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ABSTRACT

Large-Format Additive Manufacturing (LFAM) presents a transformative opportunity for the marine sector,
particularly in accelerating the development of emerging marine renewable energy technologies, which are
often hindered by high capital and prototyping costs. LFAM enables the fabrication of complex, large-scale
components with reduced tooling and lead times, offering potential cost reductions above 50% compared
to conventional manufacturing methods. While LFAM is experiencing rapid adoption and standardisation
in other industrial sectors, its transfer to marine engineering remains severely underexplored. The absence
of a consolidated, marine-specific methodology currently bottlenecks the transition from prototyping to
functional, industrial-scale production. The central motivation of this review is to bridge this critical gap.
Therefore, this paper covers LFAM technologies, previous case studies on marine application, identifying
suitable materials for the marine environment, and outlining key design and fabrication aspects. The study
reviews the operational requirements, dimensions, and loads for MRE structures and small vessels within the
context of LFAM. It critically analyses the hydrodynamic impact of surface roughness, differentiating between
applications tolerant of as-printed finishes (e.g., wave energy converters) and high-Reynolds cases (e.g., tidal
devices, planing vessels) where smoothing is essential to prevent performance degradation. A structured, seven-
step methodology is proposed, encompassing material and technology selection, design approaches, printing
strategy, post-processing, and certification. Additionally, specific energy and cost metrics are evaluated to
support techno-economic assessments. The review and an overall critical analysis demonstrate the feasibility
of LFAM for producing functional marine components. Key trends are identified, highlighting future research
directions and immediate industrial applications, and laying the groundwork for scalable, cost-effective, and
sustainable manufacturing solutions in the MRE and broader marine sectors.
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1. Introduction

The wider marine and offshore industry is facing increasing pres-
sure to deliver efficient, sustainable, and cost-effective solutions for
applications ranging from commercial vessels, marine renewable en-
ergy devices to hybrid structures. To ensure long-term sustainabil-
ity and align with global climate goals, the maritime sector must
embrace low-emission manufacturing processes, circularity, extended
durability and recyclability of components, and ensuring responsible
decommissioning.

Within this transformative context, the development of marine re-
newable energy (MRE) is increasingly recognised as a strategic priority.
Besides, offshore wind, wave, and tidal energy systems are expected to
play a central role in decarbonising the energy sector while supporting
energy security and economic growth. In Europe, policy frameworks
such as the EU Offshore Renewable Energy Strategy part of the broader
2050 long-term vision (European Commission, 2025) and national
sectoral plans have been implemented to accelerate MRE deployment,
streamline permitting, and foster innovation and supply chain (Ramos
et al., 2021). However, to realistically implement these plans, marine
systems — whether commercial vessels or MRE devices — require sus-
tainable components that can withstand extreme environmental loads,
high corrosive conditions, and continuous mechanical stress.

Marine systems, such as wind turbines (e.g. devices studied by Li
et al., 2020; Diaz and Guedes Soares, 2020; Roga et al., 2022), tidal
energy turbines (TED) (e.g. Clarke et al., 2007; Coiro et al., 2017; Alam
et al., 2026) and wave energy converters (WECs) (e.g. Falcdao, 2010;
Babarit, 2015; Gao et al., 2020; Sirigu et al., 2020b; Giannini et al.,
2021b, 2024, 2025; Pan et al., 2025), often feature complex and multi-
functional geometries of their main structures and subcomponents. The
need for robust yet lightweight materials has led to increased research
into structural optimisation and manufacturing of high-performance
parts such as blades and moving floaters. Moreover, complex structures
such as wind and wave, multi-scope or multi-energy systems (Ramos
et al., 2022; Clemente et al., 2023; Manolache and Andrei, 2024;
Ahmed et al., 2025) highlight further design and manufacturing chal-
lenges spanning from high labour costs for construction and viable
supply chain development.

Traditional marine manufacturing relies on intensive, often manual
processes such as welding, casting, and machining (Gerwick, 2007),
typically involving sequential construction and laborious fitting of com-
ponents. While the introduction of glass-fibre reinforced plastic (GRP)
improved weight and corrosion resistance (Shenoi et al., 2011), these
composites are costly to fabricate, depend heavily on manual labour,
and are not yet recyclable on a large scale (Goncalves et al., 2022).
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Furthermore, during manufacturing, classic GRP also poses health and
environmental hazards due to dust and vapours (Abbate et al., 2006).

Large-Format Additive Manufacturing (LFAM) offers significant ad-
vantages over conventional manufacturing methods. Primarily, it en-
ables zero-tooling production of large, complex parts and supports
rapid prototyping, customisation, and integrated geometries (Caracol
AM, 2026). For instance, thermoplastic LFAM makes possible the pro-
duction of components, with typical weights and structural efficiencies
similar to GRP, suitable for the marine environment. LFAM reduces lead
times, minimises material waste, enables the use of recycled materials
and supports digital data-driven, repeatable manufacturing, improving
quality and potentially reducing costs. Furthermore, components cre-
ated through LFAM can also be of complex shapes, reducing the number
of overall structure’s components and the need for assembly joints,
thereby enhancing structure integrity.

Overall, LFAM for marine structures and components can allow the
following potential added values:

+ Light-weight structural-performing structures;

» Corrosion resistance to saltwater and extreme conditions;

» Low production costs for small number of items to be manufac-
tured;

» Possibility of combining multiple parts in single components;

+ Enable the fabrication of complex shapes.

To fully harness these structural and economic benefits, selecting
the appropriate material family is paramount. Although cementitious
LFAM is gaining traction for heavy static infrastructure (e.g., coastal
defences and gravity-based foundations), such applications prioritise
mass and compressive strength over geometric precision. In contrast,
the design of dynamic marine systems — such as floating bodies and
tidal turbine blades — demands high specific strength, strict buoy-
ancy control, and tight tolerances (Sun et al., 2021). Consequently,
this review focuses exclusively on polymer- and metal-based LFAM
technologies. These materials offer the most immediate option for
replacing traditional GRP and welded steel in the fabrication of hulls,
superstructures, and active energy conversion modules, directly ad-
dressing the complex hydrodynamic and structural prerequisites for
high-performance marine applications (Belvisi et al., 2024).

Despite its exponential growth and standardisation in other major
industrial sectors, the application of LFAM in marine engineering re-
mains fragmented and underexplored. Existing review papers typically
address general or large-format AM without accounting for the unique
requirements and harsh constraints of the marine environment (Moreno
Nieto and Molina, 2020; Goh et al., 2024; Vanerio et al., 2024). Conse-
quently, key stakeholders — including MRE developers, shipyards, and
classification societies — lack a consolidated reference that addresses
critical factors like the hydrodynamic impacts of surface roughness,
techno-economic metrics, and structured guidelines and certification
workflows.

This distinct lack of marine-specific guidelines creates a bottleneck
in leveraging LFAM capabilities — such as design freedom, reduced
tooling, and the use of recycled materials — which directly address
high prototyping costs, extended lead times, and circular-economy
requirements in MRE and small-vessel development. Therefore, the
central motivation of this review is to explicitly address these gaps by
systematically evaluating current LFAM technologies and materials for
marine compatibility, encompassing endurance, fatigue performance,
cost, and sustainability. By synthesising available scattered informa-
tion into a practical methodology, the ultimate goal is to support
informed decision-making and successfully align advanced manufac-
turing capabilities with the multi-disciplinary demands of the marine
sector.

To explicitly address these gaps and establish a foundational,
marine-specific methodology, the specific contributions of this review
are to:
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map LFAM technologies against marine structural requirements;
consolidate candidate polymer and metal material systems for
marine exposure;

propose a LFAM workflow for marine components; and
introduce performance and cost metrics tailored to MRE and small
vessels.

Ultimately, this review is intended as a practical reference for
engineers planning MRE and vessel demonstrators, industrial part-
ners evaluating LFAM against traditional GRP or steel fabrication, and
regulatory bodies beginning to integrate additive manufacturing into
marine certification rules.

Recent advancements in applied ocean research have heavily fo-
cused on optimising Marine Renewable Energy (MRE) devices, includ-
ing novel wave energy converters (Ahmed et al., 2025; Zanuttigh et al.,
2026; Salar et al., 2026; Okushemiya et al., 2026; Pan et al., 2025)
and flapping-foil harvesters (Alam et al.,, 2026). LFAM is uniquely
positioned as a critical enabler for the rapid development of such
low Technology Readiness Level (TRL) technologies. Compared to con-
ventional shipbuilding and offshore manufacturing techniques, LFAM
might offer a highly efficient solution regarding life-cycle environ-
mental costs, enable circular material economies, and present strong
economic competitiveness for complex, one-off, or small-batch pro-
ductions. Furthermore, it might provide unprecedented opportunities
for decentralised production and significantly reduces the number of
intermediate manufacturing steps.

Consequently, this review focuses exclusively on high-deposition-
rate methodologies, such as polymer pellet extrusion and Wire Arc
Additive Manufacturing (WAAM), as they uniquely satisfy the massive
volumetric and structural demands typical of marine engineering. Con-
versely, conventional high-resolution approaches (e.g., filament-based
AM or powder bed fusion) are distinctly disadvantageous due to severe
build volume constraints and prohibitive scaling costs. The structured
workflow proposed herein distinguishes itself from generic manufac-
turing frameworks by explicitly integrating marine-specific boundary
conditions, namely extreme hydrodynamic loading, seawater exposure,
and stringent classification society requirements.

To establish a logical narrative, this review is structured to system-
atically build towards a comprehensive, marine-specific manufacturing
workflow and techno-economic assessment. Following Section 2 about
Review Methodology, Section 3 provides the historical context and
structural constraints motivating the adoption of LFAM in the maritime
sector. Section 4 categorises the available LFAM technologies, while
Section 5 identifies compatible polymer and metal material systems.
Section 6 evaluates the critical hydrodynamic impacts of LFAM surface
roughness, directly informing the seven-step implementation workflow
detailed in Section 7. Finally, Section 8 establishes the techno-economic
and energy metrics required to assess the viability of LFAM-focused
marine projects, culminating in a discussion of future research priorities
and conclusions in Sections 9 and 10, respectively.

2. Review methodology

To ensure a comprehensive and reproducible assessment of the
current state of LFAM in marine applications, an integrative narrative
review methodology was adopted. While this study does not strictly
constitute a systematic review (e.g., PRISMA), the literature search,
screening process, and thematic grouping were conducted following
a structured approach to minimise selection bias and ensure a robust
synthesis of the state-of-the-art.

2.1. Search strategy
The primary literature search was conducted using Google Scholar

as the principal search engine, supplemented by targeted cross-
referencing within major academic publisher databases (e.g., Elsevier,
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Springer, Taylor & Francis). The search strategy utilised Boolean com-
binations of primary keywords related to the manufacturing processes,
the application domain, and material categories.

Core search strings for primary applications included: (“Large-
Format Additive Manufacturing” OR “LFAM” OR “Large Scale Additive
Manufacturing” OR “LSAM” OR “Big Area Additive Manufacturing”
OR “BAAM” OR “Wire Arc Additive Manufacturing” OR “WAAM”)
AND (“marine” OR “offshore” OR “shipbuilding” OR “marine renewable
energy” OR “MRE” OR “hydrodynamics”).

Furthermore, to establish the current state-of-the-art and properly
contextualise the specific literature gaps addressed by this paper, a
dedicated secondary search was executed to identify existing review
articles. This targeted search focused specifically on material classes
and utilised strings such as: (“review”) AND (“Large Format Additive
Manufacturing” OR “LFAM” OR “Additive Manufacturing” OR “AM”)
AND (“metals” OR “polymers” OR “thermoplastics”).

The time span considered for the modern LFAM literature primarily
ranged from 2014 to 2026, designed to capture the exponential growth
and industrialisation of large-format printing technologies. Histori-
cal relevant first AM developments, foundational marine engineering,
hydrodynamic texts dating back to 1950 were purposefully retained
to establish the evolution of AM, marine materials and operational
constraints.

2.2. Inclusion and exclusion criteria

To maintain the technical quality and relevance of the review,
specific criteria were applied during the screening process.

+ Inclusion criteria: (i) Peer-reviewed journal articles, major con-
ference proceedings, and verified industrial case studies; (ii) pub-
lications explicitly reporting on material properties (focusing on
polymers and metals), manufacturing scale, or marine environ-
mental constraints; (iii) literature published by recognised in-
ternational publishers to ensure rigorous peer review; and (iv)
documents published in the English language.

Exclusion criteria: (i) Purely conceptual papers lacking empir-
ical data or detailed engineering frameworks; (ii) studies focus-
ing exclusively on desktop-scale or micro-additive manufacturing
(typically under 1 m?® build volume) without clear scalability
to marine applications; and (iii) non-peer-reviewed grey liter-
ature, with the explicit exception of established classification
society standards (e.g., DNV, ABS, LR) and official manufacturer
datasheets.

2.3. Screening process and risk of bias mitigation

The selection process followed a staged filtering approach. Ini-
tially, a broad title and abstract screening was performed to eliminate
clearly out-of-scope papers. Subsequently, a full-text review was con-
ducted on the retained articles to extract relevant data concerning
structural loads, material performance, hydrodynamic impacts, and
techno-economic metrics.

Given the narrative nature of this review, potential biases must
be acknowledged. A reliance on English-language publications may
exclude relevant regional developments, and there is an inherent publi-
cation bias favouring successful LFAM case studies over failed industrial
implementations. To mitigate these risks, the review actively incor-
porated stringent classification society standards and critically eval-
uated the techno-economic limitations, fatigue challenges, and post-
processing penalties of the technology, ensuring a balanced technologi-
cal synthesis rather than a purely optimistic overview. The overall logic
of the review process is schematised in Table 1.

Overall, approximately 5000 papers and documents were initially
identified. Following the application of the exclusion criteria, roughly
2000 were retained for screening. From this subset, about 200 papers
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were ultimately selected for detailed analysis, categorisation, and data
extraction based on their direct relevance to the specific scope of this
review (e.g., LFAM marine structural applications, material durability,
and hydrodynamic impacts). These selected studies constitute the core
literature cited throughout this manuscript.

3. Background
3.1. Historical context and motivation

Throughout history, the nautical sector experienced various revo-
lutions in terms of manufacturing and materials used. For millennia,
manual manufacturing and wood were the uncontested options. At the
end of this long period, following the industrial revolution, first full
metal ships started to be produced. One of the first full metal ship was
an iron steamship that crossed the English Channel from London to
Paris in 1822. This ship sparked interest in the shipbuilding industry, as
a result, supply chains were developed. As a consequence, increasingly
larger ships such as the first ocean liners and warships were built.

More recently, composite materials have been adopted to fabricate
boats to medium vessels — with first applications dating in early
1940s — demonstrating revolutionary performances in terms of weight,
strength and resistance to corrosion. Fabrication methods evolved al-
lowing relatively fast production bringing costs down, making possible
affordable products for a wider public. A considerable number of
military vessels made of GRP that varied by 10 to 80 m of length
were produced starting from 1945, showing how GRP was a relevant
alternative to metal vessels providing a series of advantages ranging
from fuel-efficiency, speed and manoeuvring performances up to non-
magnetic properties. In terms of civil applications, GRP have been
employed for producing small boats, hovercrafts and catamarans. Es-
pecially in Japan, 60% of the fishing boats fleet was made by GRP.
Nowadays, about 80% of the hulls of vessels up to 20 m are made by
GRP (Rubino et al., 2020).

GRP is one of the larger family of composite materials, which
typically consist of high-performance synthetic fibres — such as glass or
carbon — embedded within a polymer matrix. The matrix, a thermoset-
ting resin, undergoes a chemical curing process that results in a rigid,
load-bearing structure. For the nautical sector, normally either, vinyl
ester, polyester or epoxy resins are used. To achieve optimal structural
strength and stiffness, high-performance fibres such as carbon or Kevlar
can be incorporated into the composite layup. When combined with
lightweight core materials, this configuration forms what is commonly
referred to as a sandwich structure, offering enhanced mechanical
performance while minimising weight.

