technologies in firms within the 4th industrial
era seems to herald vast opportunities and unlimited sustainable bene-
fits [10]. With additive manufacturing at the centre, different strategies
and innovative business models are being shaped in order to advert so-
lutions and technological advanced alternatives to reduce over the en-
tire products lifecycle, the overall environmental impact of it within the
context of industry 4.0 [11].

The organizational and economic transformations in companies’
business models foster the possibility to develop new environmental per-
spectives, especially by reducing the use of raw materials and transport
due to local cycles development and diminished supply chains. Adopt-
ing AM comes with implications, amongst these is the reconsideration
of firms’ business models. Hence, AM fosters many opportunities for
sustainability through the repair, refurbishment, and remanufacturing
extending thus products’ lifecycle and closing the loop and many other
sustainable models.

Different authors tried to approach this impact on business models
from many perspectives and sought that in order to evaluate it, they
must consider a proper balance to do so. A balanced scorecard (BSC)
approach invented by Kaplan and Norton was used to evaluate four
common areas (Financial, customer, internal business, and innovation)
variating depending on the organisation strategy [7]. Gonzalez-Varona
and other authors (2020) investigated the impacts of AM on companies’
sustainable business model through a case study for AM spare parts lo-
gistics and sought out that AM initiated a digital supply chain that could
change business models to the best with clear benefits to SME and cus-
tomers in general.

Several journal articles support the ability of AM to improve prod-
ucts processes and design, but few relate it to the sustainable impact
of this novel technology. Despeisse and Ford (2015) explained that the
freedom in shapes and geometry could generate various benefits that
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occur during the whole product life cycle and its material, ranging from
the increased operational efficiency of AM products, their functionality
and durability due to convenient material use, and ease of maintenance
and manufacturing [12].

Other publications commend that the design of structures for new
products could be of increased strength, stiffness, efficiency, and corro-
sion resistance due to the incorporation and adaptation of materials to
the work environment enhancing thus the component attributes and ex-
tending products lifecycle [13]. This was the example of an EBM man-
ufactured part that was replaced with an AM open cellular foam one,
which resulted in increased efficiency of the part by 40% [14].

Aerospace is one of many sectors that benefit most from the AM tech-
nologies and sustainability impacts, due to the sector’s high needs and
low production scale. Researchers studied a project led by the EU FP7
MERLIN subsequent to waste generated from airline industry manufac-
turing processes, and which resulted in an improved AM process that
is Laser Material Deposition (LMD) used in aero engines Bladed disks
or blisks manufacturing. This new process nullified the waste called
“swarf” that cannot be recycled arising from the previous process [8].
Additionally, the LMD process was proven to achieve 60% material sav-
ings and 30% time within the Fraunhofer ILT.

Another improvement opportunity that AM fosters is the input mate-
rial, through its vast catalogue of materials and technologies. According
to Lubik and Garnsey (2016), a company based in the UK named Metal-
ysis, succeeded in commercialising a new process called “FFC” used to
produce titanium powder with lesser energy consumption and lesser tox-
icity through the use of AM technologies. Besides, recycled materials as
inputs in the AM processes have been proven to be an innovative so-
lution studies have found, printers based on the Fused deposition mod-
elling (FDM) process, use recycled plastic filaments that have been cre-
ated from past misprint, undesired outputs, and other commonly recy-
cled material, thus minimising the waste [14] . Research leverage within
companies adopting AM is highly encouraged to develop new innova-
tive solutions. Authors also described that AM fosters different changes
in companies’ sustainable business models changing their value propo-
sition for the better [15].

On the other hand, AM implementation within industrial environ-
ments remains a challenge itself. This novel technology success highly
depends on many other factors ranging from technical and social to le-
gal. Therefore, many challenges have arisen with the emergence of this
novel technology, such as the lack of understanding and expertise in
AM, the quality of printed products, the absence of standardisation and
guidelines to its processes which represent the biggest challenges for
this new invasion to take place. This also will be reviewed and discussed
throughout this article to organise the body of knowledge and surround
the topic from all the perspectives to better understand the role of AM
technologies in the era of industry 4.0.

Overall, this paper attempts to surround and underline many dimen-
sions of the AM technology for a better understanding of this novel
technology role in the frame of industry 4.0, through an exploration
and insights on customers satisfaction, impact on business models and
business sustainability, outlining the possible challenges that AM im-
plementation may be facing in the industrial context of industry 4.0.
Furthermore, the sustainability aspect in additive manufacturing will
be also investigated throughout this paper by studying the potential of
reducing waste, material consumption optimisation, and shortening the
supply chains and thus impacting the companies’ sustainable business
models. And finally, the research paper will dive into the constraints and
challenges this novel technology implementation may face in Industry
4.0.

Methodology
This research is based on a quantitative approach that was adminis-

tered online by means of a highly structured online survey, which aim
was to collect primary data that fills the gaps of the research hypothe-
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ses due to the lacking nature of research papers exploring them. There-
fore, the literature review was a paramount phase in acquiring empirical
knowledge about the problem background and concept boundaries that
shaped the topic’s core objectives and research questions from the lack-
ing nature of explored areas.

