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Abstract: 3D printing or additive manufacturing (AM) (in the industrial context) is an innovative,
as opposed to subtractive, technology, bringing new opportunities and benefits to the spare part
supply chain (SPSC). The aim of this work is to capture the views of the stakeholders at the end of the
chain, extruding factors that will benefit the end-user and the factors that are likely to be an obstacle,
by employing the questionnaire method. Company objectives regarding spares (cost reductions,
improvement of services, space reduction) have been prioritized differently by the stakeholders.
The most important barriers according to the participants are the quality assurance of the spare
parts made by the new technology followed by the know-how and skills of staff. Other views
such as suitable parts are suggested. The practical value of this work, in addition to assessing the
readiness of the industry, is that it provides guidance for the successful implementation of AM in the
maritime industry.
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1. Introduction

Machinery (in general) is subject to gradual deterioration that makes preventive or
corrective maintenance a necessity, thus requiring the availability of spare parts. The mar-
itime industry is characterized by the heavy utilization of equipment and machinery under
harsh and corrosive operating conditions and that makes the requirements of maintenance
particularly critical due to the detrimental financial and safety consequences of downtime.
The availability of parts at the point of consumption makes inventory necessary for suppli-
ers to respond quickly to demand. Keeping an inventory of spare parts causes a financial
burden to maritime companies and parts suppliers, mainly in capital cost expenditure
as well as logistical storage. Spare parts supply chain (SPSC) plays an important role in
keeping the maritime assets operating efficiently and safely. Maintenance networks involve
many actors such as the owners of the assets, system integrators, original equipment
manufacturers (OEM) and the service providers and their logistics service providers [1].

3D printing or additive manufacturing (AM) (n the industrial context) (The terms
“additive manufacturing” and “3D printing” are used interchangeably in the literature
although there are distinct differences as defined in ISO/ASTM 52900(en) [2]. Additive
manufacturing is used in the industrial context but 3D printing is the more commonly
known term as it is used in popular media. This is why the term “3D printing” was used
in the communication with the stakeholders.) is an innovative, as opposed to subtractive,
technology, bringing new opportunities and benefits to the spare parts supply chain be-
cause it enables distributed manufacturing in small batches, thus minimizing the inventory
and reducing delays and costs. It is based on the principle of the construction in layers by
directly converting the 3D data into physical objects [3]. As AM provides the ability to man-
ufacture finished components in a decentralized manner, many researchers argue in favor
of digitizing spare parts and their decentralized construction [4,5]. With the possibility of
end-use components being created with AM, several researchers have proposed that spare
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parts could be digitized and additively manufactured [4–6]. Maritime is not to be omitted
from technological developments. Top global marine propulsion engine vendors motivated
by the benefits of AM have introduced this new technology not only in prototyping but
also in their production process. Initiatives such as the “Pilot Project 3D printing of Marine
Spares” [7], “Green Ship of the Future” [8] and “Maritime and Port Authority of Singa-
pore” [9] aim to explore the practical use of AM. Academic research aims to explore new
materials and production methods for the maritime environment. The use of innovative
manufacturing routes is based on the use of innovative materials such as the application of
fiber-reinforced composite materials in the marine environment; the latest advances in this
area are presented by Rubino et al. [10]. The article by Parmar et al. depicts the present and
future scenarios related to the application of Industry 4.0 concepts to polymer composite
(fiber-reinforced) manufacturing and the recent and potential developments in robotic
and additive manufacturing [11]. The shipping industry has already entered the era of
digitalization and an optimized flow of information by integrating different stakeholders,
people at sea as well as technology applications and processes should be viewed as a very
crucial strategic asset for any modern shipping company [12]. Salmi et al. [6] investigated
the impact of digital spare parts on operating models using five general supply chain
models ranging from fully concentrated to fully distributed.

The impacts of AM technologies are not partial or isolated disruptions but rather
encompass a range of changes whose overall consequences spread across different phases
of the supply chain [13]. To determine how AM could benefit the supply chain, executives
should examine all the levels from the product design (product functional requirement
and design parameters) to the manufacturing lines as well as the location and layout of the
physical facilities [14].