The fabrication of such composites traditionally involves manual
lay-up techniques, where fibre reinforcements are arranged in molds
and impregnated with resin before curing. While effective, this pro-
cess is labour-intensive, time-consuming, and often lacks repeatability,
posing challenges for scalability and automation in marine manufac-
turing. The alignment of fibres influences the structural properties of
the component. Therefore, composite-made components are typically
anisotropic or orthotropic, meaning that their properties (like stiffness,
strength, thermal expansion) vary depending on the direction of the
fibres and reinforcement. Overall, traditional manufacturing methods
rely heavily on manual labour, limiting design flexibility and increasing
production time.

In brief, the evolution of marine manufacturing can be structured
into four distinct waves: the millennia-long reliance on wood, the
19th-century transition to steel, and the mid-20th-century widespread
adoption of GRP. Today, the industry is poised at the beginning of its
logical “fourth wave” driven by LFAM. This new paradigm is under-
pinned by key enabling technologies such as game-changing pellet-fed
polymer extrusion and WAAM. By shifting the manufacturing paradigm
from labour-intensive, mold-dependent processes to digitally driven,
automated, and near-net-shape fabrication, LFAM directly addresses
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Table 1
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Schematic of the integrative review process and thematic categorisation.

Review phase Actions and outputs

1. Identification

Execution of core keyword strings across Google Scholar and major publisher databases. Targeted

searches for LFAM/AM reviews focusing on metals and polymers. Focus on peer-reviewed literature

(primarily 2015-2026).

2. Screening

Application of inclusion/exclusion criteria. Removal of desktop-scale AM studies and purely

conceptual papers. Prioritisation of robust, data-backed engineering studies.

3. Extraction

Identification of representative quantitative data (e.g., Specific Energy Consumption (SEC) ranges,

layer height (L,) roughness parameters, mechanical fatigue limits).

4. Categorisation

Structuring the retained literature into five thematic clusters: (1) Technologies & Kinematics; (2)

Polymer & Metal Materials; (3) Hydrodynamic Impacts; (4) The 7-Step Implementation Workflow; (5)

Techno-Economic Metrics.

the modern demands for scalability, complex geometries, and rapid
iteration. The main milestones prior to consolidating modern LFAM are
depicted in the timeline shown in Fig. 1. The genesis of AM is widely at-
tributed to 1986, when Charles Hull patented Stereolithography (SLA),
introducing layer-by-layer photo-curing (Hull, 1986). Shortly after,
in 1989, Scott Crump patented Fused Deposition Modelling (FDM),
establishing the foundational principles of filament-based AM (Crump,
1992). Concurrently, the early 1990s witnessed the modern revival of
WAAM at institutions such as Cranfield University, which built upon a
1925 welding patent to pioneer large-scale metal deposition (Ribeiro
et al., 1996). The mid-1990s also saw the first experimental crossovers
between polymer extrusion and metal, utilising Metal Injection Mould-
ing (MIM) pellets as feedstock for fused deposition (Agarwala et al.,
1996). For over a decade, polymer AM remained largely confined to
desktop-scale volumes until 2000, when Materialise introduced the
“Mammoth” SLA system. Utilising a novel curtain-recoating mecha-
nism to bypass the fluid dynamics constraints of massive resin vats,
Mammoth enabled the single-piece production of full-scale automotive
prototypes (Materialise, 2020). In 2004, Khoshnevis (2004) introduced
“Contour Crafting”, demonstrating the feasibility of massive gantry
systems for structural extrusion. Meanwhile, the democratisation of
filament AM was catalysed in 2005 by Dr Adrian Bowyer’s RepRap
project, a community-based initiative that created open-source, self-
replicating 3D printers and popularised the term Fused Filament Fabri-
cation (FFF) (Jones et al., 2011). The defining milestone for modern
LFAM, however, can be set to the year 2014. Through a coopera-
tive research programme, Oak Ridge National Laboratory (ORNL) and
Cincinnati Incorporated developed the, so called, Big Area Additive
Manufacturing (BAAM) system. By replacing expensive filament with
high-throughput polymer pellet extrusion, they drastically reduced ma-
terial costs and increased deposition rates, culminating in the historic
2014 live printing of the “Strati” vehicle chassis—a project that per-
manently validated pellet LFAM for massive, functional engineering
applications (Love et al., 2016; Duty et al., 2017).

3.2. Structural and regulatory constraints for LFAM adoption in marine
systems

Marine structures installed in the ocean must be designed and man-
ufactured to withstand significant environmental loads, including wind,
marine currents and waves. Most critical loads are those due to waves.
As illustrated in Fig. 2, extreme wave pressure values for various water
depths in a Portuguese exposed ocean area (considered by Giannini
et al.,, 2022) are presented, plotted over the Le Méhauté wave dia-
gram (Le Méhauté, 1969). Depending on the wave theory applied, these
pressures range from approximately 37 kPa at 5 m depth (typical design
wave height H ., ~ 4 m) to 340 kPa at 80 m depth (typical design
wave height H,,, ~ 30 m). Wave loads on offshore structures may be
further amplified by nonlinear phenomena (Wilson, 2003; Chakrabarti,
2005) such as sloshing, overtopping/wave run-up, slamming, wave
breaking, pounding/resonance, and wave diffraction/reflection:

+ Sloshing: This refers to the violent resonant oscillation of fluids
within partially confined volumes, such as internal storage tanks
or open moonpools. It induces high-magnitude dynamic pressures
on container walls and can destabilise the vessel by altering its
global dynamic response.

Wave run-up and overtopping: Wave run-up describes the maxi-
mum vertical extent of water uprush against the hull. Overtopping
occurs when this run-up exceeds the structure’s freeboard, re-
sulting in “green water” events—where solid masses of water
inundate the deck or superstructure, imposing severe transient
loads.

Slamming: This describes the violent, impulsive impact of wa-
ter against structural surfaces, characterised by extremely short-
duration, high-intensity pressure peaks. It typically occurs during
hull re-entry (bottom slamming) or rapid immersion of overhang-
ing geometries (flare slamming), often inducing high-frequency
structural vibrations known as whipping.

Wave breaking: Breaking waves generate highly concentrated,
impulsive hydrodynamic forces. When waves break directly
against a structure (e.g., plunging breakers), the resulting shock
pressures can be orders of magnitude higher than non-breaking
wave loads, posing critical risks to local structural integrity.
Multi-body interaction and gap resonance: In modular or
closely spaced structures, fluid entrapment between floating bod-
ies can lead to resonant wave amplification (gap resonance).
These relative motions may result in structural collisions or
“pounding” loads, leading to load amplification in confined gaps.
Diffraction and reflection: These phenomena alter the incident
wave field around large-volume structures. The interaction of in-
cident and reflected waves can create localised areas of construc-
tive interference (wave amplification) and high-frequency scat-
tering, leading to pressure distributions that deviate significantly
from undisturbed field predictions.

Coupled mooring dynamics: For moored structures, non-linear
restoring forces and low-frequency drift motions can lead to
extreme tension peaks (snap loads) in mooring lines. These loads
feed back into the hull dynamics, intensifying structural stress
concentrations at attachment points.

Offshore structures span a range of applications, each with dis-
tinct design and manufacturing requirements. Conventional structures,
primarily developed for the oil and gas industry, are typically very
large and almost exclusively constructed from steel. Given the high
margins in this sector, materials and methods are expected to re-
main unchanged, although there is a trend toward producing smaller
sub-components using alternative materials such as GRF. Due to the
significant costs associated with offshore installations, minimising and
streamlining operations at sea is essential. When feasible, GRP com-
ponents such as living modules are fabricated for direct installation
offshore (Rubino et al., 2020), and similarly, suitable components may
be produced via LFAM. There is a significant growing interest in the
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Charles Hull patents Stereolithography (SLA), introduc-
ing layer-by-layer photo-curing (Hull, 1986).

Scott Crump patents Fused Deposition Modeling
(FDM), establishing filament-based AM (Crump, 1992).

Modern revival of Wire Arc Additive Manufacturing
(WAAM) at institutions such as Cranfield University
First experimental crossovers using Metal Injection
Moulding (MIM) pellets for fused deposition (Agarwala
Materialise introduces the "Mammoth" SLA system,

bypassing fluid dynamic constraints for massive resin

Khoshnevis (2004) introduces "Contour Crafting", prov-
ing the feasibility of massive gantry systems for struc-

Dr Adrian Bowyer catalyses the democratisation of
Fused Filament Fabrication (FFF) with the open-source

1986
1989
Early 1990s
(Ribeiro et al., 1996).
Mid-1990s
et al., 1996).
2000
vats (Materialise, 2020).
2004
tural extrusion.
2005
RepRap project (Jones et al., 2011).
2014

ORNL and Cincinnati Incorporated develop the Big
Area Additive Manufacturing (BAAM) system, validat-
ing pellet LFAM by printing the "Strati" chassis (Love

et al., 2016; Duty et al., 2017).

Fig. 1. Timeline of key milestones in the evolution from early Additive Manufacturing to Large-Format Additive Manufacturing.

offshore sector in using metal LFAM for manufacturing parts intended
for the marine industry (O’Neill and Mehmanparast, 2024).

Conventional structures are designed to minimise unnecessary
movements and ensure that resonance frequencies across different
degrees of freedom remain distant from excitation frequencies. In con-
trast, MRE structures — such as floating WECs — may require enhanced
motions to maximise energy capture efficiency (Parmeggiani et al.,
2011; Orszaghova et al., 2016; Giannini et al., 2020b,a; Sirigu et al.,
2020a; Giannini et al., 2021a; Zanuttigh et al., 2026). These aspects
are critical in design, as they may lead to load intensities exceeding
conventional model predictions, potentially compromising structural
integrity and operational safety. Therefore, these additional require-
ments can further increase peak wave loads and intensify structure and
components fatigue.

Furthermore, MRE devices in order to be economically viable must
endure cyclic hydrodynamic loads while minimising structural mass
and maintaining long-term functionality. They often integrate internal
critical components for buoyancy, stability (e.g., ballasts Ramsay et al.,
2022) or power conversion (e.g., power take-off systems Giannini
et al.,, 2020b; Okushemiya et al., 2026), which introduce additional
fabrication and technical challenges.

Wave Energy Converters (WECs), Tidal Energy Devices (TEDs), and
small vessels — typically ranging from 5 to 30 m in length — may
be suitable for manufacturing using plastic materials, including, both
thermosets and thermoplastics. For illustration, in Figs. 3 and 4 are
shown the main WEC and TED concepts with information of their usual
characteristic length (usually the longest dimension) and suitable in-
stallation depth, respectively. As these devices have limited dimensions
compared to conventional oil and gas structures, their components
such as hulls or structural elements could potentially be fabricated

using LFAM. However, accurate assessments of external critical loads —
particularly those induced by waves, currents, and wind — are essential
during the design and material selection.

Figs. 5 to 7 illustrate representative loads acting on these types
of structures, i.e. WECs, TEDs and small vessels, respectively. Both
high-cycle fatigue loads and extreme load cases must be considered to
ensure structural resilience and integrity. For instance, Fig. 5 presents
the hydrodynamic loads experienced by an 8.4-metre diameter point
absorber WEC, modelled as described by Giannini et al. (2021a, 2025),
deployed at a Portuguese offshore site. The design sea states include a
typical condition (with a peak wave period T, = 10 s and a significant
wave height H; = 1.5 m); and extreme (T,=16s; Hi=118 m). In the
heave direction, hydrodynamic loads can reach up to approximately 7.4
MN under extreme conditions, while during normal operation they are
typically an order of magnitude lower.

For TEDs, rotor-induced bending moments are critical. As shown in
Fig. 6, a horizontal-axis turbine with a 20-metre rotor diameter can
experience peak bending moments up to 1.25 MN-m (Bir et al., 2011).
Under standard operating conditions, these loads are generally less than
40% of the peak values.

In contrast, a 30-metre patrol vessel, as illustrated in Fig. 7, may
be subjected to slamming loads that can reach pressures of up to
250 kPa (Muryadin et al., 2023), although during regular operation
these loads are typically below 60% of the maximum.

Consequently, the stringent structural requirements and complex
loading conditions described above are driving a fundamental evolu-
tion in marine design philosophy. Historically, the field relied heavily
on manually fabricated GRP structures, which were characterised by
limited automation, high labour intensity, and conservative, empiri-
cal safety margins. Today, there is a distinct historical shift toward
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Fig. 2. Wave pressure on a horizontal plate for different type of extreme waves estimated by suitable wave theories, within the Le Méhauté wave diagram.
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digitally driven LFAM workflows. This modern paradigm integrates
advanced computational simulation, topology optimisation, real-time
process monitoring, and data-rich certification pathways, fundamen-
tally transforming how marine structures can be conceived, validated,
and manufactured to withstand extreme environments.

3.3. Main challenges for marine fabrication

Marine environments impose stringent requirements on structural
integrity, material durability, and fabrication flexibility. In addition to
extreme and high cyclic loads, components must withstand saltwater
corrosion, biofouling while maintaining performance over extended
lifespans (typically up to 20-30 years), with minimal maintenance.
These conditions demand not only robust material selection but also
careful consideration of joint design, surface treatments, and protective
coatings.

Moreover, the large dimensions of offshore platforms and vessels
necessitate scalable and modular construction techniques. Traditional
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Fig. 4. Main tidal device concepts presented by their approximated charac-
teristic length and suitable installation depth.
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Fig. 7. Example of loads experienced by a patrol vessel.

fabrication methods, such as casting, forging, and composite layup, are
often constrained by high labour intensity, long production cycles, and
complex logistics, especially when components must be transported and
assembled in remote offshore locations. These limitations become even
more critical when considering the need for rapid prototyping or on-
site customisation, which are increasingly relevant in the context of
modular and adaptive marine systems.

Another major aspect is that marine structures must comply with
stringent standards set by major classification societies and regulatory
bodies, as summarised in Table 2. These standards govern not only
structural performance but also material traceability, welding proce-
dures, and inspection protocols. Certifying innovative manufacturing
methods — such as additive manufacturing — and novel structural
designs remains a significant challenge. This is due to restrictions in ma-
terial selection, the need for consistent component quality assurance,
and the requirement to demonstrate long-term reliability under harsh
environmental conditions.

Offshore structures also demand corrosion-resistant materials and
geometries optimised for multi-axial loads, often requiring resource-
intensive forging or casting (ISO Org., 2020). In this context, the
integration of new fabrication technologies must be carefully eval-
uated against both mechanical performance criteria and regulatory
compliance frameworks.

Furthermore, boats and vessels face regulatory constraints con-
cerning buoyancy, fire resistance, and hull integrity (co legislators,
1994).

4. Large-format additive manufacturing overview
LFAM refers to a family of additive manufacturing technologies

capable of fabricating components with dimensions exceeding one me-
tre, often using high-output material deposition systems such as pellet
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extrusion or wire-based directed energy deposition. LFAM systems are
engineered to meet industrial-scale production demands by combining
rapid deposition rates (often exceeding 10 kg/h), multi-axis robotic
control, and compatibility with a wide range of materials, not limited
to metals, thermoplastics, concrete and fibre-reinforced options (Huang
et al.,, 2015). The strategic integration of these additive techniques
within the marine and offshore sectors is increasingly recognised as a
critical enabler for overcoming the severe logistical and supply chain
bottlenecks inherent to conventional heavy manufacturing (Veiga et al.,
2026).

Large-format polymer systems gained significant traction following
the introduction of the first platforms to successfully demonstrate the
viability of high-throughput deposition via pellet extrusion. Concur-
rently, WAAM transitioned from an experimental welding technique
to a formalised industrial process, with early large-scale metal demon-
strators appearing in the aerospace and civil sectors by the mid-2010s.
Additional details regarding the historical milestones of additive man-
ufacturing can be found in the Background section. The transfer of
these technologies to the marine sector began in a focused way in the
late 2010s and early 2020s. Initial marine applications focused pri-
marily on non-mission-critical components and tooling, such as printed
moulds for composite boat hulls. This rapidly progressed to the fab-
rication of functional prototypes and small craft, notably including
the first documented monolithic 3D-printed small vessels and func-
tional WAAM-printed ship propellers (He et al., 2020). This rapid
evolution illustrates a transition from generic large-scale prototyping
to domain-specific, functional marine manufacturing within a single
decade.