Hence, with AM being a futuristic lever in manufacturing in the era
of industry 4.0, there was a need to explore its role in this industrial
revolution through an investigation of its impact on different business
models within companies and firms adopting it. In addition to shaping
the research core objectives, another result of investigating and eval-
uating the existing literature was forming a questionnaire utilised to
address the research objectives such as in

The data gathering tool consisted of a descriptive online survey
that highly assisted in investigating participants opinions, attitudes, and
preferences. The questionnaire was structured in Google forms research
platform, due to the ease and trustworthiness of its links, making it eas-
ier to gather data amongst professionals through an easy interface that
requires no software to access it. Besides, Google Forms is endowed with
a transparent link property that displays its content, thus negating any
suspicious activities doubts amongst the addressed professionals which
could have interfered between parties and limited their cooperation.

The survey involved a set of 26 closed type questions, 10 of them
were multiple choice questions, 13 Likert scale that participants had to
answer with 1 to 5 points, and 3 open-ended text field questions.

Theoretical background

The current paper revealed the role of AM in industry 4.0 through ex-
ploring different firms’ business models and relied on previous research
articles to discuss and explore the literature of this novel technology,
that only a few included practical experimentations on the various AM
impacts on business models. These gaps orientated more the objectives
and the discussion of this research that were explored in order to reap
the maximum rewards from AM. Moreover, a few publications explored
the role of AM implementation on firms that previously relied on con-
ventional methods, creating an insufficiency on empirical research that
supports the results.

At the current time, AM is considered to be a game changer in the
different industrial sectors that started to raise interest in using it for
rapid prototyping (RP) as well as manufacturing products and research
and development (R&D). This research paper predominantly focused on
results collected from AM companies located within UK, Europe, and
America. Hence, in order to make these findings more applicable gener-
ally, it is required to explore the research objectives within other world
countries’ firms that adopt AM in their industrial environments. Besides,
another possible limitation is the size of surveyed companies that con-
sists of small to medium-size ones (SME) and start-ups, which can pos-
sibly differ for larger size companies and organisations which implies a
need for future search to target larger size companies.

Another serious limitation is the absence of empirical on AM business
value creation and its impact on customer related issues, where research
is needed to investigate the effects of AM implementation on firms’ per-
formance with a focus on structures and decisions made to adapt to this
novel technology, which will clear the fog on how AM affects businesses
moving from knowledge scenarios into facts. Therefore, researchers are
required to explore the role of AM in industry 4.0 from a business mod-
els perspective with a focus on the added value and value creation that
AM brings to the table. Additionally, a need to realise further conceptual
framework research on the sustainable side and benefits that AM holds
while investigating the related research areas such as materials, energy,
and environmental science.

Future research is suggested to demonstrate how AM complex ge-
ometry and choice of material can be more rentable to companies from
a sustainable and beneficial point of view, with insight on the com-
plete life cycle data of these AM manufactured products compared to
conventionally produced ones. Without neglecting the urgent need for
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empirical studies to be conducted on how AM firms can tackle the chal-
lenges resulting from its implementation such as mechanical properties,
standards, and quality challenges while exploring the optimal use of
this novel technology within industrial contexts. Besides, research is re-
quired on the competencies and skills that are needed to adapt firms to
additive manufacturing in order to keep a competitive position in the
market.

Results

A qualitative analysis was performed by mean of a questionnaire that
consisted of 26 questions subdivided into 4 categories and areas aiming
to answer the four objectives of the research scheduled as follows: the
role of AM in facilitating customers’ needs, the intersection between AM
and organisations Business Models, the impact on sustainability, and
challenges facing this new technology. (Fig. 1)

The survey was answered by 34 professionals from the AM industry,
active in various industrial sectors as in Fig. 2 ranging from: ‘Manufac-
turing and Processing’ with 15 respondents (44.1%), ‘Engineering’ with
8 persons (23.8%), and ‘Healthcare’ sector with 4 participants (11.8%)
and the rest from different other backgrounds such as the electrical and
automotive sector.

The majority of respondents were active within small and medium-
size firms and businesses located in the United Kingdom, Europe, and
America. The oldest of these companies inducted AM into their processes
since 1996, and the most recent AM adoption dated in 2019. The sur-
vey participants occupied different roles within their firms but shared
a common interest and involvement with the AM industry. To give a
clear insight of the respondents’ occupations, the survey resulted in the
participation of 4 Process engineers, 4 Application engineers, 3 CEOs,
and other roles such as “Lead photonics engineer”, “Rapid prototyping
engineer”, while AM technicians and R&D staffs also took part in this
survey. The survey respondents were asked about years of their expe-
rience and involvement within the AM industry, 18 respondents (53%)
declared to have from 1 to 5 years’ experience, 12 of them (36%) in-
dicated to have more than 5 years of experience, while 4 participants
(11%) had less than a year of experience within AM sector.

One of the most crucial assets that formed the selection criteria is
the involvement of these companies in the field of AM. Therefore, the
questionnaire investigated the degree of implication of these firms with
AM through enquiring whether their reliance on AM was partial or total,
in order to have more in-depth insights into these firms. Concerning the
profile of companies, the investigation resulted in a majority of (61.8%)
or 21 companies from 34 which totally relies on AM in their processes
while the other 13 companies (38.2%) are involved partially in AM.