The spare parts supply chain with the introduction of AM has attracted the in-
terest of a number of researchers. Most of the studies cover the following industries:
aerospace/aviation [15–19], marine and offshore [16,20], automotive [21,22], mechanical
engineering [17] and medical [17,23]. The reason for the interest in this particular supply
chain is that spare parts differ from consumer products in terms of demand (i.e., sporadic
and difficult to predict) [24–26] and in many cases there are relatively limited historical
demand data available [27]. Transporting means operating away from their base and, in
many cases, in random paths, presenting additional difficulties in being supplied with the
necessary spare parts for their operability. The shipping cost in several cases (i.e., isolated or
difficult to reach areas) may be higher than the part itself in addition to the downtime cost.

Despite its importance in worldwide trade, the maritime industry did not evolve in
regard to the SPSC in comparison with other industries, mainly because of its smaller
footprint. For this reason, for the application of any lessons learned from other industries,
the specific characteristics of the maritime domain should be taken into account. For
example, the vessel is in an isolated environment, the environment is highly corrosive,
extreme and frequent turbulence and vibrations are present, vessels (as well as land offices)
are staffed by technicians and information systems have been long applied [28].

Although, as mentioned above, there are several studies on the implementation of
AM technology in areas similar to the maritime industry (with moving assets or isolated
environments), studies specifically on the maritime industry are scarce. The aim of this
work is to expose the factors that may push the digitization process in the spare part
supply chain with the introduction of AM and the factors that are likely to be an obstacle
to it. The use of the technology in question or similar previous technologies, technological
infrastructures and technology awareness are an indication for seedbed ground. This work
captures the views and expectations of the stakeholders in the lower end of the SPSC (end-
users) in the maritime industry and to the best of our knowledge no similar work has been
done before. The rest of the paper is structured as follows: first, the methodology used is
presented. The literature review then follows in order to formulate the questionnaire. Next,
the collected views of the involved stakeholders at the end of the SPSC (end-users) are
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analyzed and the results are presented. Finally, the results are discussed and conclusions
are drawn.

2. Methodology

As our research aimed to explore the potential of introducing AM in the spare parts
supply chain in the maritime industry, the questionnaire method was selected for capturing
the perceptions of the involved stakeholders in order to get an understanding of motives
and fears. The selected target group interviewees were at the end of the SPSC: people
onboard a vessel (bridge and engine crew) and in a land office (ship owners or chief
executive officers; staff in technical, procurement, training, research and development
departments). Most of them had no or limited AM knowledge, so a short presentation
of the basics of AM took place. The shipping companies visited for interviews were not
restricted to a particular type of vessel. The term “3D printing” was used instead of the term
“Additive Manufacturing” throughout the interviews because it was more understandable
by survey participants due to its use in the media.

A literature review was carried out in order to formulate the questionnaire, mainly
by searching in Google Scholar for the terms “Additive Manufacturing and the spare
part supply chain”, “benefits and Additive Manufacturing” and “barriers/challenges and
Additive Manufacturing”. In order to formulate the questions, preliminary meetings were
arranged with representative people of all the mentioned groups. During these meetings,
the available technology, its capability and the benefits to the SPSC were presented. The
skepticism of meeting participants was captured in order to record the challenges that
such a change would face. The preliminary meetings gave us an idea how to structure
the questionnaire. In order to get as many as possible views, two well-known marine
exhibitions were selected because they attracted all the targeted stakeholders. The views of
academics were recorded at relevant scientific conferences.

The interview participants were asked to rank the objectives of the company (regarding
spares) such as cost reductions, improved service, storage space reduction or any other
company values that would be enhanced with the introduction of the proposed technology.
All changes (including technological ones) encounter obstacles and realizing what barriers
are to be expected when a part is made by the use of 3D printing will help for better
preparation. The criteria for selecting parts to be made by 3D printing may differentiate
from the criteria met in the literature due to the nature of the maritime industry.