Most common AM technologies, printing methods, applicable for
producing marine components, are shown in Fig. 8, where also are
indicated examples of printable materials. Three main types of tech-
nologies can be distinguished, i.e. Extrusion, Photopolymerisation and
Powderbed fusion based systems (Tallon and Wilson, 2020). To note
that, currently, some of the mentioned technologies, methods and
materials appear to not allow producing components larger than 1
cubic metre, therefore they are valid only for small-scale AM.

More specifically, compared to traditional methods, LFAM enables
the direct fabrication of large structural components without the need
moulds or tooling, reducing material waste and manufacturing time
LFAM is increasingly adopted in sectors such as aerospace, construc-
tion, and marine engineering (Greer et al., 2019), especially for on-off
prints, small productions or moulds making.

LFAM has advanced significantly to meet the complex requirements
of the marine sector, particularly in terms of flexibility in printing
complex shapes, material adaptability and cost efficiency. Together,
thermoplastic LFAM and WAAM, expand the design space for ma-
rine applications, supporting the production of simple to articulated
geometries, reducing assembly steps through monolithic designs, and
offering modular, on-demand fabrication capabilities. Their combined
benefits of mechanical performance, reduced tooling needs, and adapt-
ability to hybrid manufacturing systems position LFAM technologies as
transformative enablers for the future of marine engineering.

4.1. Robotic architectures and kinematics

To accommodate the dimensions and geometric complexity of ma-
rine structures, LFAM relies on a diverse range of kinematic systems, as
classified in Fig. 9. These architectures are categorised into three pri-
mary classes based on their mobility and axial configuration (Lehmann
et al., 2022). In the initial phase of LFAM development, classic small-
scale AM architectures, such as Cartesian and later parallel kinematic
Delta systems, were simply scaled up to accommodate larger build
volumes. Cartesian and Gantry systems remain widely used today for
large-format printing, representing a foundational approach that offers
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configurations for marine applications.

high stability and scalability for massive components, though they are
typically limited to 3-axis planar deposition. However, it was found
that more specific systems based on articulated robotic arms have
been more widely adopted for large-scale printing. These provide up
to 6-axis freedom, enabling non-planar printing strategies essential
for complex marine geometries (Zhang et al., 2023); crucially, their
workspace is frequently extended via metre-scale linear rails or mobile
tracked platforms for large-scale on-site, outdoor or mobile fabrica-
tion, clearly distinguishing them from conventional small-scale desktop
systems (Moreno Nieto and Molina, 2020).

Finally, Specialised and Hybrid Architectures encompass configu-
rations designed for specific geometric or throughput requirements.
This includes hybrid solutions integrating robotic arms with rotating
build platforms for rotationally symmetric parts. Furthermore, this cat-
egory includes cooperative multi-robot systems operating strictly at the
metre-scale, where synchronised units print simultaneously to reduce
lead times, or operate in tandem—with one unit depositing material
while another performs subtractive finishing or support removal. This
facilitates the fabrication of intricate large-scale structures and directly
supports the future mobile and on-site offshore fabrication scenarios
envisioned for the marine sector (Zhang et al., 2018; Pignatelli and
Percoco, 2022).

4.2. Thermoplastics LFAM

Thermoplastic LFAM systems — particularly pellet-based extrusion
— offer promising solutions for polymeric marine structures. These
systems can also utilise fibre-reinforced materials such as glass-fibre
polypropylene and carbon-fibre reinforced polyamide, which provide
high strength-to-weight ratios suitable for buoyant modules, hulls,
and deck superstructures. Real-time viscosity and temperature control
technologies have improved interlayer adhesion and ensured structural
water-tightness, which is a critical parameter in marine environments.
Furthermore, thermoplastic LFAM allows rapid and flexible production.
For example, in the marine context, complex yacht superstructures up
to 8 m long have been printed in under 72 h (Caracol AM, 2026).
Similarly, a marine current turbine was developed using AM for the
production of a male/internal mould that was successively reinforced
by fibreglass, showing high reduction of the manufacturing process
time and efforts (Murdy et al., 2021).

Thermoplastic LFAM may well aligns with sustainability goals by
enabling the use of recyclable and lower-emission materials. Compared
to traditional fibreglass composites, reinforced thermoplastics can re-
duce carbon emissions to 1/3 compared to traditional methods (Carallo
et al., 2025) and offer higher recycling potential (Sola and Trinchi,
2023). These advantages make thermoplastic LFAM an increasingly
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Fig. 10. LFAM printed dinghy sailboat made of thermoplastic. Image courtesy
of Caracol.

attractive option for the marine sector, especially in applications where
corrosion resistance, buoyancy, and performing materials are critical.

As a further example of LFAM for marine applications, in Fig. 10 is
shown the thermoplastic LFAM-made Beluga boat. To the best of the au-
thors’ knowledge, Beluga represents world’s first monolithic 3D-printed
dinghy sailboat fabricated using MyReplast — a recycled thermoplastic
composite — through an advanced additive manufacturing process
developed collaboratively by Caracol and NextChem, a subsidiary of
the Maire Tecnimont Group.

4.3. Metal LFAM

Compared to thermoplastic AM, a significantly broader range of
metal 3D printing technologies has been proposed and developed.
These technologies differ notably in terms of achievable precision, build
size, and material compatibility. The main categories include material
extrusion (ME), powder bed fusion (PBF), directed energy deposition
(DED), material jetting (MJ), binder jetting (BJ), and sheet lamination
(SL) (Vafadar et al., 2021).

For LFAM, DED technologies (particularly those based on thermal
energy sources) are the most suitable, as they enable the fabrication
of high-performance, large-format metal components. Among these,
WAAM, a subset of DED, has emerged as a leading approach due
to its scalability, material efficiency, and compatibility with standard
welding wire feedstock.

WAAM utilises an electric arc to melt metal wire, depositing it
layer by layer. Derived from traditional arc welding techniques such as
Gas Metal Arc Welding (GMAW), Gas Tungsten Arc Welding (GTAW),
and Plasma Arc Welding (PAW), WAAM achieves deposition rates
exceeding 10 kg/h. This makes it particularly effective for producing
large-scale steel and alloy structures. Its advantages, including low
material waste, geometric flexibility, and the use of widely available
feedstock, contribute to reduced production costs and shorter lead
times. When combined with appropriate materials, these characteristics
make WAAM especially well-suited for marine applications, including
hull reinforcements, structural frames, and propeller components.

Recent advancements in WAAM include in-situ thermal manage-
ment and grain refinement strategies, which have significantly im-
proved mechanical consistency. For instance, tensile strengths above
500 MPa have been achieved in low-carbon and duplex steels (Fang
et al., 2023). Moreover, hybrid WAAM systems that integrate robotic
deposition with subtractive machining have demonstrated up to 40%
reductions in post-processing time while enhancing dimensional accu-
racy (Wu et al., 2018).

A notable marine application of WAAM is the fabrication of ship
propellers. As illustrated in Fig. 11, Caracol successfully produced a
propeller using WAAM, validating the technology’s potential for struc-
turally critical maritime components. This propeller was made using

10

Applied Ocean Research 173 (2026) 105122

Fig. 11.
Caracol.

Example of WAAM-fabricated vessel propeller. Image courtesy of

nickel-aluminium bronze (CuAl8Ni6), which is suitable for this type of
components because it has superior performance in terms of strength,
resistance to corrosion and cavitation. For this sample component of
dimensions 750 x 750 x 270 mm and 45 kg of weight, a cold metal
transfer type of WAAM was used (Vipra XP proprietary technology) and
it took just 10.5 h to print with a deposition rate of 4.6 kg/h. After
printing, the propeller had to be post-processed to obtain a smooth
surface using a CNC tool.

Demonstrating WAAM’s scalability for components exceeding 1 me-
tre is the “WAAMpeller”, the world’s first class-approved 3D-printed
ship propeller (Damen Shipyards Group, 2017). Developed by a con-
sortium including Damen Shipyards Group and RAMLAB, this 1.3-metre
diameter, 400 kg propeller was fabricated from corrosion-resistant NAB
alloy wire over 298 continuous layers. Following near-net shape depo-
sition, it also underwent extensive CNC milling to meet strict hydrody-
namic surface tolerances. Installed on a Damen Stan Tug 1606, it passed
rigorous sea trials and received full Bureau Veritas certification, validat-
ing WAAM’s capability to manufacture massive, highly loaded marine
structures that comply with stringent classification society standards.

Beyond WAAM, other thermal energy-based DED processes — such
as Laser Metal Deposition (LMD) and Electron Beam Additive Manu-
facturing (EBAM) — offer additional capabilities. These systems utilise
focused energy sources (laser or electron beam) to melt metal powder
or wire feedstock, enabling the production of near-net-shape parts
with high precision. While these methods typically offer lower deposi-
tion rates than WAAM, they provide superior control over microstruc-
ture and are increasingly used for high-performance alloys in marine
propulsion and repair applications.

Having established the primary kinematic architectures and ma-
terial deposition technologies (thermoplastics and WAAM), it is im-
perative to evaluate how these manufacturing methods impact the
long-term reliability of the final component.

4.4. Mechanical integrity and fatigue

While the static strength of LFAM components often rivals that
of cast or even wrought counterparts, their long-term performance
under cyclic marine loads remains a primary subject of industrial
validation. The layer-wise deposition inherent to both WAAM and
thermoplastic extrusion introduces specific microstructural character-
istics — such as porosity, residual stresses, and anisotropy — that
distinctively influence fatigue life compared to traditional subtrac-
tive manufacturing (Kok et al., 2018). However, recent studies and
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standardisation efforts demonstrate that when subject to rigorous post-
processing and qualification protocols, LFAM components can meet the
stringent durability requirements of the marine sector.

While a substantial volume of literature investigates the general me-
chanical properties of WAAM, the analysis herein focuses on a specific,
representative subset of recent studies. These were selected because
they explicitly provide quantitative data on high-cycle and low-cycle
fatigue limits under pre-corrosion or simulated marine environments,
thereby directly addressing the degradation mechanisms relevant to
offshore structures.

Research on WAAM indicates that as-built components typically
exhibit reduced fatigue life compared to wrought alloys, primarily
due to surface roughness acting as stress concentrators and internal
defects serving as crack initiation sites. For marine-grade steels and
Nickel-Aluminium Bronze (NAB), studies have shown that the “as-
built” fatigue limit is significantly compromised by the notch effect
of the layer ripples (Shakil et al., 2024). However, this is effectively
mitigated through standard post-processing:

+ Surface Finishing: Machining the surface to remove the outer
roughness layer has been proven to restore fatigue performance
to levels comparable with cast materials (Pegues et al., 2018).
Thermal Treatment: Post-process heat treatments are essential to
relieve the residual thermal stresses induced by the rapid cooling
rates of the arc process, further stabilising the microstructure
against cyclic crack propagation (Wu et al., 2018).

Defect Tolerance: Fracture mechanics analyses suggest that
while gas pores are inevitable, they are generally small enough to
be contained within standard safety factors if process parameters
are stable. The fatigue behaviour is often dominated by surface
defects rather than internal porosity, reinforcing the value of
machining critical surfaces (Kasperovich and Hausmann, 2015).

To reflect the latest experimental campaigns, it is essential to con-
sider recent data on both low-cycle and high-cycle fatigue. Recent
investigations into the microstructural effects on the high-cycle fa-
tigue properties of WAAM martensitic stainless steel, alongside the
influence of pre-corrosion environments on the fatigue response of
additively manufactured nickel-aluminium bronze, demonstrate that
prolonged exposure to corrosive environments significantly accelerates
crack propagation rates compared to in-air testing. However, combin-
ing appropriate surface machining with targeted heat treatments has
been proven to successfully restore high-cycle fatigue limits to near-
wrought levels, even under aggressive marine conditions (Cheng et al.,
2023; Roshan et al., 2026).

For polymer composites, the primary fatigue challenge lies princi-
pally in the “Z-axis” or inter-layer bond strength. Under cyclic loading,
failure frequently occurs via delamination between layers rather than
within the filament itself (Sun et al., 2020). In marine environments,
this is compounded by the potential for seawater saturation, which can
degrade the matrix-fibre interface (Stankovic et al., 2024).

Furthermore, extended seawater immersion studies on fibre-
reinforced polymer composites reveal that the degradation of me-
chanical properties and structural integrity due to hydrothermal sea-
water ageing severely compromises the inter-layer bond specifically
under low-cycle fatigue, underscoring the necessity of marine-specific
protective coatings (Yalcinkaya et al., 2025; Alsaadi et al., 2025).

However, design strategies such as alternating layer orientations
(e.g., +45°) and the use of continuous fibre reinforcement have been
shown to significantly retard crack growth. Furthermore, manufactur-
ers increasingly apply “knock-down” factors or “derating” coefficients
during the design phase, similar to those used for traditional GRP lam-
inates, to conservatively account for long-term property degradation.

The concern regarding fatigue is ultimately an issue of quality assur-
ance rather than a fundamental technology flaw. Major classification
societies, including DNV and ABS, have established specific guide-
lines (e.g., DNV-ST-B203) that shift the focus from generic material
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properties to “qualified processes” (Junghans et al., 2020). By cate-
gorising components based on their criticality (e.g., load-bearing vs.
non-structural) and mandating rigorous non-destructive testing (NDT),
witness builds, and destructive testing of production coupons, the
uncertainty regarding fatigue life is managed (Honarvar and Varvani-
Farahani, 2020). Consequently, if an LFAM component is properly
designed with appropriate safety factors, post-processed to remove
stress raisers, and validated against class society standards, its fatigue
performance might be functionally equivalent to certified traditional
marine structures.

To properly contextualise the current state of the art, it is essen-
tial to balance foundational AM literature with very recent domain-
specific developments. Recent comprehensive reviews have meticu-
lously documented the leap in large-format polymer extrusion capa-
bilities (Pignatelli and Percoco, 2022; Goh et al., 2024). Similarly,
the understanding of WAAM has rapidly evolved from foundational
process overviews (Wu et al., 2018) to cutting-edge analyses of process-
structure-properties linkages (Zhang et al., 2024). Furthermore, this
technological maturation is now being directly translated into the mar-
itime sector, as highlighted by the latest reviews focusing exclusively
on additive manufacturing applications for marine vessels and offshore
structures (Peterson, 2022; Belvisi et al., 2024; Sozen and Neser, 2025).

4.5. Standards and certification landscape

The increasing adoption of LFAM across industrial sectors has un-
derscored the urgent need for comprehensive standards that address
design integrity, process qualification, and sustainability. In contrast to
small-scale additive manufacturing, LFAM typically involves pellet-fed
extrusion of thermoplastics or fibre-reinforced composites at the metre
scale. This shift in scale introduces new technical challenges, including
variability in feedstock quality, machine calibration and validation,
dimensional accuracy over large build volumes, and subsystem-level
energy efficiency. These aspects become particularly critical in marine
engineering applications, where structural components are exposed to
demanding operational environments and must comply with rigorous
safety, performance, and durability criteria, e.g. Gonzales and Kujala
(2021).

In this context, the role of international standards is pivotal. As
summarised in Table 2, existing frameworks from ISO/ASTM and SAE
provide structured guidance across multiple domains, including design
optimisation, quality assurance, process validation, data interoperabil-
ity, and environmental management. Although many of these standards
were originally developed for metal powder bed fusion or small-scale
extrusion systems, their underlying principles — such as traceability,
repeatability, and process control — are also applicable to LFAM.
Moreover, several standards are currently being revised or extended to
explicitly accommodate polymer-based LFAM and composite processes.

For marine applications, LFAM offers promising opportunities in
the fabrication of lightweight yet robust components, such as hull
segments, tooling structures, and outfitting elements. In these cases,
adherence to established standards is not only beneficial but essential.
It ensures that printed parts meet certification requirements, facili-
tates reproducibility across manufacturing sites, and supports long-term
integration of LFAM technologies into regulated maritime and naval
sectors.