Thereafter, respondents were asked to rate on a Likert scale from
1-low to 5-high, the extent to which customers’ resort to AM when the
geometries of products they want to create are complex and harder to
shape by the traditional manufacturing methods. Most of the answers
70.6% (24 answers) pointed out that customers are very likely to choose
AM to manufacture highly customised and complex parts and Fig. 3
validates the result.

The next question investigated the degree of satisfaction that cus-
tomers can get when the mass customisation process that AM fosters is
employed to answer their needs and requirements. Based on the qual-
itative insights in the Likert scale represented in Fig. 4, a majority of
67.6% confirmed that customers within various industrial sectors that
implement AM, are highly satisfied with the use of this AM property
that enables them to combine flexibility and customisation to create a
custom-made product created specifically to satisfy their unique needs
and requirements. With mass customisation being highly related to the
3DP world, the work on digital channels allows manufacturers to de-
velop products and services in order to adapt them to the specific needs
and expectations of a consumer, without having to change their digi-
tal and physical production chain. This method of production is highly
existent in the medical and dental industry (specifically hearing aids,
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Setting the research objectives
Identify key themes for the research fiom the present literature.
Discussion of our present understanding of AM and its role in industry 4.0.
Drawing further insights firom the following perspectives: Customer
satisfaction, Business Models, sustainability, and challenges.

Y y
‘Business Models intersection) (Sustainable business models

Reliance on ICT
Production chain
Value chain

Customer saftisfuction
Mass customisation
Geometry complexity

On-demand manufacturing

y
Challenges
Technical challenges
Quality challenges
Cyber-security
challenges

Waste generation
Products lifecycle
Supply chains
Recycling and closing loop

Online survey
34 respondents fiom different companies and start-ups located in

UK, Europe and America answered the 26 questions addressing
the research objectives

Results an;rdiscussion
Validating research results and comparing
them with previous present research from

literature and analysing inter-rater
reliability

Conclusion and future research
impacts of implementation, possible
sustainability scenarios and challenges AM
may face within Industry 4.0 context

Fig. 1. Research framework diagram.

@ Appliances
@ Automotive

@ Engineering
@ Healthcare

dental products, and surgical applications) [16] from which 4 respon-
dents made part in this survey.

In question 8, participants were invited to answer whether their cus-
tomers were satisfied with the speed that AM offers to deliver their prod-
ucts on a Likert scale 1-Unsatisfied to 5-Very Satisfied. Therefore, 14 per-
sons (41.2%) were neutral about it, while the other majority (41.2%)
confirmed the satisfaction of their customers with the delivery speed,
and only 6 persons (17.7%) negated the fact. Fig. 5 represents the quan-
titative data represented with simple colon charts underneath.

Afterward, the survey participants were enquired concerning their
firms’ reliance on information technology (IT) when AM has been
adopted into their processes. However, 20 persons (58.8%) con-
firmed that AM has forced their business to rely more on IT along

@ Aerospace and aviation
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Fig. 2. Survey respondents’ industrial sectors background.

@ Construction and Building
@ Electrical and Electronics

@ Manufacturing and Processing

with the processes. The quantitative data in Fig. 6 validates the
result.

Survey participants were asked about their companies’ internal pro-
cesses, whether they remarked any changes concerning the production
machines and chains, tools, and also if they witnessed any changes in
the roles of the employees after the AM technology has been inducted
into their organisation processes. A prevalence of (78.1%) positive an-
swers were recorded, and only (12.5%) of the answers were negative as
is shown in Fig. 7 underneath.

Subsequently, there was a need to investigate whether AM adoption
improved the business value chain, in order to explore more the impact
of this novel technology on businesses, respondents were asked to ap-
prove whether they noticed any changes on the value chain. Hence, the
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AM fosters improved customer relationship and experience through different aspects (possibility

to create complex shapes, customisation along th... the geometries of desired products are complex?
34 responses

30
20
10
6 (17.6%
0 (0%) ([R5
0 |
1 2 3 4 5

Fig. 3. Percentage of respondents approving AM use in complex shapes.

According to your experience in AM, does the mass customisation process help increase the

customer satisfaction?
34 responses

30
23 (67.6%)
20
10
9 (26.5%)
0 (0%) 0 (0%)
. | {
1 2 3 4 5

Fig. 4. Percentage of respondents approving customer satisfaction using mass customisation process.

Are customers satisfied with AM speed of delivering their goods?
34 responses

15

10

7 (20.6%)

4 (11.8%)
2 (5.9%)

0
1 2 3 4 5
Fig. 5. Percentage of respondents answering customers satisfaction with AM speed of delivering objects.
extreme majority of answers (81.8%) were positive and confirmed the profitability of business solutions when processed and analysed, an in-
positive change, while only a small portion of the respondents (9.1%) vestigation on the implementation of Big Data systems was led through
nullified the fact. Fig. 8 illustrates the results of the quantitative data the questionnaire. The qualitative insight indicated that a majority of
collected. (69.7%) respondents confirmed the use of Big Data in their companies
With the worldwide growing amount of data being generated while (30.3%) of the respondents declared that there are no such systems
through businesses relying on technology, and how it could affect the in their firms’ processes. Thereafter, the respondents who confirmed
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Did AM adoption change the business reliance on IT (information technology)?
34 responses

20

20 (58.8%)
15
10
8 (23.5%)
5
0 (0%)
0 |
1 2 3 4 5

Fig. 6. Percentage of respondents confirming their business reliance on IT after adopting AM.

