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Abstract: Access to spare parts in the maritime industry is limited throughout most of a ship’s
life cycle. The limitation is caused by both the geographical distance of vessels from suppliers
and the often limited turnaround time during which parts can be delivered. Manufacturing some
parts onboard is possible, but it is a time-consuming and labour-intensive process. Advanced
manufacturing techniques could be used to improve access to spare parts at sea by combining the
desirable materials properties and flexibility of Direct Energy Deposition (DED) and the higher
dimensional tolerances of Computer Numerical Control (CNC) manufacturing. The present study
assesses the comparative viability of onboard implementation of advanced manufacturing techniques
for offshore assets as a capital investment in different modes against an option of no onboard advanced
manufacturing using a multi-criteria decision analysis method. To this end, a Technique to Order
Preference by Similarity to Ideal Solution (TOPSIS) is employed considering the techno-economic
and environmental aspects of the decision-making process as well as the inherent challenges that
come with a new area of research. Finally, the challenges, opportunities, and pathways to onboard
maintenance using additive manufacturing are discussed within the scope of the sustainable future
for ship and offshore energy assets.
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1. Introduction

Machinery failure is the leading cause of maritime insurance incidents, according to the
2022 AGCS shipping review [1]. Merchant ships have a long-standing fundamental problem
that impedes maintenance and repairs whilst at sea: the availability of spare parts [2]. The
demand for availability gives rise to an expensive trade-off between component storage at
the expense of deadweight and an expensive, labour-intensive supply chain [3]. Onboard
fabrication can alleviate this problem, but it is currently labour-intensive and limited in
its applications.

Aside from being logistically complex, Spiegler et al. [4] and Shukla et al. [5], having
parts and consumables brought to ships during unplanned maintenance operations using
a supply chain is carbon intensive. Due to its complexity, it can be subject to significant
delays [6]. Thinking outside of a Western perspective, it is not uncommon for supply chain
connectivity at ports to be poor, and sanctions, trade agreements, and reduced connectivity
with manufacturers can impede the availability of items.

In order to reduce the lead time of components and increase operational efficiency, the
US Navy installed 90 printers across 22 bases [7], in line with their PTF program. In 2017,
the Department of Navy Additive Manufacturing Plan V2.0 was created to increase asset
readiness warfighting capacity and achieve cost savings [8]. Meanwhile, Babcock has been
investigating the role of AM in the British Navy and potentially onboard, with an aim to
reduce obsolescence [9].
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MAERSK trialled the use of onboard 3D-printers in 2014 [7] using acrylonitrile buta-
diene styrene (ABS) to explore potential applications. This material is not widely suited
for onboard marine vehicles. Printers can now print more precisely and faster [10,11]
and with stronger materials such as metallic [12-14], performance polymer [15], or ce-
ramic [16] filaments. Hybrid advanced manufacturing allows for integrated 3D-printing
and computer numerical control (CNC) machining, allowing 3D-printed components to be
milled down for finer tolerances and threading [17]. Since 2014, MAERSK has collaborated
with companies such as MAN Diesel & Turbo and DNV to expand the use of 3D-printers
onboard ships and oil platforms to reduce storage and increase economic efficiency [18].

Ship owners would consider using AM to print small components onboard [19]. In-
deed, using AM to print at remote locations can significantly reduce overall supply chain
costs and carbon intensity [20]. That is why the Port of Rotterdam Authority launched a
project to investigate the suitability of marine vessels’ components for additive manufactur-
ing [21]. There are global pressures for vessels to decarbonise by 2030 [22], and for many
vessels, that will mean turning to alternative fuels [23]. These less energy-dense alternative
fuels will increase the pressure for available volume onboard. Introducing technologies
that may allow decision-makers to reduce onboard stores is a time-sensitive task.

Decentralised, advanced manufacturing techniques can be used to reduce carbon emis-
sions associated with transportation [24], reduce logistics operations [25], and improve the
production process of metal 3D-printing [25]. Waste can also be reduced in the production
process [26] by reducing packaging required for transportation and reducing obsolescence.
DED technology can be used in remanufacturing, a key technology that can form a more
circular economy in the maritime industry [27,28].