3. Literature Review in Order to Formulate the Questionnaire

An extensive literature review was undertaken to identify suitable academic and industry
research and standards that could assist in the formulation of the survey questionnaire.

3.1. Main Positive Effects of Additive Manufacturing and the Spare Part Supply Chain

The motives to introduce new technology vary considerably by industry. In aerospace,
components need to be geometrically optimized to result in lighter structures and thus
reduce aircraft weight and fuel consumption. In the automotive industry, an important
motive is the rapid creation of prototypes and tools as well as the supply of spare parts for
old vehicles. These incentives lead to research in the aerospace and automotive industries
to exploit the potential of new technology. As AM matures in shipping, specific incentives
will emerge. Meanwhile, as the supply of spare parts is important for vessel maintenance,
shipping can learn from studies in other industries. The main positive effects of the
application of AM in the SPSC in the area of moving assets stated by authors in the literature
are (Table 1) asset availability [19], economic efficiency [17,20], reduced inventory [16,18,29],
improved service [15,18,29], lead time reduction [22], better supply chain performance [21]
and decreasing carbon emissions [17,18].
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Table 1. Main positive effects of additive manufacturing on the spare part supply chain.

Influence on the
Supply Chain

Author(s)

Holmström
et al.

(2010) [29]

Khajavi,
et al.

(2014) [15]

Liu, et al.,
(2014) [16]

Ratnayake,
(2016) [22]

Li, et al.
(2017) [17]

Ghadge,
et al.

(2018) [18]

Khajavi,
et al.

(2018) [19]

Westerweel,
et al.

(2018) [20]

Delic,
et al.

(2019) [21]

Asset availability
√ √

Economic
efficiency

√ √ √

Reduced
inventory

√ √ √

Improved service
√ √ √

Lead time
reduction

√

Supply chain
performance

√

Environmental
√ √

Company objectives lead company decisions and concentrate efforts in obtaining
them. The SPSC in the maritime industry involves many stakeholders whose objectives
may differ from each other so any exploration of the potential of additive manufacturing
improvements should start with noting the objectives of each stakeholder.

Q1. What are the expected benefits from the introduction of 3D printing as viewed by the stakeholders
at the end of the SPSC (end-users)?

3.2. Barriers toward the Introduction of AM

All changes (including technological ones) encounter obstacles and must be properly
mitigated. Vogelsang et al. [30] analyzed the barriers toward the digitalization of enterprises
in manufacturing and grouped them into individual, organizational, environmental and
technical barriers as well as skills shortage. Barriers such as standardization, quality
assurance, intellectual property rights protection, the legacy of non-digitalized products
and component information have to be further investigated [31]. Among major technical
barriers, a low number of usable materials, insufficient accuracy levels, tolerances and
the build chamber size limitation [32] need to be overcome. Another barrier is that the
industrial design methodologies applied are for traditional manufacturing and do not take
into account the capabilities of AM. CAD (computer-aided design) files often do not exist
and technical drawings can be difficult to locate [33].

The need to ensure the functionality and compatibility of products as well as consumer
safety are addressed by already published and upcoming standards [34]. Certification and
quality assurance are required in order to give confidence to all interested parties that a
product, process or service fulfils the specified requirements [35]. Small batch production or
the customization of products by AM require new quality assurance (i.e., non-destructive)
and certification methods for the production of procedures and the products. This need
aims to cover the published guidance notes by classification and certification societies such
as Lloyd’s Register and TWI (The Welding Institute) [36], DNV (Det Norske Veritas) [37],
ABS (American Bureau of Shipping) [38] and the Bureau Veritas Marine and Offshore [39].

Additive manufacturing (AM) is revolutionizing the industrial landscape and these
changes require new engineering and management skills to exploit fully and sustainably
the benefits offered by these advanced technologies. New technology creates a lack of
talent, a need for training in specializations and a workforce adaptable to change [40].

Although there are existing legal [31], cyber security [41], manufacturing time and
cost issues, the most frequently met barriers in the literature to produce a part by the use of
3D printing are:
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1. Technology know-how;
2. Staff skills;
3. Quality assurance.