Beyond generic ISO/ASTM standards, major marine classification
societies have recently introduced dedicated guidelines specifically
tailored to the qualification of AM processes and parts for the marine,
offshore and energy domain. For instance, DNV has continuously up-
dated its DNV-ST-B203 standard, which now provides a comprehensive
framework for both metallic and polymer AM parts, including specific
metrics for carbon footprint and guidance on part-family qualification.
Similarly, the American Bureau of Shipping (ABS) has published its
Requirements for Additive Manufacturing, detailing standardised pro-
cesses for qualifying 3D-printed materials, equipment, facilities and
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parts for marine and offshore applications. Furthermore, Lloyd’s Reg-
ister (LR) has recently released updated Guidance Notes for the Man-
ufacture, Testing, and Certification of Additive Manufactured Metallic
Parts and separate Guidance Notes for Polymer Additive Manufacturing
Certification, shifting from a generic industrial approach to one focused
on marine and offshore service. These frameworks are pivotal for tran-
sitioning LFAM from prototyping to the deployment of mission-critical,
class-approved marine assets.

4.6. Fit of LFAM to marine requirements and added features

Given the harsh operational conditions earlier described, materials
and manufacturing approaches must ensure both mechanical dura-
bility, particularly fatigue resistance, and corrosion resistance over
extended service time-frames.

Especially for MRE installations, sustainability and circular econ-
omy goals are increasingly influencing marine engineering. This has
spurred interest in recyclable thermoplastics such as polypropylene
(PP), high-density polypropylene (HDPP), and polyethylene terephtha-
late glycol (PETG), which are compatible with LFAM. Compared to
classic GRP, thermoplastic-based LFAM components can reduce lifecy-
cle carbon emissions by up to 22% (Caracol AM, 2026). Economically,
LFAM enables cost savings through near-net-shape manufacturing, re-
ducing both raw material waste and post-processing requirements.
For example, hybrid WAAM-machining systems have demonstrated
component cost reductions of approximately 72% (Feier et al., 2023).

4.7. Additional features of LFAM for marine applications

LFAM offers significant advantages for marine manufacturing. On-
site or near-site fabrication reduces transportation costs and enables
just-in-time production, especially critical for offshore deployment.
The ability to fabricate complex geometries through digital work-
flows allows for topology optimisation, integrated functionality, and
material-efficient designs. Therefore if LFAM is applicable, this can
eliminates the need for large moulds or dies, shortening lead times
and lowering initial tooling investments. These benefits are particularly
valuable for custom or low-volume marine components, pilot devices of
limited sizes, marine turbine blades, buoyancy modules, and geometric
articulated components. To facilitate the selection of the most appro-
priate method for these applications, Table 3 provides a brief summary
of the two primary LFAM technologies — Thermoplastic extrusion
and Metal WAAM — highlighting their distinct feedstocks, deposition
capabilities, and specific advantages for the marine sector.

4.8. Roadmap and evolution of marine LFAM applications

The current implementation of LFAM in the marine sector follows
an evolutionary pattern of application. Initially, adoption focussed
on tooling, moulds, and non-critical secondary parts, where the pri-
mary goal was reducing manufacturing lead times without the need
to confront stringent structural certification. As the technology ma-
tured, applications progressed to functional prototypes and complete
small craft. Additional, notable case studies in this domain include
the 3Dirigo, a 25-foot vessel produced by the University of Maine
in 2019, which holds the record as the largest 3D-printed boat fab-
ricated in a single operation using carbon fibre-reinforced thermo-
plastic. Similarly, the MAMBO (Motor Additive Manufacturing Boat),
launched in 2020 by Moi Composites, demonstrated the feasibility of
continuous fibre-reinforced composites for complex, wave-inspired hull
geometries. Further commercial implementations are exemplified by
thermoplastic-printed vessels like the Beluga, as well as production runs
by companies such as Tanaruz and CEAD (CEAD Group, 2024), which
utilise recycled polymers to prioritise circular economy principles in
small boat manufacturing (Ziétkowski and Dyl, 2020).
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Currently, the industrial frontier has advanced to mission-critical,
highly loaded components that demand rigorous certification. A land-
mark achievement in this area was the fabrication of the world’s first
class-approved WAAM marine propeller by Damen Shipyards Group
and RAMLAB in 2017, a 1300 mm diameter, 180 kg bronze com-
ponent certified by Bureau Veritas (He et al., 2020; Lampros and
Zervaki, 2026). The offshore sector has also accelerated this transition;
for instance, Vallourec and TotalEnergies recently deployed the first
WAAM-produced pressure-containing waterbushing and load-carrying
lifting plugs (capable of bearing 100 metric tonnes) in the North Sea,
validating the technology for safety-critical marine operations (Caron
et al., 2025).

Extrapolating this trajectory into a forward-looking roadmap, near-
term developments will likely focus on increasing the TRL for marine
demonstrators and accumulating robust, well-documented case studies.
In the mid-term, the sector anticipates the first class-approved primary
LFAM structures and the consolidation of standardised certification
workflows. Ultimately, the long-term scenario envisions widespread
industrial adoption, where full primary load-bearing structures — such
as MRE floaters — and complex multi-material modules are routinely
printed and seamlessly integrated with multi-use offshore platforms
(Choi et al., 2024).

5. Innovative 3D-printable materials

Research on suitable and new materials is crucial for the adoption of
LFAM in the marine sector. Innovations include recyclable thermoplas-
tics, corrosion-resistant metals, and fibre-reinforced hybrid solutions
tailored for underwater or load-bearing applications. Circular material
strategies, such as using recycled polymers or biodegradable binders,
contribute to sustainability goals and reduce life-cycle environmental
impact. The selection of suitable LFAM materials must consider not
only mechanical and environmental performance but also cost, print-
ability, and regulatory compliance. Given the scope of this study, only
some examples of feasible materials for marine use are provided in this
section.

5.1. Polymers materials

The preparation of plastics for additive manufacturing (AM) in-
volves a multi-level industrial supply chain, each stage contributing to
the transformation of raw chemical inputs into high-performance ma-
terials suitable for 3D printing, Fig. 12. This process can be structured
into four distinct levels:

Level 1—Monomers: The supply chain begins with monomers,
which are the fundamental chemical building blocks. These are
typically in liquid or gaseous form and undergo polymerisation
reactions to form long-chain macromolecules known as polymers.
Level 2—Polymers: The resulting polymers are usually processed

into pellet form. At this stage, materials are chemically stable
but might lack the specific mechanical, thermal, or rheological
properties required for AM applications.

Level 3—Compounded Polymers: Polymers are then compounded
with additives, fillers, reinforcements, or other polymers to tailor
their properties. This compounding process results in customised
polymer blends, still in pellet form, optimised for specific AM
technologies or performance requirements.

Level 4 (optional)—Filaments: Finally, the compounded pellets
are extruded into filaments through a controlled thermal and me-
chanical process. These filaments are the final feedstock used in
filament-based additive manufacturing processes, such as Fused
Filament Fabrication (FFF).
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Table 2
Standards and guidelines relevant to Large-Format Additive Manufacturing.
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Standard (Date) Name

Relevance to LFAM

ISO/ASTM 52910:18 Design—Requirements, guidelines

ISO/ASTM 52901:17

ISO/ASTM 52920:23

AMS7011 (SAE), 22 EB-PBF Preforms—Ti-6Al-4V—HIP

ARP7042 (SAE)

Design of AM Components in Aircraft

Material extrusion (polymer) and LFAM-focused

General principles—Purchased AM parts

Qualification principles—Ind. AM processes

AM design rules for robust LFAM geometry and reduced
waste.

Procurement criteria and traceability for LFAM part
qualification.

Site-level qualification: process control, personnel, equipment.

Aerospace spec; reference for high-criticality AM
qualification.

Certification planning and risk flow-down for LFAM in
aerospace.

ISO/ASTM 52903-1:20 Mat. extrusion—Part 1: Feedstock

ISO/ASTM 52903-2:20 Mat. extrusion—Part 2: Equipment

ASTM F3529-21

ASTM F3489-23
Validation, capability, data and reporting

Guide—Design—Mat. Extrusion (Poly)
Guide—Mat. handling & static prop.

Feedstock specs for pellet-fed LFAM: moisture, size, melt
flow.

Hardware/process requirements for LFAM setup and
acceptance.

Design guidance for LFAM: bead size, raster, overhangs.

Best practices for LFAM polymer testing and reporting.

ISO/ASTM 52902:19
1SO 17295:2023

ISO/ASTM 52950:21
ISO/ASTM 52915:20
ASTM F2971-13(21)

ISO/ASTM 52900:21
EHS and energy management

Test artefacts—Geometric capability
AM—Part positioning, coordinates

Overview of data processing

Fundamentals and vocabulary

Reporting Data for AM Test Specimens

Additive Manufacturing File Format (AMF)

Accuracy/distortion mapping for LFAM build volumes.
Coordinate/orientation rules for LFAM and machining.
AM data chain for LFAM job tickets and traceability.
Rich geometry/metadata format for LFAM builds.
Harmonised reporting for LFAM material datasets.

Controlled terminology for LFAM documentation.

UL 2904

1SO 50001:2018
Marine Classification Society Guidelines

Particle/chemical emissions

Energy management systems

Emissions limits for LFAM enclosures and ventilation.

Framework to improve LFAM cell energy performance.

DNV-ST-B203 Additive manufacturing

ABS 322
2022)

LR Guidance Notes (Metallic)

LR Guidance Notes (Polymer)
2024; update Jul 2025)

Requirements for Additive Manufacturing (July

Guidance Notes: AM Metallic Parts (Jun 2024)

Guidance Notes: Polymer AM Certification (Apr

Qual. framework for AM metals and polymer for energy &
maritime; includes CO, appendix (Nov 2025 ed.).

Standardised qualification of AM facilities, feedstock & parts
for marine and offshore.

Goal-based certification to meet class requirements for ships
and offshore.

Goal-based certification for polymer AM parts in marine and
offshore service.

Table 3

Comparison of key features between Thermoplastic LFAM and Metal LFAM (WAAM) for marine applications.

Feature Thermoplastic LFAM (Pellet extrusion)

Metal LFAM (WAAM)

Primary Technology Material Extrusion (FGF/BAAM)

Feedstock State Thermoplastic pellets (often fibre-reinforced)
Deposition Rate

Marine Advantages
recyclability.

Key Limitations
lower thermal limit.
Typical Applications

Post-Processing

Cost Drivers

High (typically 10-50 kg/h depending on nozzle)

Corrosion immunity, high specific strength (buoyancy),

Anisotropy (Z-strength), UV degradation (needs coating),

Hulls (small vessels), superstructures, moulds/tooling, buoys.

Surface smoothing, coating/painting, minimal machining.

Material cost (specialty pellets), machine volume.

Directed Energy Deposition (DED-Arc)
Standard welding wire (Steel, Al, Ti, NAB)
High (> 10 kg/h for steel/Al alloys)

High structural integrity, ductility, isotropic potential, repair
capability.

High thermal stresses (distortion), significant post-process
machining required.

Propellers, structural joints, ribs, heavy-duty repair/spare
parts.

Stress relieving (heat treatment), CNC machining for
tolerances.

Energy consumption, post-processing (machining) time.

As materials progress through each level of the supply chain, ad-
ditional processing steps — such as polymerisation, compounding,
and extrusion — introduce increasing levels of complexity, energy
consumption, and quality control. Consequently, the cost of the ma-
terial increases significantly at higher levels, particularly at Level 4,
where the material is fully processed and ready for direct use in usual
small-scale 3D printers.

Standard 3D printers normally use polymers in filament form
(1.75 mm/ 2.85 mm diameter) for producing parts via a fused filament
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fabrication (FFF) process. FFF is compatible only for suitable polymers
having adequate material properties that allow a reliable extrusion.
Filaments are created in advance and can be found on the market in
various blends, typically priced at over ten times the cost of the original
raw materials (pellet form). The quality of the filament influences
considerably the success of 3D prints. The larger the object being
printed, the greater the risk of failure. Therefore, usually, filaments
are used for producing small components, normally not exceeding 1
m?3. Usual FFF filaments are PLA (Polylactic Acid), ABS (Acrylonitrile
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Level 1 — Monomers

‘@ Polymerization

Level 2 — Polymers (pellets)

g, Compounding
Level 3 — Compounded
Large-scale

polymers (pellets)
AM production

@ Extrusion

Level 4 — Filaments

Industrial process chain for
preparing AM plastics

Fig. 12. Levels of the industrial supply chain for additive manufacturing
plastic preparation.

Butadiene Styrene), Nylon and reinforced variances. Although several
plastic materials options exist, ranging from flexible, high-performance
materials to transparent.

Mainly for large-scale components, pellet systems appear to be
much more suitable because do not require the filament prepara-
tion process (Kumar et al., 2022). Polymer pellets are small, typically
spherical or barrel-shaped granules a few millimetres in diameter,
available as raw materials in the plastic marketplace. Common types
include ABS, PP (Polypropylene), HDPE (High-Density Polyethylene),
LDPE (Low-Density Polyethylene), PVC (Polyvinyl Chloride), and PET
(Polyethylene Terephthalate). Plastics, defined as organic high poly-
mers that retain shape after force is removed, are broadly categorised
into thermoplastics, elastomers, and thermosets.

Thermoplastics, which can be repeatedly melted and reshaped with-
out significant chemical degradation, are further divided into semicrys-
talline and amorphous types. Semicrystalline polymers, with 10%-80%
crystallinity, have ordered molecular structures and distinct melting
points, while amorphous polymers have irregular molecular arrange-
ments and transition from rigid to rubbery states at their glass transition
temperature.

Thermoplastics are also classified by application into commodity,
engineering, and high-performance plastics. Commodity plastics, such
as PE (Polyethylene), PVC (Polyvinyl Chloride), PP (Polypropylene),
and PS (Polystyrene), are produced in large volumes for everyday
use and are cost-effective but have lower mechanical properties. PE
(Polyethylene), the most widely used, is versatile and can be tailored
in density and crystallinity to suit various applications, with HDPE
(High-Density Polyethylene) offering strength and LDPE (Low-Density
Polyethylene) providing chemical resistance.

Examples of typical LFAM materials used for marine applications
are summarised in Table 4. From the broader pool of identified litera-
ture concerning polymer feedstocks for additive manufacturing, these
specific examples were selected because they provide explicit, compara-
tive data on critical marine parameters — such as mechanical strength,
water absorption, and chemical resistance — ensuring a representative
rather than arbitrary cross-section of available commodity and engi-
neering plastics. HDPE is a low-cost, chemically resistant polymer with
excellent water resistance and recyclability, making it suitable for buoy-
ant or less structural-critical marine components. However, its poor
UV resistance and low mechanical strength limit its use in exposed or
load-bearing applications, e.g. Peterson (2022). PP is another promising
candidate, offering a lightweight, corrosion-resistant, and cost-effective
solution for marine use, e.g. Volpato et al. (2015), Moreno Nieto et al.
(2018). Nylon 12 can be used for LFAM and provides excellent strength
and durability, though its high cost and water absorption limit its
broader application, e.g. Garofalo et al. (2024). ABS is widely used for
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prototyping due to its printability and moderate strength, but it suffers
from poor UV resistance, e.g. Murdy et al. (2021). TPU, while flexible
and impact-resistant, is not suitable for structural parts, although it
is envisioned that may be relevant for specific use, for instance to
make fenders for marine use, e.g. Pinho and Piedade (2025). PLA is
biodegradable and easy to print, but its poor durability in outdoor
environments restricts its use if not well coated, e.g. Belvisi et al.
(2024). PETG offers a good balance of strength, chemical resistance,
and recyclability, making it a strong candidate for LFAM in marine
settings. However, its relatively low glass transition temperature (7, ~
80°C) poses a risk of thermal deformation; specifically, dark-coloured
components may soften due to heat accumulation under high solar
irradiance (Nieto and Molina, 2020), necessitating the use of reflective
coatings or light pigmentation.