However, the installation of AM on ships lacks a standardised blueprint, and the Whole
Process Design (WPD) process involves considerable uncertainty. As onboard advanced
manufacturing is in its infancy, there is a lack of historical data, making it challenging to
assess various design alternatives using quantitative approaches. In such data-constrained
scenarios, theoretical analysis becomes essential for evaluating complex processes and
design alternatives.

One powerful method for this purpose is Techno-Economic Multi-Criteria Decision
Analysis (TE-MCDA). TOPSIS is a popular, quantitative TE-MCDA method [29] used to
measure the relative distance of each alternative to an ideal worst solution to determine the
optimal choice [30]. This allows for a comprehensive assessment of various scenarios and
“what-if” situations to identify optimal process design with limited empirical data.

The TOPSIS analysis is used to assess a remotely operated, hybrid DED and CNC
printer with different material production capacities against the option of having no on-
board AM. The findings from this techno—economic analysis are primarily based on an
extensive literature review, which is supplemented with information from manufacturers of
3D-printing technologies. Table 1 shows the most relevant research to date, the benefits that
may be applied to the maritime industry, and the relevant industry for which the research
has been applied.
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Table 1. Summary of relevant literature on applications of additive manufacturing to improve supply
chain performance across various industries.

®
= = 5 - «
2 8 2 % = Y 5 =
— — =) = = ) .
5 = — B g & 5 F &8 F = =X - E
. 8 oz & B g T - 2% 5 oo o= 0 2 - 3 8
— 2] — o on [ < — ] Q — = =¥
2 s &£ = o T & = 9 4 = = - " T 3 T < 0w
— Q 'S ] . = o v g c ~z [3) « t; g > e EJ‘ - c
i) ot — — - 4 o— o - -— 9] [~ ]
s T E ¢ £ ® & g ®» 5 Z2 3 ¢ 3§03 A
il =] 8 o e fix) > c | I ) ?5 —_— el ot o I
< N = > v 5 i) < ] =1 o c 8 % 5] = 2 < -
> T 2 2 = 5 £ &£ £ § 5 ¢ ¥ ¥ S g E g 3
g = = o /M é o A o— & = v Q = 1) b 5 <
s < = < ] o O = [ ~ 3 &~ 9
ot = =] 3 =4] D = 12}
s = 2 o T e s = g
= v S N S
]
0
Economic Efficiency v v v Vv v Vv v
Environmental v v
Reduced Storage v v Vv v
Lead Time v Vv v Vv v Vv v Vv v
Supply Chain Performance v/ v v Vv v Vv v v v
Reliability v v Vv v
) 3 v
Q ) It >
Q — ) ) ) = m <u
g £ § £ T » O T £ £ £ & § » % .. £ g
2 & 9o © g 9 § £ £ £ & © & g &5 g £ =
5 g 2 o c E 5 e = £ T 2 g 8 g =238 o B
< T = 2 L < E o} < < < = v Z S w5 <4 < <
£ 2 2 O s O = = = £ 0© 3 ) = =
= < < < "‘-,,O;‘ < <

The benefits of supplementing the supply chain of spare parts also occur in industries
such as the automotive [41] and aerospace industries [39]. The applications of AM in the
Navy [8] and Army [35] have also been investigated. The literature reviewed includes prior
research into the implementation of additive manufacturing into the maritime spare parts
supply chain. The prior literature is primarily focused on shore-based operations. A gap
has been identified in the analysis of onboard printing and how that may be implemented,
as well as a lack of investigation into the specific advantages of implementing AM onboard
outside of the research by Kostidi, Nikitakos, and Progoulakis [19].