Knowing the expected obstacles when a part is made by the use of 3D printing will
help for a better preparation.

Q2. What are the barriers influencing the application of 3D printing, as viewed by the stakeholders
at the end of the SPSC?

The established company policy and culture toward the use of a part made in a differ-
ent way than the usual procedure (genuine spare) may influence the successful introduction
of the new technology. OEM, even in cases that obtain parts through subcontractors, control
the spare part flow toward the end-user. In a few cases, spare part sales are a considerable
source of income for OEM. Constraints such as machinery guarantees may also influence
the adaptation of the AM technology.

Q2.1. What is the attitude of each stakeholder toward the use of a part made in a different way than
the usual procedure (3D printed)?

3.3. Characteristics of the Suitable Spare Part

The characteristics of the suitable spare part as proposed from initiatives in the area of
the maritime industry [7,9] can provide a picture of the parts that may have the potential
for 3D printing. Parts that are infrequently demanded but must be available in case they
are needed, especially those of a high supply risk, must be in the inventory. Parts that are
ordered in small quantities usually have quite an expensive overhead cost. Keeping high
value parts in the inventory ties up capital. If parts are of a high design complexity, they
are difficult to be made otherwise (i.e., in a lathe) or they are made up of many components
that require assembly. For practical reasons, the chosen parts must be of such a size that
can fit in the process chamber. These are presented in Table 2.

Table 2. Suitable part characteristics for 3D printing for the maritime industry.

Suitable Part Characteristics

Small size that can fit in the process chamber
Small order quantity

Infrequently demanded
High value

High design complexity
High supply risk

Not all parts can be made by AM for various reasons. That is why criteria are set in
selecting parts for 3D printing. Obviously, an automated process of selection is fast and
economic but even in cases where appropriate digital data exist, the human view is valuable.
Various methods have been proposed to assist in that process, each one having advantages
and disadvantages. The approach by Knofius et al. [42] relies on spare part information
that is easily retrievable from the company databases. The trade-off methodology by
Lindemann et al. [43] involves AM experts and part owners. Overall, prior methods
on part candidacy identification may differ in strategies but mostly show a deficiency
in comprehensiveness, efficiency and objectiveness. Therefore, a fast decision support
system that requires the least user inputs and minimum AM expertise but computationally
produces reliable recommendations of AM eligibility is demanding in the task planning
and conceptual stage of the product redesign [44].

Although AM brings benefits to spare part production, it is an expensive way to
fabricate components. That is why it is subjected to high value items (that lead to a high
inventory cost). The proposed characteristics of the suitable spare part in the literature
suggest high value parts. Due to maritime nature, a low-cost item to reach a vessel may
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have a huge transportation cost in addition to the damage or safety from a missing part,
thus leading to the high value of the part.

Q3. Do you think 3D printing could be applied for low-cost items (such as an elastic sealing ring)?

Knowledge of the technology in question or similar previous technologies, technologi-
cal infrastructures and technology awareness were an indication for seedbed ground.

3.4. Seedbed Ground Elements

3D printing is becoming a term increasingly known through media reports, which
present impressive constructions. They also show the advantages and this makes the deci-
sion makers think of applying it to their own needs. Technology awareness, technological
infrastructures and the use of the technology in question or similar previous technology
was an indication for seedbed ground (Figure 1).

Figure 1. Seedbed ground for the acceptance of new technology.

Q4.1. Is your company thinking of/examining the use of 3D printing?

A computerized manufacturing process such as computerized numerical control
(CNC) is based on pre-programmed software and code that control the movement of the
production equipment. This technology is similar to that of a 3D printer, which has a
complexity and requires advanced skills. A company or a person familiar with a CNC
operation could easily move to 3D printing.

Q4.2. Is your company using CNC (computer controlled machine) technology?

Making or refurbishing spare parts on board by the use of a lathe, for example, or
another technique depends on the company policy as it requires trained personnel and
may involve the risk of failure, accidents or the prohibition of warranty commitments.