On the market already exist high-performing AM materials in the
form of pellets that can be suitable for marine use. For instance, SABIC’s
portfolio of AM compounds for pellet-fed AM (Sabic, 2022) includes
high-performance thermoplastics such as ABS, PPE (Polyphenylene
Ether), PC (Polycarbonate), PEI (Polyetherimide), PC/PBT (Polycar-
bonate/Polybutylene Terephthalate blend), PESU (Polyethersulfone),
each reinforced with carbon or glass fibres to enhance mechanical
properties, Fig. 13. For marine applications, materials with low water
absorption, high dimensional stability, and resistance to hydrolysis are
critical. PPE-based compounds offer excellent moisture stability and
low thermal expansion, making them well-suited for marine environ-
ments (Pros: hydrolytic stability, dimensional stability; Cons: lower
strength than PC, limited high-heat resistance). PEI-based compounds,
provide superior strength-to-weight ratio and thermal resistance (Pros:
high temperature performance, low creep; Cons: higher cost, more
complex processing). PC/PBT blends offer improved chemical resis-
tance and low warpage (Pros: chemical resistance, processability; Cons:
moderate thermal performance, potential UV sensitivity). While ABS
and PC compounds are easier to process and cost-effective, their lower
resistance to moisture and thermal cycling may be less performing for
some marine applications.

5.1.1. Circularity and recycled pellet case studies

In addition to virgin and specific compounds, the transition to-
wards a circular economy in the maritime sector is driving significant
advancements in recycled thermoplastic feedstocks for large-format
printing (Murdy et al., 2024). This transition is increasingly supported
by industrial case studies demonstrating the viability of closed-loop
material life cycles. The process typically involves upcycling industrial
scrap and end-of-life materials by shredding them into small, uniform
flakes, which are subsequently repelletised and re-extruded as feedstock
for new large-format prints. Integrating these recycling processes di-
rectly into the LFAM workflow allows for the production of functional,
large-format components without severe degradation in mechanical
properties, thereby drastically reducing the environmental footprint
and material costs associated with massive marine prototyping and
structural production (Bas-Bolufer et al., 2025; Korey et al., 2025).

Recent implementations highlight the feasibility of this approach
across various industrial sectors:

» Composite Tooling and Moulds: Industrial collaborations have
demonstrated that thermoplastic composite trimming fixtures
and moulds can be efficiently recycled after their service life.
Large-format moulds are processed through single-shaft shred-
ders into uniform flakes (typically around 10 mm) and directly
re-processed in LFAM systems to manufacture new tooling, sig-
nificantly reducing dependency on virgin materials and lowering
logistics costs (CEAD Group, 2024).

Construction Formworks: In the civil engineering sector, large-
format 3D-printed polymer composite formworks used for cast-
ing precast concrete have been successfully recycled. Studies
show that after high-pressure washing to remove cementitious
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Table 4
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Example of thermoplastic materials used for marine applications, their properties and suitability of LFAM. Symbols: p = density, 5, = tensile strength, E =
Young’s modulus, 7, = thermal transition, W, = water absorption. Abbreviations: Chem. = chemical resistance, Mod. = moderate, Recycl. = recyclability, Print.

= printability score for LFAM.

Material p (g/cm?) o, (MPa) E (GPa) T, ° Q) Chem. uv Waps (%) Recycl. Cost (€/kg) Print. Ref.
HDPE 0.95 20 0.8 130 (Tm) High Poor 0.01 High 1.5 High Peterson (2022)
PP 0.90 30 1.5 160 (Tm) Good Mod. 0.01 High 1.8 High Moreno Nieto et al. (2018)
Nylon 12 1.02 75 1.7 178 (Tm) High Mod. 1.4 Low 15 Mid Garofalo et al. (2024)
ABS 1.04 40 2.1 105 (Tg) Mod. Poor 1.0 Med. 2 High Murdy et al. (2021)
TPU 1.20 45 0.05 180-220 (Tm) Mod. Mod. 1.2 Low 3 Mid Pinho and Piedade (2025)
PLA 1.24 60 3.5 150-180 (Tm)  Low Poor 0.5 High 2 High Belvisi et al. (2024)
PETG 1.27 50 2.0 85 (Tg) Good Mod. 0.2 High 2.5 High Moreno Nieto et al. (2021)
PPS 1.35 90 3.5 280 (Tm) Excell. Good 0.02 Low 12 High Roseman et al. (2016)
POM 1.41 70 3.0 165 (Tm) Good Poor 0.25 Medium 2.5 Low Roseman et al. (2016)
PVDF 1.78 40 2.0 170 (Tm) Excell. Good 0.04 Medium 8 Mid Roseman et al. (2016)
Gy x Oz Cfx Otz
Name Description (MPa) (MPa) (MPa) (MPa)
Polyetherimide (Easy Molding),
TSR 20% Carbon Fiber
Polyetherimide, 20% Carbon
PEI-20CF g
Fiber
Polycarbonate, 20% Carbon
PC-20CF :
Fiber
s Polycarbonate/Polybutylene :
""" Terephthalate, 20% Carbon Fiber |
e Flame Retardant Polycarbonate,
2 20% Carbon Fiber ‘
Polyetherimide, 20% Glass Fiber
PEI-20GF 94.04 39.14 137.56
s Acrylonitrile Butadiene Styrene, N 52 12529 3271
z 20% Carbon Fiber i : ¢ :
Polycarbonate, 20% Glass Fiber el V]
PC-20GF 87.32 | 4439  138.73
High heat PC- High Heat Polycarbonate., 20%
Eheiic e Hetbon ° 18645 1957 108.64 2833
20CF Carbon Fiber
Polyetherimide, 30% Mineral
PEI-30mGF g 83.53 131.43
Glass Fiber
Polyethersulfone, 20% Carbon
PESU-20CF : 82.65 24.82 105.14 37.38
Fibe
Polyphenylene Ether, 20%
PPE-20CF : 447 2132 99.01
Carbon Fiber
Polyphenylene Ether, 20% Glass
PPE-20GF i 68.34 27.75 103.39
Fiber
Acrylonitrile Butadiene Styrene,
ABS-20GF 6162 | 2161 9112

20% Glass Fiber

Fig. 13. Example of high-performing thermoplastics compounds for LFAM. Brighter colours indicate higher values. Based on data provided by Sabic (2022).

contamination, the thermomechanical recycling of these form-
works allows the material to be reused for printing new form-
works. While minor reductions in fibre length and material vis-
cosity occur, thermal stability and functional effectiveness are
maintained (Schweizer et al., 2024).

Wind Turbine Blade Upcycling: Addressing the massive waste
generated by decommissioned wind turbine blades, recent re-
search initiatives have successfully coupled repurposing methods
with LFAM. By shredding decommissioned glass and carbon fibre-
reinforced plastics (GFRP/CFRP) and compounding them with a
polymer matrix, the recovered fibres serve as reinforcement in
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new LFAM pellets. These recycled pellets have been subsequently
used to 3D print large structural elements (Henao et al., 2023).

These cross-sectoral case studies validate that integrating shredding
and repelletising processes directly into the LFAM workflow is not
only technically viable but essential for achieving scalable, sustainable
manufacturing in heavy industries, including the marine sector.

5.2. Metals

While a wide variety of metals can be processed using AM,
only a subset is suitable for the demanding conditions of marine
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environments. The selection of metals for LFAM in marine applications
is primarily guided by their corrosion resistance, mechanical strength,
and long-term durability.

Metals commonly considered for LFAM in marine contexts include:

Stainless steels: particularly austenitic and duplex grades, known
for their corrosion resistance and mechanical reliability.
Copper-nickel alloys: offer excellent resistance to seawater cor-
rosion and biofouling, making them suitable for piping systems
and heat exchangers.

Titanium alloys: valued for their high strength-to-weight ra-
tio and exceptional corrosion resistance, especially in deep-sea
applications.

Aluminium alloys: lightweight and corrosion-resistant, often
used in superstructures and lightweight marine components.
Nickel-based superalloys: provide superior mechanical perfor-
mance and corrosion resistance in extreme environments.

Among the most interesting applications there is nickel-aluminium
bronze (NAB), a material widely used in the maritime industry for
components such as ship propellers and pump housings. NAB offers
excellent resistance to corrosion and cavitation, making it ideal for
both manufacturing and repair of critical parts. Notably, recent ad-
vancements have demonstrated the feasibility of printing NAB even
in underwater conditions, expanding its potential for in-situ repairs
(Keshavarzan and Mohammadi, 2024).

Furthermore, conventional structural steels such as S355 are being
investigated as a baseline for developing new alloys with improved
corrosion resistance and AM compatibility (Ibrahim et al., 2024).

Beyond NAB and baseline structural steels, recent research has
increasingly focused on advanced marine-grade corrosion-resistant al-
loys for WAAM, specifically targeting highly demanding offshore and
ship components. Duplex and Super Duplex stainless steels (such as
ER 2209) have been successfully evaluated and processed via WAAM
to manufacture critical pressure-retaining components and automo-
tive/marine systems that must withstand aggressive, high-temperature
marine environments. The rigorous evaluation of their mechanical and
metallurgical properties, alongside the optimisation of heat treatment
temperatures, has proven essential in controlling phase composition,
enhancing mechanical strength, and maximising corrosion resistance
to meet stringent maritime operational standards (Aravind et al., 2025;
Karunanithi et al., 2026).

In addition to more established materials, research is actively ex-
ploring advanced alloys and composites tailored for marine LFAM.
These include functionally graded materials, which allow gradual tran-
sitions in composition or structure to optimise performance; nano-
structured metals, which enhance strength and corrosion resistance;
and corrosion-resistant metal matrix composites (Vafadar et al., 2021).

6. Surface roughness and drag effect

As established in Section 3 regarding severe hydrodynamic loads
and in Section 4 concerning the inherent “staircase” deposition of
LFAM technologies, managing the structural-fluid interface is a pri-
mary engineering challenge. One of the most distinct characteristics
of components produced via LFAM is the surface finish. Unlike the
smooth surfaces typical of moulded composite or steel-made parts,
LFAM components exhibit a periodic, corrugated surface texture re-
sulting from the layer-by-layer deposition process. This “stair-stepping”
effect is governed by the layer height (L,), which in pellet-based
extrusion typically ranges from 0.5 mm to over 5.0 mm. In the context
of marine hydrodynamics, this surface roughness (k,) can significantly
alter the boundary layer flow, leading to potential increases in skin
friction drag (Volino et al., 2011; Flack and Schultz, 2014). It must
be explicitly noted that the analytical expressions presented herein
are established, deterministic engineering parameterisations used for
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preliminary assessment, and do not constitute novel statistical mod-
elling or data fitting derived from this review. Understanding the
hydrodynamic penalty of LFAM roughness requires analysing the flow
regimes governed by the Reynolds number (Re), defined as:

-k M

Vv
where U is the flow velocity, L is the characteristic length of the
structure, and v is the kinematic viscosity of seawater (~ 1.19 X
10-¢ m2/s).

To estimate the drag penalty, the skin friction coefficient (C,) is
estimated by combining theoretical baselines for smooth and rough
turbulent flows. The smooth flow regime is governed by the ITTC-57
model-ship correlation line (White, 2016; Zeng et al., 2019; Wrzask,
2023):

Re

0.075
(log;o Re — 2)? @
For the rough regime, the maximum possible friction is calculated
using Schlichting’s formula for rough flat plates. This formula provides
a constant friction value that depends only on the characteristic length
(L) and the roughness height (k;) (White, 2016):

L =25
Chrough = <1.89+ 1.62 - logy <k—>> 3)
N

The final friction curve can be estimated by taking the maximum
of these two values, C; = max(Cy guoorn> C rougn)- This simple approach
captures the transition where roughness elements protrude through the
viscous sublayer, causing the flow to shift from a smooth behaviour to
a fully rough behaviour.

Cf,smooth =

6.1. Implications for different marine cases and mitigation strategies

The impact of LFAM-induced surface roughness on hydrodynamic
performance varies significantly depending on the specific operational
flow regime of the marine structure. Fig. 14 illustrates the relationship
between Reynolds number and skin friction coefficient for a structure
with length L = 10 m, assuming a standard seawater kinematic
viscosity of v ~ 1.19 x 10~® m? /s, thereby highlighting the deterministic
nature of these visualised engineering bounds. The plot compares the
smooth friction line (ITTC-57 correlation) against the friction caused by
LFAM surfaces with roughness values of k, = 0.5,1.0,2.0,and 4.0 mm.
As shown in the graph, at lower Reynolds numbers, the curves follow
the smooth line because the roughness is effectively submerged in the
boundary layer. However, as Re increases, the curves separate from the
smooth line and levelling off at a constant, higher value.

Such analysis highlights three distinct, overlapping operational
zones for marine devices:

» Wave Energy Converters (WECs): Characterised by oscillatory
motions and moderate flow velocities, WECs typically operate at
Reynolds numbers in the range of Re ~ 1.1 x 105 — 4.0 x 10°.
In this regime, the boundary layer is relatively thick, resulting
in a higher tolerance for surface irregularities. Consequently, as-
printed LFAM surfaces with standard layer heights (e.g., k, ~
2.0 mm) often remain close to the hydraulically smooth regime.
Furthermore, a distinction must be made regarding the hydro-
dynamic dominance of the device. For inertia-dominated struc-
tures — such as heaving point absorbers or floating platforms
— the hydrodynamic loads are primarily governed by radiation
and diffraction forces rather than viscous drag. In these spe-
cific scenarios, the relative contribution of skin friction to the
total hydrodynamic load is often negligible (Palm et al., 2018),
suggesting that labour-intensive surface smoothing may not be
required. However, for drag-sensitive devices, such as oscillating
surge converters or submerged flaps where viscous damping di-
rectly opposes the primary motion, the increased friction from
LFAM-induced roughness could introduce parasitic damping. In
such cases, the trade-off between manufacturing cost and power
capture efficiency must be carefully evaluated.
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» Tidal Energy Devices (TEDs): Tidal turbine blades operate in
a transitional to turbulent regime (Re ~ 4.0 x 10° — 2.0 x 107)
where lift generation is critical. In this zone, even moderate
roughness (k, ~ 0.5 — 1.0 mm) causes a distinct deviation from
the smooth friction line. Standard LFAM layers will trigger a
premature transition to fully rough turbulent flow, increasing
drag. For lifting surfaces, this roughness not only increases drag
but can severely degrade lift-to-drag ratios (Walker et al., 2014).
Therefore, TED blades printed via LFAM might require targeted
post-processing to achieve the necessary hydrodynamic efficiency
to not affect expected performances.

Small Vessels: Fast-moving displacement or planing hulls op-
erate at high Reynolds numbers (Re ~ 2.5 x 10® — 9.0 x 10%).
In this regime, the friction lines for all plotted LFAM roughness
values (k; > 0.5 mm) have fully separated from the smooth curve.
An untreated LFAM hull (k, ~ 4.0 mm) acts as a “fully rough”
plate, causing the friction coefficient to remain at a constant
value significantly higher than the smooth baseline. This can
result in a drastic friction drag penalty compared to a smooth
GRP hull (Demirel et al., 2017). Consequently, filling and fairing
appear to be mandatory post-processing steps for LFAM vessels to
ensure valid propulsion efficiency.