There is a limited supply of metallic and polymer components for auxiliary machinery
and equipment that meet the size and applicability criteria, which impedes the uninter-
rupted operation of ships and, in turn, lower-than-expected economic benefits. To tackle
this pressing issue, the present study analyses the feasibility of implementing a hybrid ad-
ditive manufacturing machine onboard large commercial ships (e.g., tankers, bulk carriers,
and container ships), which is expected to alleviate the supply chain pressure and offer an
alternative storage option. The multi-criteria decision analysis, involving the most critical
techno-economic factors, offers a framework for robust decision support in evaluating the
investment in onboard additive capabilities strictly for spare parts production. Last but
not least, a comprehensive discussion is given on how onboard additive manufacturing
can be leveraged to increase operational resilience for ships that experience unpredictable
equipment failures on long voyages.

2. Methodology

The methodology proposed in this study involves three main steps: solution propo-
sition, solution evaluation, and discussion of the results (see Figure 1). In the solution
proposition, the section first outlines the parts these machines may produce and how their
production is intended to supplement the supply chain, followed by a discussion regarding
3D-printing and hybrid manufacturing technologies and their applicability onboard a large
marine vessel. In the second step, “Solution Evaluation”, MCDA based on the TOPSIS
technique is performed to find the best solution, considering various alternatives and
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criteria. Following the discussion of the TOPSIS results, a sensitivity analysis is presented.
Finally, the machines” operation will be discussed, considering different stakeholders.

Solution Proposition Solution Evaluation Results & Discussion

TOPSIS

inting?
What are we printing~ e

Conclusions

What technology are

AT Preference rankings
we using?

Drivers, Barriers and
Solutions

What is the
operational profile?

Range analysis

Figure 1. Overview of research methodology indicating the key steps of solution proposition, multi-
criteria evaluation, and discussion of implementation challenges and opportunities.

These solutions are informed by an extensive literature review (see Table 1) and supple-
mented with expert opinions. These opinions include advanced manufacturing technology
operators and manufacturers, supply chain experts, and seafarers. Furthermore, in investi-
gating the potential challenges of onboard manufacturing, test prints were produced on
the Strathclyde University sailing yacht, the Catalina.

3. Solution Proposition
3.1. Selection of Components

The present study focuses on small-to-medium-sized consumables and spares.
Figure 2 illustrates the top-down systems-based review of components that meet the
following criteria:

e  Are they suitable for 3D-printing?
e  Are they currently stored onboard or regularly procured?
e It may have high criticality in the event of failure.

For consumable components, the main purpose of using AM on board is reducing
critical store levels while increasing redundancy. Stores can be smaller, and the range of
consumables available within an hour can be increased significantly. Components with low
tolerances may not be produced to the same quality as conventional manufacturing but
may be replaced with interim printed substitutes to reduce the cost of just-in-time logistics
and downtime.
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Figure 2. Systems-based breakdown of maritime auxiliary components potentially suitable for
additive manufacturing.
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3.2. Additive Manufacturing Technology
3.2.1. Hardware

The 3D-printer in this paper is placed onboard in the machining and tooling room.
This allows for streamlined operation in which onboard engineers can use existing raw
material storage, safety equipment, and workspace to minimise the disruption caused by
its implementation. Furthermore, any post-processing can be done efficiently.

One of the most significant barriers identified in interviews performed for this pa-
per and in a much more comprehensive set of interviews by Kostidi, Nikitakos, and
Progoulakis [19] is the requirement to train onboard engineers to use the machinery. In
selecting a printing technology, it is desired that:

The system has a low volume and mass.

The process leads itself to more accessible third-party certification.

There is capacity for future technological developments such as component remanu-

facturing with little adaptation.
e Net or near-net shapes can be printed, requiring little post-processing.

Overall, combining DED printing and CNC cutting, hybrid additive manufacturing
can combine the range and flexibility of additive manufacturing with the higher dimen-
sional tolerances and surface properties produced by CNC milling in subtractive manu-
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facturing. Material extrusion processes such as FDM were also strong candidates. This is
based on an overview of the current state of additive manufacturing technologies, which is
primarily based on Wohler’s report [17] and the Additive Manufacturing book [45], reviews
of metal printing [12,46], and polymer printing [47,48] technologies and manufacturer web-
sites. The main drawbacks are the machine cost, high energy requirements, and typically
lower print rates, which are offset by the savings.