When adopting AM, did the company'’s internal processes (production machines, tools, roles)
change?
32 responses

® Yes
® No
@ More employees were recruited

@ As the fostering is partial, not all the
chains changed but some interrelated to
AM did

@ N/A

Fig. 7. Percentage of respondents reacting to AM changing internal processes of firms.

Did the company notice any improvement in the value chain after AM adoption?
33 responses

@ VYes
® No

@ Itwas a long-term improvement process,
and yes to answer the question.

@ The business is all about AV
® NA

Fig. 8. Percentage of respondents confirming changes in the value chain after AM adoption.

were questioned whether the implementation of this system had any any necessary cost-efficient changes. Surprisingly, Fig. 10 demonstrated

positive impacts on their company’s turnover and future product im- that more than (73.5%) of the respondents confirmed that their compa-
provements and choices, respondents answered accordingly on a Likert nies are using bridge manufacturing in their processes, and only (14.7%)
scale 1-low to 5-high. Hence, 17 of the respondents (68%) validated the voted for the contradictory while others detailed some of their uses out
fact of its positive impact on the firms’ performance as shown in Fig. 9 of the mass production. Furthermore, 67% of those who confirmed the
underneath. use of bridge manufacturing in their firms’ processes approved of the
Participants were enquired about the use of the bridge manufactur- positive impact it has on the overall revenues and production experi-
ing in their firm’s production processes, which is a new term in the ence in the firm.
industry 4.0 and defines a process used to create individual low costs The outcome in Fig. 11 is foreseeable and highly expected. Since
products and test them to confirm the goal they were set for and apply AM is a technology made to answer the on-demand manufacturing ser-
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If yes, does it impact positively on company’s turnover and future products?

25 responses

20
15
10
5
0 (0%) 0 (0%)
e | |
1 2

17 (68%)

3 4 5

Fig. 9. Percentage of participants confirming the positive impact of Big Data systems on companies’ performance on a Likert scale 1-Unlikely to 5-Very likely.

Does your company use the bridge manufacturing (the use of AM to produce low volume runs of a
product before mass production) in one of its processes?

34 responses

® Yes
® No

@ We are focusing development of AM
machine and enhance process capability.

@ Yes, and sometimes for changing molds
shapes.

@ We build prototypes to valid mass
production

@ We manufacture on demand prosthesis
products

Fig. 10. Percentage of participants confirming their firms using bridge manufacturing.

Most of AM firms use the on-demand manufacturing, does it help save the company’s capital by
reducing unnecessary inventory and production excess?

34 responses

® Yes
® No

Fig. 11. Percentage of respondents confirming profitability of on-demand manufacturing.

vices, respondents were asked if this manufacturing process helped to
save the company from production and inventory excess. The majority
(94.1%) allocated on-demand manufacturing with being profitable and
cost-effective to the company which was predictable.

Materials processing is a property that AM offers to solve many prob-
lems and adapt parts to operational environments, respondents were
asked on a Likert scale ranging from 1-unlikely to 5-very likely, whether
the vast catalogue of materials choice promotes a longer lifecycle for
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parts and products compared to the subtractive methods of production.
The answers revealed that 13 respondents (38.2%) approved that mate-
rial choice enhances products’ life cycle and 10 others (29.4%) marked
4 out of 5, when 9 of them (26.5%) preferred to stay neutral as Fig. 12
validates the results.

From a supply chain perspective, AM was proven in previous works
of literature to create a relative reduction within firms’ supply chains.
The in-house productions of spare parts and electronic designs reduce
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With the vast catalogue of choices AM provides during the process design (material choice,
porosity improvement...), do 3D printed objects hav...ger lifecycle than traditional manufactured ones?

34 responses

15

10

1(2.9%) 1(2.9%)

1 2

13 (38.2%)

10 (29.4%)

9 (26.5%)

3 4 5

Fig. 12. Percentage of respondents confirming that material choice enhances products lifecycle on a Likert scale 1-Unlikely to 5-Very likely.

AM holds various innovative solutions; does AM adoption help shorten the company’s supply chain

when producing in-house parts and spare parts?

33 responses

30
20
10
0 (0%) 0 (0%)
0 | |
1 2

21 (63.6%)

10 (30.3%)

3 4 5

Fig. 13. Percentage of respondents confirming AM minimising supply chain.

logistics and cause some of them to be cancelled, while the materials will
be the only remaining and most significant part of the transportation
[171.

This can only speak to an intense reduction in businesses logis-
tics activities, especially with the outcomes that could be produced in
any location reducing transportation and warehousing costs. Fig. 13
demonstrated the percentage of respondents confirming that AM tends
to shorten the supply chain and logistics of a business when producing in
house products and spare parts, 21 of them (63.3%) declared that it was
very likely to happen, and 10 of survey respondents (30.3%) marked a
4 on 5 in a Likert scale representing 1-unlikely to 5-very likely. Con-
cerning the sustainable side of businesses, respondents were enquired
about the implementation of any closed-loop or recycling strategies in
their firms, the majority (52.9%) denied the fact, while (47.1%) of the
respondents confirmed adopting AM innovative solutions within their
businesses. The result is shown underneath in Fig. 14. Respondents that
answered yes were questioned whether the recycling process impacted
positively on the company’s revenues, answers resulted in 61.1% of the
respondents approving.