Out of the limited literature addressing the hydrodynamics of ad-
ditive manufacturing, this review focuses on a highly representative
subset of experimental studies that provide explicit, quantifiable data
on skin friction coefficients and layer-induced drag penalties. Several
recent studies have evaluated the surface roughness and hydrodynamic
drag penalties of desktop-scale polymer and metal AM foils, typically
tested in water or wind tunnels at moderate Reynolds numbers (Luznik
et al., 2020; De Maio et al., 2023). These foundational investigations
highlight that the inherent “staircase effect” of layer-by-layer depo-
sition prematurely triggers boundary layer transition and increases
skin friction compared to smooth hydrofoils (De Maio et al., 2023).
However, extrapolating these small-scale findings directly to Marine
Renewable Energy (MRE) devices or ship hulls presents a significant
scaling challenge (Belvisi et al., 2024). At the macro-scale characteristic
of LFAM processes like WAAM and BAAM, the geometric amplitude of
surface waviness is orders of magnitude larger. Furthermore, marine
structures operate at significantly higher realistic Reynolds numbers
(Re > 10°), where the boundary layer is fully turbulent and the
pronounced macro-roughness elements deeply penetrate the viscous
sublayer. Consequently, there is a need to extend the understand-
ing derived from small-scale AM hydrodynamics to establish how the
amplified, anisotropic roughness profiles of unprocessed LFAM sur-
faces uniquely alter flow separation, wake dynamics, and overall drag
on large marine structures, thereby highlighting the critical need for
scale-specific hydrodynamic modelling.

In scenarios where the inherent macro-roughness of LFAM yields
unacceptable hydrodynamic drag for performance-critical applications
— such as the hydrofoils of tidal stream turbines or the hulls of
high-speed vessels — extensive post-processing becomes mandatory. To
mitigate severe drag penalties and prevent phenomena such as prema-
ture boundary layer separation or cavitation, the printed surfaces must
undergo secondary finishing operations. These typically include CNC
machining, abrasive grinding, or the application of marine fairing com-
pounds and epoxy coatings. However, introducing these subtractive or
manual finishing steps significantly affect the primary techno-economic
advantages of AM. Post-processing proves exceptionally challenging
for the complex, topology-optimised geometries frequently targeted
by AM. When automated tool access is restricted by intricate curva-
tures, manufacturers are often forced to rely on highly labour-intensive
manual finishing. Because manual finishing is slow and prone to incon-
sistency, it drastically inflates the final cost of the marine component.
Consequently, to keep LFAM economically viable for these demanding
hydrodynamic applications, the printing process must be optimised to
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achieve a “near-net-shape”. This means depositing the material as close
to its final dimensions and desired surface smoothness as possible right
from the start, thereby minimising the need for expensive secondary
finishing.

6.2. Effect of print orientation and anisotropy

It is crucial to note that the surface roughness in LFAM is highly
anisotropic. The values previously discussed (k) represent an equiv-
alent sand-grain roughness (Garg et al., 2024); however, the actual
hydrodynamic interaction depends heavily on the orientation of the
printed layers (Xiong et al., 2018) relative to the flow direction. The
roughness height is geometrically determined by the layer height (L,)
and the local slope of the surface («) relative to the build plane. The
effective step height (4, ,) can be approximated as:

4

This geometric definition implies that roughness is maximised on
surfaces with shallow slopes relative to the print bed (stair-stepping)
and minimised on vertical walls. Furthermore, the drag penalty varies
based on the flow alignment:

hyry = Ly cos(a)

1. Longitudinal Alignment (Rails): When the flow is parallel to
the deposition layers (e.g., a hull printed with layers running
bow-to-stern), the fluid channels through the grooves. In this
“rails” configuration, the effective hydraulic roughness is sig-
nificantly lower, potentially shifting the performance from the
“coarse” curves in Fig. 14 toward the smooth baseline.

2. Transverse Alignment (Speed Bumps): When the flow runs
perpendicular to the layers, e.g. as discussed by Chivate and
Zhou (2024), the fluid must navigate over each layer bead, max-
imising form drag and turbulence production. This represents
the worst-case scenario for roughness penalties.

Therefore, design for marine LFAM must prioritise build orientation
not only for mechanical strength but also for hydrodynamics. By ori-
enting components such that critical high-velocity surfaces have layers
aligned with the streamlines, manufacturers can significantly mitigate
drag penalties without expensive post-processing.

Based on these hydrodynamic evaluations, three core design recom-
mendations are established for the subsequent workflow:

» Flow-Aligned Deposition: Whenever kinematically feasible,
components should be oriented so that the printed layers align
longitudinally with the primary fluid streamlines, minimising
transverse form drag.

Regime-Specific Finishing: Labour-intensive post-processing
should be strictly reserved for high-Reynolds applications (e.g.,
tidal blades, planing hulls), whereas inertia-dominated,
low-velocity devices (e.g., WEC floaters) can potentially tolerate
as-printed finishes.

Near-Net-Shape Optimisation: To preserve the techno-economic
benefits of LFAM, the slicing strategy and layer height resolu-
tion must be optimised to achieve the required surface tolerance
directly during deposition, reducing dependency on secondary
machining.

7. Workflow for LFAM of marine components

The implementation of LFAM for marine components necessitates
a shift from traditional linear manufacturing workflows. Recent frame-
works propose a multi-stage methodology that integrates material sci-
ence (Khajavi et al., 2021), computational design, and rigorous qualifi-
cation processes (Chen et al., 2022) to address the unique constraints of
the marine environment. The proposed approach, illustrated in Fig. 15,
combines technical analysis to facilitate expert-driven decision-making
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Fig. 14. Hydrodynamic impact of LFAM surface roughness (k,) on skin friction coefficient (C,) across Reynolds number regimes. The graph compares the ITTC-57
smooth correlation with roughness penalties for k; = 0.5,1.0,2.0,and 4.0 mm. Operational Reynolds Number ranges for Wave Energy Converters (WECs), Tidal
Energy Devices (TEDs), and Small Vessels are indicated by horizontal arrows and vertical delimiters.

Table 5

Proposed LFAM workflow steps to the preceding foundational sections of the review.

Workflow step (Section 7)

Foundational inputs

. Material & Technology Selection
. Re-design & Optimisation

. Printing Configuration

. Post-Processing Configuration

. Sample Evaluation

. Printing & Monitoring

. Certification & Compliance

NO U~ W=

Section 4 (LFAM Technologies), Section 5 (Materials)
Section 3 (Structural Loads), Section 4 (Fatigue)

Section 4 (Kinematics), Section 6 (Orientation/Anisotropy)
Section 6 (Hydrodynamic Roughness Mitigation)

Section 4 (Mechanical Integrity & Fatigue)

Section 4 (Digital Thread & Monitoring)

Section 3 (Marine Standards), Section 4 (Class Rules)

to guide development from concept to deployment. The following
subsections analyse the critical phases of this workflow, highlight-
ing key challenges and established methodologies identified in recent
literature.

The successful implementation of the seven-step workflow detailed
in this section relies heavily on the foundational parameters established
in the preceding chapters. Specifically, the structural and regulatory
constraints (Section 3) dictate the initial performance targets. The
selection of robotic kinematics and deposition technologies (Section 4),
combined with the specific polymer or metal material properties (Sec-
tion 5), directly governs the early design and optimisation phases.
Furthermore, the hydrodynamic drag penalties associated with layer
height and orientation (Section 6) establish the strict requirements
for the final post-processing and surface-finishing stages. To improve
navigability and demonstrate this interconnectivity, Table 5 maps each
workflow step to its corresponding foundational section.

7.1. Material and technology selection

Consequently, established selection frameworks extend beyond con-
ventional mechanical properties to incorporate the severe environmen-
tal considerations established earlier, such as corrosion resistance.

Current research emphasises that the foundation of any successful
LFAM application lies in the careful selection of both material and
additive manufacturing process. Consequently, established selection
frameworks extend beyond conventional mechanical properties to in-
corporate considerations such as corrosion resistance, water absorption,
UV degradation, and long-term structural stability in high-humidity and
saline environments.

Studies indicate that selecting an LFAM process compatible with a
broad range of factors — including, but not limited to, the material’s
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thermal behaviour, deposition rate, inter-layer bonding performance,
resolution, and build envelope — is critical (Vicente et al., 2023).
For instance, comparative analyses characterise pellet-based extrusion
systems as advantageous for their high deposition rates and scalability
(1 to 2 orders of magnitude faster than filament systems), though
often at the cost of dimensional accuracy and surface finish (Duty
et al., 2017). Crucially, this surface limitation must be evaluated against
the hydrodynamic regimes discussed in Section 6. As demonstrated
in previous Fig. 14, the characteristic roughness of pellet extrusion
(k, ~ 2 mm) typically remains within the admissible roughness limit
(k,qm) for WECs, rendering it a viable, low-cost option. Conversely,
for high-Reynolds applications like tidal blades or planing hulls, this
same roughness triggers the “fully rough” drag penalties identified in
Section 5, necessitating either a higher-resolution technology for post
processing or the allocation of budget for extensive surface finishing.

Conversely, WAAM is noted for offering excellent mechanical in-
tegrity for metallic structures, yet it demands precise control over
thermal gradients (Zhang et al., 2024) and residual stresses to mitigate
warping and anisotropy (Wu et al., 2018). These complex interde-
pendencies indicate that it is required the adoption of Multi-Criteria
Decision-Making methods, such as decision matrices or scoring frame-
works, to balance environmental performance, fabrication feasibility,
and application-specific priorities.

Within these frameworks, quantitative performance indicators —
such as fatigue strength, cost per kilogramme, and possible printability
indexes — might be normalised and weighted according to the func-
tional demands of the marine structure. For example, design strategies
for offshore energy components often prioritise fatigue endurance and
corrosion resistance (Adedipe et al., 2016), whereas those for aquacul-
ture cages (Chu et al., 2023) tend to emphasise material sustainability,
ease of handling, and production speed (Miranda et al., 2025). In
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Fig. 15. Ideal workflow for the Large-Format Additive Manufacturing of marine components, backed by recent literature.

all cases a multi-criteria approach is essential to ensure that both
functional and operational requirements are adequately addressed.

Furthermore, it is widely recognised that materials convention-
ally used in marine applications may not be directly transferable to
LFAM without significant trade-offs. Research into the anisotropic na-
ture of LFAM-produced parts — where mechanical properties vary
significantly between the build direction and in-plane directions —
demonstrates the necessity of validating structural performance in all
relevant load orientations (Kok et al., 2018). The literature suggests
that relying on generic material data is insufficient; instead, the use of
detailed datasheets or experimentally derived data for LFAM-processed
materials is essential to meet final application requirements. Even
commonly accepted materials such as polyamide or stainless steel have
been shown to exhibit reduced performance when printed via LFAM
due to issues like weak inter-layer adhesion or porosity, reinforcing the
need for a critical assessment of material suitability for both the target
environment and the chosen process.

7.2. Re-design and optimisation for LFAM

Following material and process selection, the design paradigm
adapts to leverage LFAM’s unique capabilities. While traditional marine
components are constrained by subtractive manufacturing or welding
standards — often resulting in conservative, over-engineered forms
— LFAM facilitates topology optimisation, integrated features, and
geometry simplification (reduced number of separate parts) (Ferndndez
et al., 2021; Mancuso et al., 2022). These capabilities open the door to
lighter, stronger, and more sustainable components.

Re-design strategies for LFAM encompass the removal of unneces-
sary supports, the segmentation of parts into print-compatible subunits,
and the adaptation of geometry considering build orientation to min-
imise distortion and improve mechanical performance. Crucially, the
design process accounts for the anisotropic behaviour inherent to addi-
tive manufacturing (Kok et al., 2018). Optimisation routines — driven
by finite element analysis and algorithmic design — are employed
to iteratively improve weight-to-strength ratios and reduce material
waste (Giannini et al., 2025).

Moreover, marine-specific design adaptations, such as integrated
watertight spaces, water-draining geometries, or novel surface patterns,
are incorporated at this stage (Sozen and Neser, 2025). This re-design
phase ultimately transforms LFAM from a mere manufacturing tool into
a facilitator of performance-driven innovation.

7.3. Printing configuration and strategy

Following material selection and geometric finalisation, the defini-
tion of the LFAM printing strategy constitutes a critical phase in the
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manufacturing workflow. This stage encompasses the determination of
key parameters such as layer height, deposition rate, toolpath planning,
build orientation, and thermal control. It is well-established that each
of these parameters directly governs the mechanical properties, dimen-
sional accuracy, surface finish, and internal stress distribution of the
printed component.

In the context of marine applications, characterised by large-scale
components and complex, multi-axial loading, the optimisation of print
strategy is paramount for balancing structural performance with pro-
cess efficiency. Research highlights that build orientation plays a sig-
nificant role in determining inter-layer bonding quality and mechan-
ical anisotropy. While horizontal builds are noted for reducing print
time and simplifying support structures, they are often associated with
weaker performance in the vertical axis due to limited inter-layer
adhesion (Sun et al., 2020). Conversely, vertical build orientations are
utilised to enhance strength in specific load-bearing directions, despite
the potential trade-offs regarding longer print times and increased
support requirements.

Thermal management represents a primary challenge, especially, in
metallic LFAM processes, particularly WAAM, where high deposition
rates induce significant residual stresses and thermal gradients. To
mitigate these effects, strategies such as inter-pass temperature control,
active cooling systems, and substrate pre-heating are frequently em-
ployed (Wu et al., 2018). The effectiveness of these measures correlates
strongly with the material’s thermal conductivity and specific energy
input. For metallic components, the integration of advanced print
simulation tools allows for the modelling of heat accumulation and the
prediction of distortion, enabling the proactive adjustment of process
parameters prior to fabrication.

The selection of printing parameters is typically grounded in tech-
nical documentation and process guidelines provided by material and
equipment manufacturers. These references supply critical baseline
data on layer heights, extrusion speeds, minimum wall thicknesses,
and temperature envelopes, which serve as prerequisites for ensuring
process reliability and print quality (Dahat et al., 2020).

Furthermore, the slicing stage — where 3D geometry is converted
into layered toolpaths — is identified as a determinant of the printed
part’s fidelity relative to its CAD model. The selection of slicing soft-
ware, resolution settings, infill strategies, and contour algorithms sig-
nificantly impacts geometric accuracy. Maintaining parts within ac-
ceptable tolerances is essential, particularly for mating components or
structures intended for tight-fitting marine installations. Techniques
such as adaptive slicing and rule-based path planning are explored in
current methodologies to improve accuracy and minimise defects (Hu
et al., 2022).
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Finally, to enhance both mechanical performance and surface qual-
ity, advanced strategies such as non-planar printing are increasingly
investigated. Unlike traditional planar deposition, non-planar print-
ing utilises curved paths that conform to the component’s geometry,
thereby reducing stair-stepping effects and improving inter-layer bond-
ing (Chakraborty et al., 2008). This approach is particularly advan-
tageous for curved or hydrodynamically sensitive marine structures,
where smooth finishes and isotropic strength distribution are critical
requirements.

7.4. Post-processing configuration

Post-processing in LFAM is defined not as an optional step but
as a fundamental requirement, particularly within marine applica-
tions where dimensional tolerances, surface roughness, and fatigue
life are critical performance metrics. This phase comprises a diverse
array of treatments, ranging from heat treatments and shot peening to
surface machining and coating application. The definition of the post-
processing strategy is inherently driven by the interaction between the
specific material properties and the functional operational envelope of
the component.

For instance, metallic components such as WAAM-produced steel
mooring brackets typically require post-build stress-relieving heat treat-
ments, followed by precision CNC machining of bolted interfaces to
meet tolerance and surface finish specifications. In contrast, thermo-
plastic structures like aquaculture panels fabricated via pellet-fed extru-
sion generally necessitate surface smoothing and the application of UV-
protective coatings to ensure long-term durability. For MRE devices,
and specifically floating hull components, post-processing protocols
frequently incorporate fibreglass reinforcement, protective coatings,
and antifouling systems to mitigate biofouling (Keeley et al., 2021).

Standard methodologies dictate that post-processing constraints be
integrated into the early design and manufacturing phases to guarantee
compatibility with part geometry, material behaviour, and functional
objectives. Additionally, the sustainability impact of post-processing
is a key consideration; excessive finishing operations risk diminishing
the environmental benefits associated with LFAM (Dias et al., 2022).
Accordingly, surface finish criteria are balanced against durability re-
quirements, with novel finishing techniques — such as robotic polishing
or eco-friendly coatings — being leveraged to optimise the production
footprint.