3.2.2. Filaments
Polymer Filaments
Table 2 presents the research results into the properties of polymer printer filaments

within the context of applications onboard marine vessels [10,11,15,47,49,50]. These results
have been produced from a combination of academic literature and manufacturer data.

Table 2. Comparison of key material properties and printing parameters for polymer filaments
applicable to fabricating maritime components using additive manufacturing.

. s - Water Chemical Thermal Bed Nozzle Price $
Filament Strength  Durability  Flexibility Resistance  Resistance = Resistance Temp. °C Temp. °C per kg
PEIL 5 5 1 4 5 5 110-130 300-340 100-200
PPSU 4 4 1 5 5 4 110-130 300-340 100-200
PEEK 5 5 1 5 5 5 150-170 360420 200-500
PET 3 2 1 2 2 2 40-60 220-250 20-30
Polycarbonate 5 4 1 4 4 4 90-120 240-260 30-60
Polyurethane 3 4 3 3 4 4 60-90 120-180 40-70
PLA 2 1 1 1 1 1 50-60 180-220 20-30
ABS 3 3 2 2 2 2 90-120 220-240 25-40
Nylon 4 3 2 3 3 3 60-90 220-240 35-60
TPE 2 2 4 1 1 1 50-70 190-210 35-50
HIPS 1 2 1 1 1 1 90-100 240-260 20-30
PETG 4 3 2 2 3 2 60-80 220-240 30-50
TPU 2 2 5 2 2 2 60-70 190-210 35-60

Ratings: 1—Very poor, 2—Poor, 3—Moderate, 4—Good, 5—Excellent

Due to their greater strength, durability, and thermal resistance, PEEK and polycarbon-
ate were identified as the most applicable polymer filaments for machinery components.
Polyurethane and TPU were deemed the most relevant for seals due to their flexibility, and
water and chemical resistance.

Metallic Filaments

Steel and aluminium filaments are both prevalent materials for machinery components.
It is crucial for the machine to be able to produce both. Pre-treatment of these filaments is
also important as it removes the need for inert gas, significantly reducing the space and
mass added. It also significantly reduces hazards and failure modes.

3.2.3. Onboard Operation

One of the main concerns highlighted in the interviews by Kostidi, Nikitakos, and
Progoulakis [19] is the lack of specialisation of onboard engineers. Another was the ability
of onboard engineers to produce certifiable components.

One way to circumvent the training of onboard engineers is to centralise the machine
operation. In this methodology, the part 3D files, STL files, and G-codes would all be
designed by a central office remotely handling the operation of many machines, as seen in
Figure 3. Mistakes caused by human error of onboard operators could be minimised. This
process allows for greater standardisation of print quality. The input of onboard engineers
can be simplified and reduced to preparation, such as feeding the printer filament, scraping
the bed, and ensuring the machine’s safe operation.
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Figure 3. Proposed operational model for remotely calibrated 3D-printer onboard ships.

The F3187-16 guidelines for 3D-printed marine machinery recommend non-destructive
testing. Some of the methods include ultrasonic and visual testing, as well as interpreting
their results, which can be achieved by onshore technical offices (see Figure 4).

Offshore Onshore

)
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Figure 4. Operation of remotely calibrated 3D-printer; (a) flowchart 3D-printing originating from
3D-CAD, 3D-printer files; (b) offshore vs. onshore.
3.2.4. Intellectual Property

Printers cannot print simple CAD models as they appear when first designed. The
files must be “sliced” [51] and formatted as G-codes. The process of G-code preparation for
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designs tailored to each machine can be time-consuming and requires experienced person-
nel. This could be done ahead of time, with the files stored in a database to be requested
by onboard engineers when required. Such a “digital inventory” is being developed in a
venture by the Singapore Centre for Excellency [52], an onshore printing program. The
overall decision-making process using the methodology proposed for onboard additive
manufacturing is illustrated in Figure 5.

Component
identified by
onboard technical
crew

List of components
collected and =
reviewed by

onboard engineers

Component
in stock?