For a better understanding and further the examination of barriers
that stand between AM implementation within industrial environments,
the questionnaire involved 4 questions investigating this research ob-
jective. At first, respondents were asked whether the technical knowl-
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edge and software skills imposed any problems when implementing AM
within a new business, answers were on a Likert scale starting from 1-
unlikely to 5-very likely. The highest column of the chart was of respon-
dents agreeing with 14 people (41.2%), the second column was of 11
respondents (32.4%) who also agreed with a 4 on 5 in the Likert scale,
when 6 persons (17.6%) preferred to stay neutral and only 3 persons
(8.8%) denied the fact. Fig. 15 is validating the presented results.

Secondly, there was an examination amongst the AM professionals
about the potential risk that digital threads may be exposed to through
the security breaches still unexplored, and if these drawbacks limits
AM implementation possibilities. The qualitative answers led on a Lik-
ert scale resulted in 13 answers (39.4%) being neutral, 9 respondents
(27.3%) confirmed that these cybersecurity threats represent a serious
limitation for AM, and only 3 respondents (9.1%) denied the danger of
this con. Fig. 16 underneath summarises the findings.

To further examine the challenges AM implementation is facing,
there was a need to question if the quality issues that AM outcomes
face representing a serious limitation to AM implementation. With that
being said, the results of the survey are represented in Fig. 17 revealed
that 16 respondents (48.5%) showed a neutral point of view, while 9
respondents (27.3%) marked 4 on 5 in the Likert scale, and 3 (9.1%)
expressed that it constitutes a major drawback for AM implementation,
and only 4 persons (12.1%) didn’t consider it to be a con.
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Recycling is a sustainable aspect of additive manufacturing, does your company involve any
“closed loop recycling” strategies?

34 responses

® Yes
® No

Fig. 14. Percentage of firms using closing loop strategies in their processes.

AM implementation within businesses can be ticklish, especially when specific software skills and
knowledge is required. Does the technical side (IT i... skills) involve difficulties when implementing AM?

34 responses

15
14 (41.2%)
10
5
3 (8.8%
0 |

1 2 3 4 5

Fig. 15. Percentage of respondents confirming that AM requires technical skills and knowledge on a Likert scale 1-Unlikely to 5-Very likely.

Digital threads stands for the digital data recorded and developed during the whole product

lifecycle. A potential risk for security breaches m...s limitation for AM implementation in the company?
33 responses

15

13 (39.4%)

10

1 2 3 4 5

Fig. 16. Percentage of respondents confirming security breaches represent a limitation for AM implementation on a Likert scale 1-Unlikely to 5-Very likely.

And finally, to investigate the gaps in AM standardisation found in Discussion on results
the literature, respondents were enquired about the compliance of their
firms or businesses with any AM industrial standards. Based on the qual- AM is defined as the process linking the usage of digital data to
itative insights, the answers revealed that the majority (79.4%) denied the creation of physical objects. The potential of AM technologies is
it, and only (17.6%) are following AM industrial standards. Fig. 18 un- considerable, it allows for example the direct production of complex
derneath summarises the findings. shaped parts in small series or greater ones, with geometries impossible
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AM produced parts can have a significant issue when it comes to quality, a check for undesirable
characteristics, accidental internal voids, and po... impact negatively on the AM technology adoption?

33 responses

20

15

10

4 (12.1%)

1 2

16 (48.5%)

9 (27.3%)

3 4 5

Fig. 17. Percentage of respondents’ answers on the quality of AM products being a drawback for its implementation on a Likert scale 1-unlikely to 5-very likely.

Does your company follow any AM industrial standards?
34 responses

to achieve through conventional processes. In addition, AM holds infi-
nite possibilities for products customisation answering thus the growing
complicated customers’ and market’s needs [18].

The outcomes of the qualitative data collected indicate that 70.6%
of the survey respondents confirm that their customers are resorting
to AM technologies when the geometries of their desired products are
complex and hard to create through traditional subtractive methods.
Past research already presented in literature found that AM is highly
relied on by aerospace companies to manufacture compound parts and
lattices of the engines that can only be produced through AM while
maintaining a high performance [19].

Therefore, AM connects between the integration of mechanical func-
tionalities and the eradication of the assembly features when creating
internal geometries such as engine cooling channels that were no longer
limited to large circular cross-section and instead created optimal chan-
nels with the use of DMLS technology [20], honeycomb models and
topological structures optimisation that allows a reduction of weight
while preserving a high mechanical behaviour [21]. Moreover, the ex-
ploitation of AM to manufacture complex shapes is not only limited to
aeronautics, in the medical and dental fields, but research papers also
identified the interest of these sectors in AM technologies due to the
ease of transforming the delicate human body parts from 3D medical
imaging data into solid objects [14] which aligns with the results of this
study.

In some other applications highlighting the role of AM in facilitat-
ing the customers and markets complicated needs, studies have shown
how AM is used by electronic leading companies to build complex elec-
tronic circuitry inside the printed objects also called embedded systems
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Fig. 18. Percentage of respondents com-
plying with AM industrial standards.