7.5. Sample printing and evaluation

Closely linked to the definition of post-processing protocols is the
validation phase. Before proceeding to full-scale printing, the pro-
duction of test parts or full subcomponents is established as a criti-
cal prerequisite. These samples serve the dual purpose of validating
material-process compatibility and calibrating post-processing routines.
In marine contexts, accelerated corrosion and fatigue testing are priori-
tised to derive insights into long-term performance under aggressive
conditions (Ermakova et al., 2022). Furthermore, the validation of
active mechanical components can be accelerated using robotised dry
test rigs to emulate hydrodynamic responses, bridging the gap between
numerical models and costly wave tank deployments (Salar et al.,
2026).

Evaluation protocols typically encompass tensile, flexural, and im-
pact strength assessments, complemented by advanced inspection tech-
niques such as CT scanning or microscopy for the analysis of inter-layer
bonding and porosity (Du Plessis et al., 2018). Mechanical perfor-
mance is benchmarked against theoretical design values and relevant
regulatory standards (e.g., DNV, ABS). Ultimately, the quantitative
feedback derived from this testing drives a closed-loop refinement of
print strategies, process parameters, and part geometries, ensuring that
performance deviations are rectified before resources are committed to
the final build.
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7.6. Component printing and monitoring

Following the design and the printing process validation, the ex-
ecution of the final print represents the materialisation of the LFAM
workflow. Process stability and quality control during this phase is
identified as primary determinants of component integrity, particularly
for assets intended for high-risk marine environments. Consequently,
industrial implementation relies on advanced monitoring architectures
— encompassing optical systems for computer vision, thermal imaging,
and in-situ sensors — to track print fidelity in real-time. These systems
facilitate the early detection of deviations in thermal profiles, bead
geometry, or material deposition, establishing a closed-loop control
mechanism that mitigates defect formation (Franke et al., 2025).

The paradigm of process monitoring in LFAM is shifting from pas-
sive data logging to active, Al-driven quality assurance. Recent liter-
ature highlights that the volume and complexity of data generated
during large-scale deposition — ranging from thermal histories to layer-
wise geometric profiles — exceed the capabilities of traditional statis-
tical process control (Ye et al., 2025). Consequently, Deep Learning
(DL) architectures, particularly Convolutional Neural Networks (CNNs),
have emerged as the dominant methodology for real-time defect classi-
fication. Studies demonstrate that CNN-based models trained on in-situ
optical, thermal, and acoustic imagery can identify surface anomalies,
such as lack of fusion or unstable bead geometry in DED and WAAM
processes, with accuracies frequently exceeding 95% (Cao et al., 2023).
Furthermore, the focus is expanding towards multi-sensor fusion, where
cross-attention neural networks and machine learning algorithms cor-
relate heterogeneous data streams (e.g., acoustic emissions, melt-pool
temperature, and arc voltage) to predict internal microstructural prop-
erties that are invisible to optical sensors. This in-situ prediction ca-
pability is critical for LFAM, as it allows for the interception of defects
before they propagate through subsequent layers. More recent advance-
ments propose the integration of these AI models into closed-loop
control systems. By utilising anomaly-driven Reinforcement Learning
(RL), systems can now autonomously adjust process parameters —
such as travel speed or material feed rate — in response to detected
anomalies, effectively minimising the need for post-process rework and
facilitating the certification of large marine structures (Dharmadhikari
et al., 2023; Schiirmann et al., 2025).

In the marine sector, digital traceability is aligning with emerging
regulatory frameworks for safety-critical and load-bearing components.
The aggregation of metadata — including process parameters, environ-
mental conditions, and sensor logs — into a comprehensive “digital
thread” is becoming a prerequisite for certification by classification
societies.

Furthermore, the substantial scale of marine components drives the
adoption of specific logistical strategies. Decentralised manufacturing
models, including on-site or near-site fabrication using mobile LFAM
platforms, are utilised to minimise transportation constraints and sim-
plify integration into larger offshore systems (Kostidi and Nikitakos,
2024). Within these distributed manufacturing scenarios, cross-site
consistency is maintained through rigorous printer calibration protocols
and standardised operating procedures.

Ultimately, the fabrication phase serves as the physical convergence
of material selection, design adaptation, and process configuration. It
functions not as the conclusion of the workflow, but as the precursor to
the mandatory stages of final qualification and compliance verification.

7.7. Final post-processing and certification

Following the additive manufacturing process, the component un-
dergoes a defined sequence of post-processing procedures tailored to
meet functional, structural, and regulatory mandates. These opera-
tions range from precision CNC machining, required to achieve critical
mating tolerances, to the application of surface treatments such as anti-
UV coatings or sealants. Mechanical finishing steps are systematically
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employed to improve surface integrity and mitigate stress concentration
factors that serve as initiation points for fatigue failure (Pegues et al.,
2018).

Compliance verification relies on the implementation of compre-
hensive quality control protocols. Standard methodologies encompass
dimensional inspections utilising 3D laser scanning, surface roughness
characterisation, and Non-Destructive Testing (NDT) methods includ-
ing ultrasonic inspection, X-ray, or dye penetrant testing—selected
based on material properties and component criticality (Honarvar and
Varvani-Farahani, 2020).

Certification regimes for marine and offshore components are gov-
erned by stringent standards established by classification societies such
as DNV, ABS, or Lloyd’s Register (Junghans et al., 2020) (See also
previous Section 3.3). As previously discussed, achieving this compli-
ance now directly relies on adherence to their recently established
and updated, AM-specific frameworks, specifically DNV-ST-B203, the
ABS Requirements for Additive Manufacturing, and the LR Guidance
Notes for AM parts. These bodies impose rigorous requirements re-
garding material traceability, process repeatability, and mechanical
performance. Conformance increasingly necessitates the submission of
a “digital thread”, which is a comprehensive data package comprising
material certificates, process logs, in-situ sensor data, and post-build
inspection reports.

Beyond structural certification, operational readiness is achieved
through the application of environment-specific protective measures.
These strategies include the deployment of antifouling coatings to resist
marine growth, hydrophobic treatments to minimise hydrodynamic
drag, and cathodic protection systems designed to prevent galvanic
corrosion in multi-material assemblies.

This final phase functions as the consolidation of all upstream
engineering decisions, transitioning the LFAM-printed structure from a
digitally conceived prototype to a qualified, operational marine asset.
Furthermore, it closes the decision-making loop by generating perfor-
mance data that informs the refinement of the methodology for future
manufacturing iterations.

8. Performance and cost metrics
8.1. Project-level metrics

The formulas presented in this subsection are utilised by project
developers and investors to estimate the macro-scale financial viability
of marine deployments, allowing for direct cost comparisons between
entire LFAM-manufactured arrays and conventional offshore farms.

The viability of marine structures and MRE devices depends not
only on their structural integrity or hydrodynamic performance, but
also on their economic feasibility in terms of production cost and com-
mercial scaling. Recent literature indicates that the adoption of LFAM
can drive significant economic efficiencies, with reported production
cost reductions reaching up to 30%-50% compared to conventional
subtractive or formative methods (Vicente et al., 2023). These figures
typically represent isolated or aggregated industrial case studies rather
than formal statistical averages. However, it is critical to note that
such margins are highly variable and contingent upon a complex
interplay of factors, including component topology, physical dimen-
sions, production batch size, material costs, and the extent of required
post-processing.

Given this variability, an effective cost advantage cannot be as-
sumed a priori; rather, it must be verified through rigorous quantitative
analysis specific to the target application. To facilitate such com-
parative evaluations, a set of standard techno—economic metrics is
typically employed to benchmark LFAM against traditional fabrication
strategies. These include capital expenditure (CapEx), operational ex-
penditure (OpEx), levelised cost of energy (LCOE), estimated cost per
unit (ECU), and discounted payback period (DPP). These indicators,
routinely applied in the evaluation of ships, offshore platforms, and
MRE converters, provide the necessary quantitative basis for early-stage
decision-making regarding the selection of fabrication methods.
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8.1.1. Capital expenditures (CapEx) and cost breakdown

Capital expenditure (CapEx) represents the total upfront investment
required to bring a marine energy project to operational status. For a
single device or an entire array, CapEx can be decomposed into several
cost components (Morthorst and Kitzing, 2016). This breakdown is
formalised as:

CapEx = Cyey + Cpop + Cipg )

Each term corresponds to a specific cost centre. Specifically, Cy,
represents device manufacturing and assembly, including the fabri-
cation of the energy converter, while Cy,p accounts for the balance-
of-plant, such as foundations, moorings, electrical infrastructure, and
other supporting systems. The term C;,, covers installation and com-
missioning, detailing offshore deployment activities, and Cgpy en-
compasses engineering, procurement, and project management ser-
vices. Additionally, C,, captures the costs associated with transporta-
tion and logistics. To account for financial uncertainties and required
upgrades, C.,,, provides necessary contingency allowances. Finally,
Ciecomyres 1S allocated for decommissioning reserves, which encompass
end-of-life obligations, retrofits, and provisions for the device’s life
extension (Nguyen et al., 2020).

At the device level, the Estimated Cost per Unit (ECU) aggregates
these same categories on a per-device basis (Giannini et al., 2022):

+ CEPM + Clog + Ccom + Cdecom,res’

+C el ), + e+ )

— D
ECU = Cdev BoP inst EPM log cont’

©

where the superscript (1) indicates that the cost is allocated per indi-
vidual unit. This metric is particularly useful for comparing different
device designs or scaling scenarios. A further normalisation is provided
by the Estimated Cost of Technology per MW (ECT), which relates total
CapEx to the installed capacity:

Total CapEx
P,

inst

ECT = [currency/MW], (@]

where P, is the nameplate (installed) capacity in megawatts. This
allows for direct comparison across technologies with different power

ratings.

8.1.2. Operational expenditures (OpEx)

Operational expenditures (OpEx) encompass all recurring costs in-
curred during the operational life of the project. These include sched-
uled and unscheduled maintenance, offshore servicing campaigns, in-
surance premiums, leasing fees, environmental monitoring, and on-
shore support operations. The annual OpEx in year ¢ is denoted as
Cop,- In many techno-economic models, a constant real annual OpEx
is assumed, such that C,,, = C,, for all .

8.1.3. Annual energy production (AEP) and capacity factor

The annual energy production (AEP) quantifies the net amount of
electricity generated by the system over a year. For a general MRE
device is calculated as:

AEP = P,

inst

-CF-8760-(1—L),

C))
where P, is the installed capacity in MW, CF is the net capacity factor
(a dimensionless ratio between 0 and 1), and 8760 is the number of
hours in a year. The term L represents aggregated losses due to avail-
ability issues, curtailment, electrical inefficiencies, and array effects.
This formulation provides a realistic estimate of the useable energy
output, accounting for both technical and operational constraints.

For WECs, the mean AEP is typically calculated using a perfor-
mance matrix approach, whereby device power output is correlated
with discrete sea states bins weighted by their occurrence frequency
in an average year. This method offers a favourable balance between
computational efficiency and fidelity, as detailed by Kofoed and Folley
(2016).

In the context of TEDs, AEP estimation methods can handle trun-
cated input data by leveraging the periodic nature of tidal resources.
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The International Electrotechnical Commission (IEC) suggests that at
least 90 days of data can suffice to estimate AEP, with uncertainty
quantification based on record length and tidal variability (Balestrino
et al., 2019; Xu et al., 2023).

8.1.4. Levelised cost of energy (LCOE)

The levelised cost of energy (LCOE) is a widely used metric that
expresses the average cost per unit of electricity generated over the
lifetime of the project, discounted to present value. This is a useful
metric in the context of the development of MRE or hybrid marine
energy devices. It is defined as:

n L +0+F+D,
=0 (1+ry
n E;
=1 (1+r)
In this expression, I, represents capital expenditures in year 7,

O, are operation and maintenance costs, F, are fuel costs (typically
negligible for wind, wave and tidal energy), D, are decommissioning
costs, and E, is the net energy produced in year ¢. The discount rate
is denoted by r (typically 6%-10% for MRE applications), and » is the
project lifetime in years (generally 20-25 years) (Branker et al., 2011).
Because the final LCOE value is highly sensitive to the chosen discount
rate and inherent uncertainties in early-stage capital expenditures,
parametric sensitivity analyses represent a standard engineering prac-
tice to establish credible cost bounds when evaluating novel additive
manufacturing methods.

For simplified cases where OpEx and energy production are constant
over time, and all CapEx is incurred at + = 0, the LCOE can be
approximated using the capital recovery factor (CRF):
CapEx - CRF(r,n) + O r(l+r)"

E ’ A+r=1"

This form is particularly useful for preliminary assessments and
parametric studies.

LCOE = ©

LCOE =~

CRF(r,n) = (10)

8.1.5. Payback period

The payback period is another key economic indicator, relevant to
LFAM, representing the time required for the project to recover its
initial investment. The simple payback period is defined as the smallest
integer N such that the cumulative net cash inflow equals or exceeds
the initial CapEx:
N
z C' > CapEx.
t=1

A more rigorous version is the discounted payback period (DPP),
which accounts for the time value of money:

Z '
(I +ry

> CapEx} .
1=1

This metric is particularly relevant for investors and stakeholders
evaluating the financial risk and return profile of MRE plants.

(€8]

N Cret

12)

DPP = min{N

8.2. Part-level material and energy estimation

At the micro-economic level, the following equations are employed
by manufacturing engineers on the shop floor to accurately predict
the mass, raw material requirements, and electricity consumption of
individual printed components prior to initiating the print job, Table 6.
LFAM, typically involving build volumes of 1 m? or greater, requires a
comprehensive evaluation of both material usage and energy consump-
tion. These estimations are essential for assessing production costs,
environmental sustainability, and overall life-cycle performance. The
following subsections present a set of analytical expressions used to
estimate material mass, electricity consumption and energy-related
costs.
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8.2.1. Material mass estimation
The mass of a printed part can be estimated using the following
expression:

Mpart = Ps Vsolid» finfill 13)

In this equation, p denotes the density of the printing material, ex-
pressed in kilogrammes per cubic metre (kg/m?). The term V4 refers
to the nominal volume of the part as defined in the CAD model,
assuming a fully solid geometry.

The infill factor fj,q; is a dimensionless quantity ranging from 0 to
1, representing the proportion of the internal volume that is actually
filled with material. For example, an infill of 0.5 implies that only half
of the internal volume is occupied. This formula allows for a realistic
estimation of the printed mass by scaling the theoretical solid mass
according to the chosen infill percentage. Such expression is normally
implemented in common 3D printing software to estimate required
material and printing time, e.g. Manford et al. (2022).

8.2.2. Electricity consumption per print

The energy required to deposit material during the printing pro-
cess is commonly quantified using the specific electricity consumption
(SEC), which measures the energy used per kilogramme of deposited
material. The total electricity consumed during the printing phase is
given by:

Eprint = Eggc - Mpart 14

Here, Egpc is the specific electricity consumption in kilowatt-hours
per kilogramme (kWh/kg), and m,. is the mass of the printed part.
Empirical data show that polymer-based LFAM typically exhibit SEC
values between 0.1 and 0.5 kWh/kg (Chen et al., 2024), representing
a range derived from multiple large-format printing samples, with an
established median of approximately 0.24 kWh/kg. In contrast, metal-
based WAAM processes are significantly more energy-intensive, with
reported SEC values ranging from 2.3 to 2.7 kWh/kg (Bekker and
Verlinden, 2018; Marqués et al., 2024), primarily based on individual
life-cycle assessment case studies rather than pooled statistical data.

8.3. Auxiliary electricity consumption

In addition to the energy used for material deposition, LFAM sys-
tems consume electricity through auxiliary operations. These include
pellet drying, HVAC systems, idle power draw, and inter-pass cooling.
The total electricity consumption for a complete print job is therefore:

Ejob = Eprint + Eaux (15)

In this expression, Ej,, represents the total energy consumed for the
job, combining both the printing phase (E,;,) and auxiliary sys-
tems (E,,). Depending on the process and environmental conditions,
auxiliary loads can be substantial. For instance, conditioned build
chambers or the use of hygroscopic materials requiring pre-drying may
significantly increase E, .