List of required Yes
components Component
submitted to  No suitable for 3D o5 qu;xest sent.:o
shore-based offices printing? Sotitons, provicer
for appraisal ¢
& Component printed
Appraisal from
shore based
technical office l
No & Post processing
Approval l
Yes
= Test prints

pass visual

Parts ordered I S
nspection?

v
Component
identified by
onboard technical Yes
crew

v

Next suitable
docking location
identified for
component
delivery

v

Component
shipped to suitable
location

No

Component
delivered
on time

Yes
A4

Component is
stored until the
ship arrives

v

Component
transported from §
the storage
%Iocal:ion to the ship

e

Parts itemised, ﬁ ﬁ‘
catalogued and »{ Repair |«
stored onboard . /

Figure 5. The decision-making workflow for implementing onboard additive manufacturing high-
lights steps from component selection to printing and effects on the existing supply chain, showing
workflow for centralised file preparation and printing instructions to simplify the process for on-

board engineers.
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4. Multi-Criteria Decision Analysis via TOPSIS

The multi-criteria decision analysis (MCDA) offers a comprehensive and systematic
examination of potential solutions. Moreover, it provides an opportunity to explore a wide
range of scenarios and “what-if” situations. One of the main advantages of employing
MCDA is that it allows for a better use of resources to consider all the variables relevant to
the process, from start to finish, compared to a physical testing solution. This can provide
valuable insights and guidance on process design decisions, allowing for a more targeted
and efficient use of resources. Furthermore, theoretical analysis can be used to explore a
wide range of scenarios and “what-if” situations, which can help to identify optimal process
design parameters and predict the performance of the process under different conditions,
allowing for more informed decision-making.

Techno-Economic Multi-Criteria Decision Analysis (TE-MCDA) is a powerful tool
for evaluating various design alternatives for complex processes from a technological and
economic point of view. It considers multiple criteria and their trade-offs to rank the alterna-
tives based on their overall performance. A literature review of MCDA approaches [53-55]
identified several potential methodologies, including SPOTIS, COMET [56], ELECTRE [57],
and ARIADNE [58].

The Technique for Order Preference by Similarity to the Ideal Solution (TOPSIS) [59] is
a popular method in TE-MCDA [29]. Vector normalisation [60] was chosen because it has
high ranking consistency and is able to handle weight sensitivity well [61].

TOPSIS was partly employed for its ease of operation, as it uses a flat criterion structure
and a stable set of alternatives. Both qualitative and quantitative data can be assessed, and
the criteria can be weighted to compare their relative importance. Whilst newer techniques
may also be suitable, TOPSIS is well established within the industry [62], which can
validate a multi-criteria technique where novel solutions are being proposed. The TOPSIS
analysis calculates separation measures representing the Euclidean distance between each
alternative and the ideal best and worst solutions. Normalised weighted decision matrices
are constructed for the criteria considered based on the numeric scale ratings assigned to
each machine alternative’s expected performance. These numeric ratings were developed
by compiling expert judgements, technology capabilities data, and cost information from
both public domain literature as well as private industry sources. Weight factors for each
criterion were elicited by surveying maritime equipment engineers and naval architects. A
breakdown of the structure used for the breakdown of the criteria weights can be found
in Appendix A. The composite TOPSIS score for ranking alternatives is then computed as
the relative closeness to the ideal solution for each option. Additional sensitivity analyses
help assess the results” robustness to changes in ratings or weights. This implementation
allows structuring both quantitative and qualitative assessments from multiple domain
experts into a formal multi-criteria decision model that maintains transparency in scoring
and priority setting for onboard additive manufacturing investment evaluation. Figure 6
illustrates the flowchart employed to conduct TOPSIS analysis.

This TOPSIS analysis assesses the relative advantages and disadvantages of ap-
plying a hybrid DED and CNC printer, with the capacity to print metal, polymer or
both filaments against a fourth alternative, which is the status quo, i.e., no onboard
additive manufacturing.
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Figure 6. Overview of TOPSIS analysis methodology indicating key steps of constructing normalised
weighted decision matrices, calculating separation measures, and determining final rankings.