Q4.3. Is your company making or refurbishing spare parts on board (i.e., use a lathe or some other
technique to make a sealing ring)?

It is well-known that manufacturers secure a portion of their profits (perhaps the
largest) from spare parts sales. They require proper maintenance and genuine spare parts
from the users of their machines in order to maintain the warranty. For these reasons, but
also to protect themselves from imitations, they are protective of the technical information
they provide, limiting it to what is absolutely necessary.

Q4.4. What information is available for manufacturing spares?

4. Research Results Analysis

The total volume of the survey questionnaires that were collected was 140. The target
number was 200 but several, although kind enough to contribute to a free talk, did not fill
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in the questionnaire. The participants were grouped as crew engine, crew bridge, technical,
ship owners/CEOs (Chief Executive Officers) and other R&D (Research & Development),
training, academic]. It should be noted that the majority of survey participants were
male (83%) as the male population is by far higher than the female population in the
maritime industry.

4.1. Expected Benefits
4.1.1. Expected Contribution to Cost Reductions

The participants ranked how 3D printing would contribute to the company objectives
of cost reductions, improving services and storage space reductions. The results are
presented in Figure 2.

Figure 2. Expected cost reductions according to the position in the company.

Cost reductions seemed to vary as an objective for end-user participants even within
their company role. Engine crew as well as technical participants valued cost reductions
as of medium importance, with land office technical personnel appearing to be more
concerned about cost. This is totally understandable because spare parts should be found
when needed despite the cost but the budget must be kept within the set limits. On the
other hand, shipowner/CEO participants, bridge crew and purchasing participants were
more cautious regarding cost reductions as they preferred to save money.

4.1.2. Expected Improvement in Services According to the Role in the Company

Regarding the improvement of services as a whole for end-user participants, these
were regarded to be of medium importance. As far as the role of the company for end-user
participants, the improvement of services seemed to vary as an objective. This is depicted
in Figure 3.

4.1.3. Expected Storage Space Reduction by the Role in the Company

As far as the role in the company for end-user participants, storage space reductions
seemed to vary as an objective once again. Crew engine, crew bridge and technical
participants believed that the storage space reduction objective was of medium importance
as they were more concerned about the final parts themselves. The same applied for
shipowner/CEO participants as well as purchasing personnel. This is depicted in Figure 4.
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Figure 3. Expected service improvement according to the position.

Figure 4. Expected storage space reduction.

Examining the expectations from the participants regardless of the company position,
the end-users expected a low to medium space reduction and service improvement and
high cost reductions. These are shown in Figure 5.

4.2. Barriers

In reference to the barriers of using parts made by 3D printing, end-user participants
thought that the most important was the quality assurance of the spare parts made by the
new technology. Technology know-how and staff skills followed. The survey results on
these barriers are shown in Figure 6.

The importance of quality came to the surface from the answer to the question for the
use of a part made in a different way than the usual procedure (3D printed) followed in
the industry.

The majority of the participants answered that they would fit a 3D printed part on the
equipment only if it had a quality assurance (Figure 7).
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Figure 5. Expectations from the participants regardless of the company position.

Figure 6. Barriers of using parts made by 3D printing.

4.3. 3D Printing for Low-Cost Items

A great percentage of the survey responders answered that if 3D printing was applied,
it would make repairs easier. One could note that all the answers from the land office
personnel were positive as they had knowledge of what the cost of a low-value spare could
reach if transportation cost was included in addition to the difficulties in finding them
(Figure 8). Academics were also positive.

4.4. Seedbed Ground

The use or awareness of 3D printing was an indication for seedbed ground. When
asked if they examined or thought about the use of 3D printing, most answered that
they did not examine nor did they think about it; many had thought about it, others
did not know and a few were concerned about it at the moment. Shipowners/CEOs
showed a positive attitude and that was regarded to be more than promising as they are
mainly responsible for the acceptance of companies that may lead to the adoption of new
technology (Figure 9).
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Figure 7. Response to the question “Would you fit a 3D printing part on your machine”.