® Yes
® No

@ We created the standards

which is the case of the 3D printed gaming dice with electronic cir-
cuitry (microprocessor and accelerometer) detecting motion and iden-
tifying the top surface and emit a lightning strike effect through LEDS
printed inside [2]. Furthermore, customer satisfaction represents a real
stake in the manufacturing world. However, AM is considered to be in-
fluential when it comes to customising products. The survey findings in-
dicate that 67.6% of respondents approve that AM mass customisation
highly increases customer satisfaction through the features it offers. In
this new industrial revolutionary 4th era, the integration of information
technologies within the modern manufacturing environments is crucial
to realise economic competitiveness, therefore survey respondents were
inquired about the technological change AM brought to their business
after implementation. Moreover, the outcomes of this study established
a majority reaching 81.8% of the respondents noticed an improvement
in their firms’ value chain after implementing AM, which aligns with
multiple past researches. In one of them, Tosello and other co-authors
investigated the possible synergies between the conventional manufac-
turing methods and AM in search for optimisation of operational costs
and creation of added value in the value chain production phase, they
sought out an economic analysis of AM implementation in firms that it is
possible to reduce the manufacturing operational costs in each produced
part by 82% when using injection moulding based on AM to create in-
serts, and a reduction in the production lead time by 66% on tooling
when using DLP for low to medium production volumes through in-
creasing the speed of the process chain and making it more flexible [22].
This research highlights the intersection between AM and value chain
business model canvas contrasting how AM can be deployed to increase
profitability in firms.



B. Elhazmiri, N. Naveed, M.N. Anwar et al.

From a production-based perspective, it was demonstrated that the
big data analytics (BDA) system gave firms a better insight into the qual-
ity of their products through feedback data, improved the workshop
scheduling decisions through enhancing the management of production
equipment (speed of operation and schedule), and increasing the energy
efficiency. In the same paper, the role of BDA was explored in the com-
pany’s Research and development (R&D) department and been demon-
strated the cruciality of this system in improving appropriate solutions in
the product design phase while achieving innovation in the outcomes. In
the context of product development and optimisation, bridge manufac-
turing can be seen as a traditional method utilised for market testing as
well as orienting production of parts towards an efficient design and pro-
cessing before launching its mass production. This method is commonly
used when production and tooling of the part come costly, complex, and
time-consuming [23]. Hence, bridge manufacturing through AM was
employed by huge manufacturers such as Caterpillar to create a new oil
filter and wiring harness assemblies prior to mass production readiness
[24]. To investigate the reliance on the bridge manufacturing process
in the AM industrial firms, a survey question inquired respondents on
the use of this process in their production firms, 73.5% of the answers
were positive. Therefore, the same respondents were asked if this pro-
cess implementation impacted positively on production experience and
firms’ revenues, 67.9% confirmed that bridge manufacturing experience
was very likely to boost the performance of the production and increase
the revenues. In a recent research paper led by [24], the use of bridge
manufacturing was explored through an investigation of the design and
manufacturing process of COVID-19 protective face shields through the
use of large-scale AM as a bridge manufacturing. The researchers sought
out that the use of LSAM as a bridge manufacturing process helped to
achieve 20 times faster production rates through optimising the design
and production phases. The bridge manufacturing was firstly used to
optimise the design by finding the minimum amount of material that
can be used to produce the face masks, reducing the material cost and
cancelling out any unrequired material present. Secondly, a toolpath op-
timisation was realised through bridge manufacturing, making sure that
every move that print nozzles do is useful and contributing to material
deposit, achieving economies on energy consumption and production
time. Additionally, bridge manufacturing was also found beneficial to
the production phase by minimising the risk of products being defective
and print failures [24]. This paper aligns with the research findings from
the survey, spotlighting the benefits and role of bridge manufacturing
in AM production processes by realising economies and optimising pro-
duction processes which impact positively on companies’ revenues, and
thus value chain business model in firms.

With all the profit possibilities that AM offers a business, on-demand
manufacturing represents a crucial game changer that positively impacts
firms’ business models. When companies often suffer from the produc-
tion excess and inventories costs implying the costs of occupied and
rented physical space, utility costs, insurance, and taxes [25]; there was
an urge to investigate through a qualitative analysis whether AM imple-
mentation affects this side of the business. Thereupon, 94.1% approved
that AM helps to create savings on inventories costs and production ex-
cess.

From a sustainable perspective, AM implementation within business
environments has the potential to create multiple innovative solutions
at the sustainable level, forcing companies to reconsider their business
models and change them to be more product orientated. In order to gain
more knowledge about the role of AM on sustainable industry 4.0 sys-
tems, survey respondents were asked different questions exploring the
extent to which AM is having an impact on their sustainable business
models. Respondents were asked if AM adoption in production processes
created less waste than the conventional methods, the majority of an-
swers (61.8%) approved. The results align with past research findings,
that places emphasis on AM nature of the process and studied a project
led by the EU FP7 MERLIN subsequent to waste generated from airline
industry manufacturing processes, and which resulted in an improved
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AM process that is Laser Material Deposition (LMD) used in aero en-
gines Bladed disks or blisks (portmanteau of bladed disk) manufactur-
ing. This new process nullified the waste called “swarf” that cannot be
recycled arising from the previous process. Additionally, the LMD pro-
cess was proven to reduce waste generated from the production process
thus achieve savings by 60% on materials and 30% on time [8].