5. Results and Discussion

The preferred alternative calculated using TOPSIS analysis based on the normalized
weighting factors (see Figure 7), as seen in Table 3, is a hybrid, DED and CNC metal and
polymer printer. In this techno-economic analysis, the installation of additive manufac-
turing onboard has been deemed feasible. All three onboard manufacturing alternatives
ranked higher than the alternative of not having onboard additive manufacturing. The
implementation of metal-only onboard additive manufacturing was found to be the least
desirable implementation method for additive manufacturing onboard. The key variable
influencing these results is the range of components that can be produced. Supplement-
ing the supply chain with a larger range of components leads to increased redundancy
in critical systems and higher machine utilisation without significantly increasing the
installation costs.
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Figure 7. Normalised weighting factors associated with the considered criteria.

Table 3. TOPSIS decision matrix showing criteria weights, performance scores across alternatives,
computed separation measures, and final rankings for onboard additive manufacturing options.

Alternatives
Criteria Weights DED&CNC DED&CNC DED&CNC
Metal & Pol. Metal Polymer No Onboard AM
Machine cost 0.1800 500,000 450,000 425,000 0
Software development 0.0450 3 3 3 1
Part library 0.0450 10 7 6 1
Training 0.0300 3 3 2 1
Lead time 0.1650 1 1 0.5 4
Range of components 0.1050 10 5 7 1
Remanufacturing capacity 0.0300 3 3 1 0
Supply chain reliability 0.0900 9 6 7 4
Inventory management 0.0375 7 5 6 3
Onboard stores reduction 0.0225 0.25 0.15 0.2 0
Component expenditure 0.0825 1.1 1.2 0.9 1
Varlable'z transportation 0.0450 0.7 0.85 08 1
expenditure
Maintenance 0.0225 3 3 3 1
Carbon emission 0.0400 0.55 0.4 0.45 0
reduction
Waste reduction 0.0200 0.25 0.2 0.1 0
Safety 0.04 10 5 6 4
TOPSIS Score 0.60 0.41 0.57 0.39
Ranking 1 3 2 4

Interestingly, polymer-only printing ranked higher than metal printing as an alterna-
tive. This is due to a combination of the lower capital investment for machine development
and the higher capacity for part production. Many parts that are currently manufactured
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using metal can be temporarily substituted for parts printed using performance polymers
such as PEEK. Furthermore, for cargo vessels using Framo pumps, the easy substitution of
printed seals will prove to be a strong incentive for ship owners.

The best performance with regard to environmental criteria, i.e., the carbon emission
reduction, waste reduction and potential for remanufacturing, were also attributed to the
metal and polymer DED&CNC alternative as the impact on supplementing the supply
chain is more substantial. The safety of seafarers related to maintenance activities was
also found to be improved as the time for seafarers to operate sub-optimal machinery
was reduced.

There is a great degree of uncertainty in the whole process design associated with a
lack of historical data. The non-dimensional scores obtained from TOPSIS can be used to
obtain clearly ranked results, but the compounding effect of uncertainly attributed weights
and performance scores can lead to some discrepancies in the best-case and worst-case
possible results. To combat this, the best and worst-case scenarios are illustrated in Figure 8.

1.0
— Best case

[+P]
§ 0.8 — Worst case
é o T - ® Expected
g v 1
g —_—
g 04 ¥
'1’?' ;
=
e 0.2
Z

O‘O 1 1 1

DED&CNC DED&CNC DED&CNC  No onboard AM
Metal&Polymer Metal Polymer

Figure 8. Sensitivity analysis results depict changes in TOPSIS scores and rankings when criteria
weights and ratings are varied to assess robustness.

One noteworthy change is the redistribution of criteria weights to be more heavily
focused on investment-related criteria such as machine cost, software development, the
development of a parts library, and training in the worst-case scenario. This represents a
greater-than-expected investment risk aversion. In the best-case scenario, criteria weights
were more heavily distributed to criteria related to environmental performance, such
as carbon emission reduction, waste reduction, and capacity for remanufacturing. This
would represent a changing socio-economic landscape in which decision-makers may be
more incentivised to make decisions based on the environmental performance of a system.
Similarly, criteria related to improved inventory management and component availability
were increased.