8.4. Smart-manufacturing aspects and dynamic energy costs

To capture the complexities of modern energy markets, these formu-
las allow facility managers to integrate dynamic electricity pricing into
their manufacturing schedules, optimising energy-intensive printing
phases eventually to coincide with off-peak tariff windows.

Standard techno-economic models for additive manufacturing typ-
ically quantify energy costs using a static average price, calculated as
the product of total energy consumption and a fixed unit rate:

C,

energy — Pelec Ejob 16)

Here, pe. denotes the electricity price per kilowatt-hour (€/kWh),
and Ej,, represents the total energy consumed. While sufficient for
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Table 6
Summary of LFAM energy and cost estimation formulas.

Formula Description

Mpart = P Veolid finfill Printed part mass

Eprine = Espc * Mpare Electricity for deposition
Ejob = Eprim + By Total job electricity

Cenergy = Pelec * Ejob Energy cost

Ejq, = Pty Real time energy assessment

small-scale rapid prototyping, this static approach often proves inad-
equate for LFAM of marine structures. Review of production logistics
indicates that fabrication cycles for large marine components — such
as turbine blades or hull sections — frequently extend over multiple
days (Post et al., 2021). Consequently, the manufacturing process
inevitably intersects with varying grid-level tariff structures (e.g., peak,
off-peak, or dynamic spot-market rates). Under these conditions, util-
ising a fixed average price fails to capture the significant economic
impact of temporal price volatility. To resolve these discrepancies,
more robust economic models propose expanding the cost function into
the time domain. This approach integrates the instantaneous power
demand of the LFAM system — which fluctuates based on process
states such as heating, extrusion, or cooling — with dynamic pricing
structures:

Thuild
Cenergy = /0 P(1) - pejec(n), dt a7)

where:

* Tyyiq represents the total duration of the print job (h).
* P(1) is the instantaneous power consumption (kW) at time 7.
* Delec(?) is the time-dependent electricity price (€/kWh).

In computational practice, this integral is approximated using a
discrete summation over slicing steps or time intervals (4¢;):

N
Cenergy ~ Z P - Pelec,i * At;

This dlylllamic formulation is critical for accurate Lifecycle Cost
Analysis in the marine sector. It enables the implementation of “smart
manufacturing” strategies (Karimi et al., 2021), where energy-intensive
phases — such as solid infill deposition — can be algorithmically
scheduled to coincide with low-cost tariff windows.

18

8.5. Direct power—time measurement and final process efficiency

Alternatively, for higher-resolution energy accounting, a direct mea-
surement approach can be preferred. If the average power draw of each
subsystem is known, the total energy consumption can be calculated as:

Ejob = ), Pesti
*

In this formulation, P, is the average power consumption of subsys-
tem k (in kW), and 7, is the duration of its operation (in hours).
This method enables disaggregation of energy usage across different
subsystems—such as extrusion, motion control, cooling, and idle states.

The values shown in Table 7 highlight a clear difference in energy
intensity between polymer-based LFAM and metal-based WAAM pro-
cesses. LFAM systems tend to be one order of magnitude less electricity-
intensive. However, auxiliary energy consumption (E,,,) can be signif-
icant, particularly when using hygroscopic pellets that require drying
or when operating in climate-controlled environments. In WAAM, non-
arc energy loads such as interpass cooling and fume extraction fans
are often important contributors (Bekker and Verlinden, 2018). For
this reason, it is essential to clearly indicate whether SEC values in-
clude auxiliary consumption, to avoid underestimating the total energy
demand.

19
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Concerning techno-economic and sustainability assessments of
LFAM, recent Life Cycle Assessment (LCA) and energy-assessment
studies provide critical quantitative benchmarks. For polymer-based
systems, real-time industrial-scale data acquisition on LFAM platforms
has quantitatively established their high energy efficiency. By map-
ping electricity usage across diverse printing jobs, these systems ex-
hibit clearly lower SEC than standard desktop material extrusion net-
works (Chen et al., 2024). Furthermore, the environmental footprint
is substantially lowered when bypassing energy-intensive intermediate
steps, such as filament extrusion. Direct pellet-fed large-format sys-
tems utilising upcycled biomass waste, such as spent coffee grounds
compounded with polyolefins, validate both structural integrity and
a drastic reduction in processing stages (Romani et al., 2024). The
operational efficiency of these systems can be further enhanced through
explainable artificial intelligence (AI), which quantitatively links ma-
chine printing parameters to explicit LCA impacts, demonstrating how
targeted parameter optimisation directly mitigates overall electricity
consumption (Zhu et al., 2026).

In the domain of metallic LFAM, WAAM, as well, demonstrates
highly favourable energy metrics. Recent quantitative analyses corre-
late deposition rates with SEC, proving WAAM to be the most energy-
efficient metallic additive manufacturing process currently available for
heavy structural components (Balidas et al., 2024). This is corrobo-
rated by direct industrial case studies; for instance, the fabrication of
heavy Inconel 625 impellers via WAAM reduced energy consumption
threefold and cut material waste from 85% to 35% when compared
to conventional subtractive machining (Sword et al., 2024). Prospec-
tive LCAs modelling the future industrial scaling of WAAM project
up to a 74% reduction in overall environmental impacts, while also
identifying argon shielding gas as the primary remaining contributor
to the process’s ecological footprint (Spreafico et al., 2026). However,
it is imperative to maintain a balanced perspective, as pre- and post-
processing stages can heavily skew these benefits. Critical assessments
reveal that the extensive CNC machining required to achieve final
tolerances on WAAM-deposited Ti-6A1-4V can trigger up to 25% higher
fossil energy consumption and a 32% higher climate change impact
than manufacturing the exact same part from conventional wrought
alloys (Lotwala et al., 2025), thereby underscoring the absolute neces-
sity of achieving near-net-shape deposition to truly realise the proposed
sustainability goals.

9. Additional key concepts and discussion

LFAM introduces a paradigm shift in the design-to-manufacturing
workflow, particularly for marine applications. Unlike traditional fabri-
cation methods, which often involve several stages (Murdy et al., 2021)
and exponentially rising costs with increased geometric complexity,
LFAM enables the direct fabrication of complex, performance-driven
geometries with minimal tooling and setup. This opens the door to
advanced design strategies, such as topology optimisation (also using
filling structural patterns e.g. Zheng et al. (2019)) and bio-inspired
structures, which can now be realised at scale. To support such a trend,
examples of new structures are provided by optimised metal compo-
nents (Yang et al., 2024) and new possible ship structures (Armanfar
et al., 2024).

Despite these advantages, several challenges remain. One of the
most pressing is the absence of standardised guidelines and certification
protocols for LFAM components in marine environments. This gap
hinders broader adoption, particularly for safety-critical applications.
Additionally, there is limited empirical data on the long-term perfor-
mance of LFAM-fabricated parts under real marine exposure, including
corrosion, fatigue, and biofouling.

Process reliability and quality assurance are also areas of active
research. Variability in deposition quality, thermal gradients, and resid-
ual stresses can affect part integrity. Emerging solutions include the in-
tegration of machine learning algorithms and computer vision systems
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Table 7
Reported SEC values for LFAM processes.

Applied Ocean Research 173 (2026) 105122

Process

SEC [kWh/kg]

Reference

LFAM (polymer, pellet-fed)
Generic WAAM LCA (approx.)
WAAM (stainless steel, 1 kg/h)

2.46
2.72

0.10-0.50 (median 0.24)

Chen et al. (2024)
Shah et al. (2023)
Bekker and Verlinden (2018)

for real-time monitoring and control of extrusion parameters. Post-
process verification using 3D scanning technologies offers a scalable
approach for dimensional and surface quality assessment, especially in
high-throughput production scenarios.

Scalability is another key advantage. Robotic systems mounted
on rails or gantries can extend the build volume, while conveyor-
based print beds allow for continuous, unattended production. These
innovations support the transition from prototyping to industrial-scale
manufacturing.

Sustainability considerations are also gaining traction. The use of re-
cycled or circular materials in LFAM is technically feasible, though cur-
rently limited by high costs and certification barriers. A more mature
supply chain could significantly reduce these constraints and enhance
the environmental performance of LFAM processes.

Finally, for new components development and manufacturing, a
closed-loop workflow between design, process parameters, and mate-
rial characterisation is essential. Iterative testing of printed samples
ensures that mechanical and environmental performance targets are
met, enabling the refinement of both digital models and manufacturing
settings.

9.1. Emerging trends and future scenarios

To fully realise the potential of LFAM in the marine sector, future
development is anticipated to progress along several critical emerging
trends:

- Standardisation, Al-supported qualification, and digital
traceability: The establishment of dedicated certification pro-
tocols for LFAM components is critical. A plausible near-term
application includes the qualification of secondary structures,
which will pave the way for the mid-term goal of producing
the first class-approved primary load-bearing structures. This will
rely heavily on robust digital traceability to ensure transparent
compliance with classification societies.

Integration with smart manufacturing, closed-loop process
control, and digital threads: The adoption of multi-sensor fu-
sion will enable real-time defect correction. For example, de-
ploying closed-loop AI control during WAAM deposition can au-
tonomously ensure the structural integrity of complex geometries,
simultaneously generating the complete digital thread required by
regulators for the certification of mission-critical assets.
Circular feedstocks and recycled materials: Transitioning to
sustainable feedstock streams is essential for minimising life-
cycle environmental impacts. Concrete applications include the
fabrication of large-scale, modular WEC floaters or aquaculture
infrastructure using reinforced, end-of-life maritime plastics or
recycled thermoplastic pellets.

Hybrid manufacturing routes and mobile LFAM: Decentralised
manufacturing models will overcome the logistical constraints
associated with transporting massive marine structures. Future
scenarios envision mobile LFAM robotic units and hybrid manu-
facturing routes — combining additive deposition with automated
subtractive finishing — deployed directly at shipyards, ports, or
offshore hubs for rapid, on-demand fabrication and repair.

To provide a structured overview of the immediate hurdles and
the corresponding pathways forward, Table 8 explicitly maps the main
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technological challenges in marine LFAM against current research pri-
orities. This synthesis highlights how issues such as anisotropic ma-
terial behaviour, harsh environmental exposure, and the lack of con-
solidated standardisation require targeted, multi-disciplinary research
efforts (Kok et al., 2018; Junghans et al., 2020; Liu et al., 2026).

10. Conclusion

This paper covers a set of trends and a comprehensive framework
for applying Large-Format Additive Manufacturing (LFAM) for marine
components, including both thermoplastic and metal-based technolo-
gies. Key aspects and methods, not limited to offshore requirements,
overview of major LFAM technologies, materials, and economic metrics
have been reviewed. The major findings of this review are summarised
as follows:

» Materials Evaluation: A focused evaluation of materials has
identified a subset of polymers and metals particularly suited
for marine use with focus to components of marine renewable
devices and small vessels. These include fibre-reinforced thermo-
plastics for structural applications and corrosion-resistant metals
such as nickel-aluminium bronze, stainless steels, and titanium
alloys for submerged or load-bearing components. These mate-
rials offer a balance of mechanical performance, durability, and
environmental resistance.

Hydrodynamic Efficiency: The critical role of surface roughness
was evaluated based on indicative quantitative figures. The anal-
ysis distinguishes between flow regimes: while “as-printed” sur-
faces may suffice for diffraction-dominated structures like Wave
Energy Converters operating at lower Reynolds numbers (Re <
4.0 x 10°), post-processing strategies are identified as mandatory
for high-Reynolds applications — such as tidal blades (Re ~ 4.0 x
10° — 2.0 x 107) and fast vessels (Re ~ 2.5 x 10° — 9.0 x 108) — to
mitigate significant high skin friction implying drag penalties.
Workflow Development: By aligning LFAM capabilities with the
specific demands of marine structures, a structured 7-step work-
flow has been identified that synthesises methodologies applied in
recent works—ranging from material selection and design optimi-
sation to post-processing and quality verification. This framework
underscores that every phase, from the initial material-technology
pairing to the final certification, is equally critical. Ultimately,
the systematic execution of these steps ensures that manufactured
components attain the requisite quality standards to guarantee
reliability and survivability in challenging offshore environments.

The adoption of LFAM in marine engineering has far-reaching im-
plications. It enables greater design freedom, reduces manufacturing
complexity, and supports sustainability through the potential use of
recycled materials. Moreover, LFAM facilitates rapid prototyping and
iterative development, which is especially valuable in emerging sectors
like marine renewable energy.

The shift toward digital, automated manufacturing is crucial for
meeting growing demands for sustainability, performance, and cost-
efficiency. Traditional methods are limited in design flexibility, rapid
iteration, and integrated hybrid designs, particularly in customised or
low-volume production settings. LFAM overcomes these challenges,
offering on-demand production, easy design modifications, and im-
proved material utilisation. These advantages are particularly impor-
tant for new MRE device concepts that still require significant R&D to
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Table 8

Applied Ocean Research 173 (2026) 105122

Summary of main technological challenges and research priorities for LFAM in marine engineering

applications.

Theme

Technological challenges

Research priorities

Material Durability &
Environment

Process Stability &
Quality Assurance

Hydrodynamics &
Surface Finish

Certification &
Standardisation

Z-axis anisotropy, water absorption, UV
degradation, and biofouling impact on
inter-layer bonds.

Thermal distortion in WAAM,
inconsistent bead geometry, and internal
porosity acting as fatigue initiators.

High drag penalties caused by
layer-induced surface roughness
(“stair-stepping”) in high-Reynolds flows.

Absence of marine-specific LFAM
class-society rules; difficulty in validating
massive, monolithic structures.

Long-term characterisation of printed
polymers and WAAM alloys in seawater;
development of marine-specific
protecting coatings. (Stankovic et al.,
2024; Ermakova et al., 2022)

Integration of multi-sensor fusion and
Al-driven closed-loop control for
real-time defect correction during
deposition. (Love et al., 2025; Liu et al.,
2026)

Optimisation of non-planar printing
toolpaths to align with fluid streamlines;
automated, low-cost robotic finishing
techniques. (Chivate and Zhou, 2024;
Wu et al., 2018)

Establishment of robust “digital thread”
protocols; derivation of acceptable safety
factors and NDT frameworks for printed

parts. (Junghans et al., 2020; Honarvar
and Varvani-Farahani, 2020)

reach higher technology readiness levels. Using LFAM could maintain
R&D costs low, enabling fast progress to higher TRLs. However, the
realisation of these advantages is not automatic; suitable economic
metrics—such as those reviewed in this work—are required to quan-
titatively evaluate the comparative benefit of LFAM versus traditional
manufacturing. Similarly, rigorous assessment is essential to substan-
tiate anticipated potential environmental benefits of opting for LFAM
regarding pollution reduction and sustainability.

While this study centred on polymeric and metallic workflows,
concrete-based materials LFAM represents a growing area of interest.
This technology was not detailed in the current review due to its
nascent phase within the marine environment, where peer-reviewed
case studies and data on long-term resilience are currently limited.
Additionally, questions regarding the comparative sustainability of
marine-grade printable concrete remain to be addressed. As the tech-
nology matures, however, future work should specifically investigate
concrete LFAM to assess its potential role in fabricating gravity-based
foundations and coastal infrastructure.

Ultimately, this study serves to support both the theoretical and
practical domains of applied ocean research. From a theoretical per-
spective, the work offers a preliminary baseline that directly links
marine environmental constraints—such as hydrodynamic drag and
seawater corrosion—to specific LFAM material selection and process
parameters. Practically, the proposed workflow benefits the ocean en-
gineering industry by providing a systematic pathway to reduce lead
times, lower prototyping costs for low-TRL MRE devices or other ma-
rine structures, and implement decentralised, circular manufacturing
strategies directly at shipyards and offshore sites.

Future research should prioritise the validation of LFAM-fabricated
components under real-world marine conditions, including long-term
exposure to saltwater, mechanical fatigue, and bio-fouling. Industrial-
scale pilot projects will be essential to assess scalability, process sta-
bility, and cost-effectiveness. Additionally, the development of a com-
prehensive material-process-performance database will be critical to
support informed decision-making and accelerate the integration of
LFAM into mainstream marine manufacturing.
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