In another question, participants were inquired on the possibility of
enhancing the durability and life cycles length of 3D printed objects
through AM compared to the conventionally produced products, 67.6%
of the answers were positive. These findings align with the research
findings led by Ford and Despeisse (2015), through their compilation
of examples from different organisations adopting AM finding that AM
plays a crucial role in product life extension and durability by offer-
ing freedom of shape and geometry along with simpler assemblies that
include fewer parts and material than conventional methods. Concern-
ing business supply chains, AM may hold far reaching implications on
this side of businesses that affect by itself many others, such as the cus-
tomer relationship, the order fulfilment, and demand, the development
of products and the returns management as well as the environment.
An investigation through a qualitative survey resulted in a majority of
63.6% approving that AM helps to shorten the companies supply chains
through spare parts and in-house production. Previous research papers
highlighted the sustainable impacts of AM introduction in businesses
and their preservation of the environment, by localising spare parts pro-
duced through AM closer to the assembly point which leads to a drastic
reduction of transportation and international trade [21], shifting glob-
alisation into the localisation and leading to shorter supply chains [22].
In another research that emphasises AM impact on sustainable business
models, the novel technology is leading a disruptive change by digitising
the entire design to the manufacturing chain, reducing the number of
firms involved, and optimising the logistics [23]. The shortened supply
chains impact positively on the environment due to the reduced CO2
emissions resulting from transportation and logistics, and additionally,
the digitalisation of these latter reduce needs for materials and trans-
portation. The findings from these past research papers align with find-
ings from the questionnaire, pointing up the role of AM and its impact
on firms’ supply chains reducing the challenges these latter face after
the globalisation.

Moreover, sustainable changes might impact companies’ business
models when adopting AM, and the closed loop recycling strategy is
one of them. An urge to explore this sustainable side comes from the
literature that spotlighted the potential applications of AM techniques
to achieve a full closed loop control within industrial environments in
order to boost their performance [24]. Therefore, respondents of the
survey were interrogated at first on the implementation of any closed
loop strategies inside their firms, 47.1% confirmed while 52.9% denied
this implementation. Secondly, positive respondents have been inquired
whether this strategy affected positively their revenues, 61.1% of the
answers highly agreed. Closing the loop in AM can be realised through
various phases and scales, the most rentable value recovery is the re-
cycling of the unused material during manufacturing processes, in AM
metal powders, the recycled material can go up to 98%. The AM tech-
nology has been proven to increase the potential of recovering value
derived from waste with the minimum quality loss which is the case of
specialised recycling companies such (Plaxica) turning PLA made from
cornstarch into recycled material that can be fed back into inputs mate-
rial enabling a closed loop strategy for material [25].

In addition, AM use for repairing services promotes the adoption of
service-based sustainable business models, yielding higher profitability
thus revenues, which is the case of Caterpillar company that used AM
cold spray in the remanufacturing. According to studies, Caterpillar suc-
ceeded in achieving an average of 94% take back of end of life products,
the company used this AM technology in remanufacturing its diesel en-
gines by replacing defective parts with a mixture of new and used parts.
These AM innovative repair techniques enhanced the company’s profit
margins by providing only 40% to 25% unused components in each new
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engine, leading to less scraping and waste [8] which aligns with the
findings from the questionnaire, highlighting the role of AM in creating
innovative solutions that incentive companies to rethink their business
models shaping them to be more sustainable and thus cost-efficient.

With that being said, the implementation of AM digital technolo-
gies in industry 4.0 remains challenging and requires new adapted en-
gineering and managerial skills in order to reap the rewards of this novel
technology. Therefore, this online survey explored through its questions
some of the challenges that may be facing AM in its implementation.
Respondents of the survey were asked about the difficulty that their
companies faced when implementing AM involving the technical skills
and knowledge of the technology, the majority (73.6%) answers were
positive. The results are found aligning with findings from exploratory
interview-based research led on four SME acting within AM industry,
showing that those SMEs find it difficult to integrate AM without new
knowledge and technological skills, more know-how and educational
training that shapes solutions to the uncertainties in the AM industry
[26]. In another paper, Despeisse and Minshall (2017) discussed dif-
ferent technical barriers to AM implementation such as (design and
modelling software skills, materials, processes and machines, skills and
knowledge, quality, IP, and security...) and proposed recommendations
to make better use of this novel technology [27].

Another serious drawback of AM implementation is the quality of the
3D printed objects, which still display defects on the surface finishing,
the quality of products that often display undesirable characteristics,
and unintentional voids. The questionnaire investigated whether qual-
ity defects represent a major challenge to AM implementation, 48.5%
of the answers were neutral, while 36.4% were positive. In some pre-
vious research papers, quality challenges represent a major drawback
after analysis of XCT data, showing that parts are affected by numerous
factors such as the design parameters and complexity (height, width...)
as well as the machine settings, that if not tackled properly might cause
problems to businesses, the paper also proposed recommendations to en-
hance the quality of printed products through a 6-sigma quality control
method.