In the worst-case scenario, depicted by the scores in red, the metal and polymer
printing option is still the most preferable. Printing only one of the metal or polymer
components was found not to be feasible in this case, as no onboard additive manufacturing
had a higher preference ranking. This highlights the importance of a technology capable of
producing components with both materials due to the larger range of components suitable
for onboard production at low extra cost.

In the best-case scenario, the preference rankings remained the same as the expected
results, but the relative performance of AM technologies improved compared to the status
quo. This would suggest that economic incentives rewarding safer and more environmen-
tally friendly maintenance practices may improve the feasibility of installing AM onboard.
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6. Challenges, Opportunities, and Pathway to Onboard Additive Maintenance

Table 4 summarises drivers, barriers, and solutions analysis from a business perspec-
tive based on the literature review and MCDM analysis presented in the present study. The
forces that may aid and hinder onboard AM implementation and some proposed solutions.

The path to the implementation of onboard additive manufacturing requires further
work. The processes, machines, and operations must be tested in onboard conditions
to inform new best practices and eventually pave the way for certification. The more
significant questions of what components will be printed and can be printed need to be
researched, as well as by whom they will be printed. From the author’s understanding, an
outline of this timeline is depicted in Figure 9.

Physical

experimentation

The effects of ship motions

and vibrations on additive
and subrtactive
manufacturing tested.
Framework for third-party
quality assurance
established.

Component
database

3D files of suitable
components made based on
suitability and criticality.
OEMs involved and
agreement for intellectual
property reached.

Component

identification
FCMEA analysis on spares
and stores, components

assessed for their suitability
for onboard production

Stage 8

Installation and
training

Machines installed under
supervision of machine
manufacturers. Onboard
crew trained in setup and
safety of operation

O O
Legal framework

A third party is necessary to
ensure the impartiality of
quality assurance, best
practices for remote tracking
and testing will be outlined.

Machine
development

Purpose built hybrid DED
and CNC machines
produced.

Base developed for vibration
reduction and stabilisaton.
Appropreate technologies for
ultrasonic testing, weighing
and scanning certified.

Stage 6

< O
Further
development

DED lasers can be used for
remanufacturing.
Component consolidation
and redesign for further
economies.
Replacement of metal
components with
performance polymers.

Figure 9. Envisioned roadmap for adopting additive manufacturing capabilities onboard ships,

0 O
Further " Stages |

development

Tailor-made packages of
STL files and G-codes
prepared in advance for
each ship.

outlining critical milestones from conceptual trials to certification and standardisation.
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Table 4. Drivers, barriers, and solutions analysis, summarising key strengths, weaknesses, opportuni-

ties, and threats related to implementing onboard additive manufacturing.

Drivers

Barriers

Solutions

Carbon emission reduction
Acceptance of onshore additive
manufacturing for component

Lack of framework for

Research is needed to inform
policy on the effects of
environmental onboard ships on

Policy production certification from OEMs and .

. L L the quality of produced parts.
Circular economy classification societies £ li
The trend towards autonomous Framework for remote quality
onboard systems assurance
High f . .

1gh cost of storage and Machine purchase and Lease of machinery
transportation of spares and ) - .
consumables installation costs Outsourcing software and

Price . . Operator training component database
High downtime costs .
Downwards trend in Development of software and development to third-party
3D-printer prices digital files solutions providers
Advancements in 3D-printing Remote printer operation. .
. technology, faster printing, better Component 3D-printer file FCM.E A :fmaly51s on components
Providers . . to prioritise.
material properties, less database. Multi-stakeholder projects
post-processing Onboard technological support Pro)
People Engineers already onboard with Eriisi;(nrlrrllagna ement Reducing onboard human input
P some manufacturing capability & . Access to internet
Restructuring supply chain
Ship owners are already . ,
considering 3D-printing. Hard to use Zerzlgirllisttiztx?t}?’:a?:tigic
Perception US and UK Navy, MAERSK, Unreliable B e i s

Babcock, and Port of Rotterdam Expensive P

projects met positively.

on supply chain performance

7. Summary

The present paper aimed to encourage a more concrete discussion about what 3D-
printing onboard for floating structures may look like and what to highlight the steps
needed for its implementation. Hybrid additive manufacturing in the form of a laser DED
and CNC machine has been found to be the most suitable technology due to the high
deposition rates, reduced post-processing, and good material properties.