Figure 8. Response to whether 3D printing could be applied for low-cost items.

Figure 9. Results for the examination of the use of 3D printing.
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The use of CNC technology that would make the transition to 3D printing easier
because of the similarities between the two technologies seemed to be absent from the
vessels. The positive answers from the staff of the technical department may be due to
making parts on shore in local workshops and needs further study. These results are
presented in Figure 10.

Figure 10. Use of CNC technology.

Spare parts could be made or refurbished on board but only simple and necessary
ones. Several participants answered that they preferred to have a stock (Figure 11).

Figure 11. Making or refurbishing spare parts on board.

For making in house (at the company premises or on board) detailed design drawings,
the necessary material must be available. However, from the answers, these were not
available (Figure 12).



J. Mar. Sci. Eng. 2021, 9, 895 12 of 15

Figure 12. Available information when preparing/processing an order.

5. Conclusions

The digitization process of the spare part supply chain with the introduction of AM
involves factors that will push it forward and others that are likely to be an obstacle
to it. Our research concentrated on the exploration of the end part of the chain in the
maritime industry in order to obtain an understanding of the enablers and inhibitors and
by capturing the perceptions of the involved end-user stakeholders. The questionnaire
method was selected for capturing the views of the selected target group interviewees:
people on board a vessel and on the land office: ship owners, seafarers, superintendents
and engineers, for example.

The expected benefits from the introduction of 3D printing (cost reductions, improve-
ment of services and storage space reduction) as ranked by the stakeholders at the end
of the SPSC (end-users) were found to vary even within a company according to the role.
Cost reduction expectations were medium to very high, the improvement of services was
medium and storage space reductions were low to medium. The importance of quality
came to the surface also from the answer that the majority of the participants would fit a
3D printed part on the equipment only if it had a quality assurance.

One of the proposed characteristics in the literature for printing spare parts is high
value. Due to maritime nature, it makes a low-cost item rise to high value when huge
transportation costs to reach the vessels are included. A great percentage of the survey
respondents answered that if 3D printing was applied to low-cost items it would make
repairs easier.

End-users have the skills to make or refurbish spare parts on board, could make
simple and necessary spare parts and preferred to have a stock. The previous use of CNC
technology would make the transition easier but was not found on vessels. The majority of
the participants were found to be positive in terms of thinking/examining the use of 3D
printing of their companies.

The positive attitudes of shipowners/CEOs were regarded to be more than promising
as they are mainly responsible for the acceptance of the companies to adopt new technology.

The most important barrier according to the end-user participants was quality assur-
ance of the spare parts made by the new technology followed by the know-how and staff
skills. Moreover, material availability, equipment (the printer) cost, staff skills and material
cost were to be shown to be of medium importance. In terms of barriers, quality assurance
was by far the most vital barrier as all participants were concerned about how well their
parts and the materials that were used for are made.
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As for the parts that are suitable for 3D printing, the participants’ choices seemed to
follow the characteristics as gathered from the literature, specifically more specific parts
that are infrequently demanded, of high value, of small size, that can fit in the process
chamber, are of a high supply risk, a small order quantity percentage, items requiring short
delivery times and lastly of a high design complexity. Different from the literature was the
finding about low-cost items, which received a positive response from participants.

Critical for the successful implementation of AM in the maritime SPSC is to have
clearly set goals (that could be overall cost reduction, better service or whatever is pre-
decided). The spare component produced must fit the intended purpose (certification/quality
assurance). The overall cost reduction and certification/quality assurance are crucial in
order for the venture to gain approval and support at a high level (so the CEO or owner
must be convinced first in order to authorize the project and provide the means). Necessary
to the decision of the printing is material availability, know-how and skills that should be
ensured. Having the aforementioned decisions, approvals and resources, an established
project management methodology must be followed for the successful implementation of
AM in the SPSC.

The authors have attempted to provide the views of the stakeholders at the end of the
chain on board the vessels and at the land office. A similar examination for the supply part
of the chain would widen the picture of the SPSC and allow comparisons.
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