However, AM relative immaturity speaking to a lack of standardis-
ation sets which represents one of the main barriers for it to go main-
stream and be implemented within industrial environments. AM stan-
dards are important pillars that can be used to endorse the technical
knowledge amongst industrial firms and encourage them to adopt it.
The increasing reliance of these latter in highly regulated industrial sec-
tors is a crucial factor for AM manufactured products to meet the tight
restrictions in order to build and establish trust amongst the technol-
ogy adopters [8]. The qualitative results of the survey pointed out that
79.4% of the companies adopting AM do not follow any specific stan-
dards. The same findings align with findings from past research, that
standardisation is a big challenge for AM implementation within indus-
trial contexts [28], and in another case study on AM, the difficulty of cre-
ating guidelines and standards is associated with multiple factors such
as applications, materials used and differences in processes. A generali-
sation of AM standards and guidelines is interrelated with dependencies
from various activities and their stakeholders and needs to be tackled in
order to encourage the implementation of this novel technology which
requires collaboration and alignment from the different parties and in-
novative dimensions related to AM.

Main findings
The following main findings are drawn from this research.

» The potent role of AM in manufacturing unique customers’ needs,
enhancing the customer relationship and value creation.

» The role of AM new introduced business models in improving firms’
competitiveness and profit margin through optimising production
processes and realising economies on supply chains inventories en-
hancing thus the value chain business model.
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The incentive role of AM in deploying sustainable benefits to firms
adopting it.

AM implementation within business environments has the potential
to create multiple innovative solutions at the sustainable level, forc-
ing companies to reconsider their business models and change them
to be more product orientated.

AM enhancing the durability and life cycles length of 3D printed
objects compared to the conventionally produced products.

An investigation concluded that AM helps to shorten the company’s
supply chains through spare parts and in-house production.

The implementation of AM digital technologies in industry 4.0 re-
mains challenging and requires new adapted engineering and man-
agerial skills in order to reap the rewards of this novel technology.

The companies adopting AM do not follow any specific standards.
AM relative immaturity speaking to a lack of standardisation sets which
represents one of the main barriers for it to go mainstream and be im-
plemented within industrial environments.

Conclusions

Additive manufacturing or AM represents a crucial pioneer in leading
the 4th industrial revolution through its versatility and future prospects.
Despite being in its infancy, AM gained increasing popularity coming
from its various benefits to companies adopting it. This research inves-
tigated the role of AM in industry 4.0 by exploring its impact and inter-
section with AM firms’ business models while exposing the limitations
to its adoption within industrial contexts.

The research spotlighted that 70.6% of the survey respondents con-
firmed the role of AM in accommodating the customers’ growing com-
plicated needs while strengthening their relationship with the business,
by way of manufacturing their unconventional complex designs and cus-
tomising products to their unique needs via mass customisation meth-
ods that bring customers closer to the design and production phases pro-
vide firms with possibilities to enhance their business models by making
products more customer-centric and thus maximising the benefits.

And with AM being gradually injected as an efficient tool in the
business industry, its implementation within industrial contexts comes
with implications, the emergence of radically new business models or
slightly different ones resulted from this adoption and has been explored
throughout the paper. The research revealed that 68% respondents val-
idated the fact of its positive impact on the firms’ performance and the
detailed analysis shed light on the AM different impacts on companies’
business models while valorising the positive impact on the value chain
and turnover, that all the new development of ICT and IoT technolo-
gies and processes such as the on-demand and bridge manufacturing
that when coupled with AM tend to offer more efficient outcomes and
increased value creation. Moreover, the eco-design prospect that AM
holds incentivised firms to rethink their business models shaping them
to be more cost-efficient. amongst these benefits, we can cite the re-
duced resource consumption and waste generated from production as
well as the polluting manufacturing processes, the shortened and digi-
talised supply chains besides extending products life cycles through the
vast catalogue of material choices AM provides.

The research also exposed that with all the aforementioned advan-
tages, AM implementation still knows some limitations such as the short-
age of skilled and trained AM workers and sensitization about this novel
technology, besides the lack of information reliability especially that
AM’s cyber threats are still unexplored and remain a serious challenge
to companies and businesses. Another drawback for AM implementation
is the quality of printed products that lack accuracy and resolution in
some cases, additionally, with AM technology being in its infancy a lack
of standardisation represents another barrier for this novel technology
to go mainstream and be implemented within industrial environments.
Additionally, a need to realise further conceptual framework research
on the sustainable side and benefits that AM holds while investigating
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the related research areas such as materials, energy, and environmen-
tal science. Future research is suggested to demonstrate how AM com-
plex geometry and choice of material can be more rentable to compa-
nies from a sustainable and beneficial point of view, with insight on the
complete life cycle data of these AM manufactured products compared
to conventionally produced ones.

On the whole, AM technology can play the role of a game changer if
the main barriers to its implementation can be addressed. It is obvious
how this novel technology is highly potent in streamlining and enhanc-
ing product developments and manufacturing within shorter times and
budgets than conventional methods. Hence, AM will be relied on by var-
ious industries in the future as an engineering production route that will
take manufacturing to another level of complexity and flexibility at the
same time while inflating businesses’ value creation and turnover.
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