The MCDA technique TOPSIS for the implementation of 3D-printing onboard found
that onboard 3D-printing is a preferable option to not having additive manufacturing
capacities onboard. The most preferred alternative is the one where both polymer and
metal components can be printed using the same machine. Components are likely to be
more expensive to produce onboard than to purchase in normal circumstances, especially
consumable ones. Components with acceptable dimensional tolerances may also not be
manufactured to the same standards onboard. Additive manufacturing cannot replace nor-
mal supply lines, but it is most suitable for supplementing them. This process can decrease
critical stores of consumables and part obsolescence without increasing the probability of a
stockout. More importantly, it can be used to fabricate components quickly in the event
of emergencies to decrease costs associated with system downtime. Although additive
manufacturing could also impact ship design and construction, this emerging application
area is outside the scope considered here.

The future of AM on ships and other marine structures is not without its challenges.
One of the next steps is establishing the overlapping effects of ship vibrations and motions
on the melt pools during the DED process. The most challenging task will be to prepare the
“digital inventory” of components for a ship or fleet of ships so that components can be
printed when required. Implementing onboard AM will not be without its challenges, the
main ones revolving around quality assurance and certification. Developing the capabilities
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for remote operation and non-destructive inspection will be a crucial process for the
standardisation of finished components.
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Abbreviations

3D Three-dimensional

ABS American Bureau of Shipping

ABS Acrylonitrile butadiene styrene

AGCS Allianz Global Corporate and Specialty

AM Advanced Manufacturing

ARIADNE  Aid based on dominance structural information elicitation
CAD Computer-aided design

CNC Computer numerical control

COMET Characteristic Objects Method

DED Directed energy deposition

DNV Det Norske Veritas

ELECTRE  Elimination and choice expressing reality

FDM Fused deposition modelling

HIPS High Impact polystyrene

MCDA Multi-criteria Decision Analysis

PEEK Polyether ether ketone

PEI Polyetherimide

PET Polyethylene terephthalate

PETG Polyethylene terephthalate glycol

PLA Polylactide

PPSU Polyphenylsulfone

SPOTIS Stable Preference Ordering Towards Ideal Solution
STL Stereolithography

SWOT Strengths, weaknesses, opportunities, and targets
TE-MCDA  Techno-Economic Multi-Criteria Decision Analysis
TOPSIS Technique for order of preference by similarity to the ideal solution
TPE Thermoplastic elastomers

TPU Thermoplastic polyurethane

Us United States (of America)

WPD Whole Process Design
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Appendix A

Table Al. The breakdown of the criteria weights.

Grouping Group Weight Criteria Squegigl):P I"/Z zgihctt
Machine cost 0.6 0.18
Investment Software development 0.15 0.045
magnitude 0.3 Part library 0.15 0.045
Training 0.1 0.03
Component Lead time 0.55 0.165
Jabilit 0.3 Range of components 0.35 0.105
availability . .
Remanufacturing capacity 0.1 0.03
Inventory Supply chain reliability 0.6 0.09
Management 0.15 Inventory management 0.25 0.0375
intensity Onboard stores reduction 0.15 0.0225
Component expenditure 0.55 0.0825
Cost performance 0.15 Variable tran.sportatlon 0.3 0.045
expenditure
Maintenance 0.15 0.0225
Carbon err.usswn 0.4 0.04
. reduction
Ethical factors 0.1 Waste reduction 0.2 0.02
Safety 0.4 0.04
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