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ABSTRACT

The aim of this study was to explore the potential of using digital twins to enhance the accuracy and reliability of
additive manufacturing under marine operating conditions. A comprehensive theoretical and analytical framework
was developed for creating a digital twin for wire arc additive manufacturing (WAAM) in marine engineering, in
which external destabilising factors were taken into account. It was found that without digital control, under conditions
involving vibrations (0.2-3 Hz), temperature differentials of up to 500°C and platform instability, the risk of defect
formation was increased. The numerical values reported here were derived from modelling results, a review of the
literature, and analytical generalisation of published WAAM and digital twin data, rather than from new full-scale
offshore experiments. The use of digital twins can enable real-time monitoring of parameters such as the wire feed speed
(2-10 mm/s), arc power (300-1200 W), and feed angle (20-45°), thus allowing the heat transfer to be optimised and
residual stresses to be reduced. Modelling-based synthesis and analytical generalisation of published data show that
the implementation of this framework reduces the number of defective zones from 18 to four per component, decreases
the energy consumption per part from 6.2 to 4.1 kWh, and improves the dimensional repeatability from £0.9 to +0.25
mm. Digital twins also allow the printing trajectory to be adapted to current conditions through integrated sensors
and deformation modelling, thereby ensuring operational reliability on offshore platforms. The use of digital twins is
therefore critically important for improving the accuracy, energy efficiency, and operational reliability of WAAM in
marine environments.
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INTRODUCTION

The use of metal additive manufacturing is becoming
increasingly widespread across various industrial sectors, due
to its capacity to fabricate complex, large-scale components
with high precision and efficient material usage. A recent
review has also confirmed the broader development of metal
additive manufacturing approaches, such as friction-based
processes, as alternatives aimed at improving mechanical
properties and reducing some limitations of fusion-based
deposition [1]. Wire arc additive manufacturing (WAAM) is
of particular scientific interest; this involves the formation of
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large metallic components through layer-by-layer deposition
of wire melted by an electric arc, a cost-effectiveness process
with high productivity [2, 3, 4]. However, it is sensitive to arc
instability, heat accumulation, residual stresses, and geometric
deviations, which can reduce the quality and reliability of
finished parts. These limitations become especially significant
in marine engineering, as production on offshore platforms
and vessels is affected by vibration, temperature fluctuations,
high humidity, and dynamicloads [5]. Under such conditions,
traditional methods for monitoring and controlling the
additive manufacturing process prove inadequate. Digital
twins, virtual replicas of physical processes that are integrated
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with real-time monitoring and control systems, represent an
effective tool for addressing these issues. Their application
not only enables the prediction and prevention of defects
but also allows the production parameters to be adapted to
changing operational conditions.

Trygubov and Kryshchuk [6] demonstrated that the
integration of digital twins with sensor systems can
significantly reduce the number of defects in the WAAM
process, thereby enhancing the overall fabrication accuracy
of metallic parts. The use of digital models enables real-time,
rapid adjustment of production parameters, ensuring effective
control over the manufacturing process for complex and
large-scale structures. Waheed and Bernadin [7] showed that
it was essential to account for vibrations and dynamic loads
within digital models to improve the stability of additive
manufacturing in marine environments, where external
factors often change unpredictably. The implementation of
such models can help to prevent structural defects associated
with mechanical oscillations. Peng et al. [8] found that
managing thermal regimes via digital twins substantially
reduced internal stresses and metal deformation, with
direct impacts on the durability of finished products. The
importance of precise temperature control during layer-by-
layer deposition in order to prevent microcracks was also
emphasised. Daneshian et al. [9] highlighted the necessity
of continuous humidity monitoring to prevent corrosion-
related defects in additive manufacturing within a marine
environment, where high moisture levels can adversely affect
the quality of the deposited metal. Digital twins effectively
integrated data on external climatic conditions, thereby
allowing the technological process to be adapted. Mu et al.
[10] demonstrated that adaptive control of the wire feed speed
enhanced the stability of the welding arc and the quality
of the deposited layer, reducing the likelihood of defect
formation. Dynamic regulation of this parameter was shown
to be an important aspect of the successful application of this
technology on unstable platforms.

Jyeniskhan et al. [11] explored the potential of machine
learning with digital twins in terms of defect prediction and
process optimisation, and showed that this could significantly
reduce setup and testing times. These approaches enable
the complex interrelationships between the production
parameters and final product quality to be taken into account.
Shahir et al. [12] investigated the integration of digital twins
with computer-aided design/computer-aided manufacturing
(CAD/CAM) systems to minimise distortions during model
transfer to production, thereby improving manufacturing
accuracy. The importance of this integration for the additive
manufacturing of complex marine structures was noted.
Halme et al. [13] demonstrated the feasibility of using digital
twins for the on-site repair of metallic components directly
aboard ships, which was found to reduce downtime and costs.
These technologies were shown to significantly enhance the
autonomy and mobility of service teams. Chen et al. [14] drew
attention to the need to consider the effects of salt spray and
the marine climate when modelling additive manufacturing
processes, as these factors accelerate corrosion and affect the

properties of metals. Methods for adapting digital models to
account for these specific conditions were proposed. Chen et
al. [15] emphasised that digital twins should be tailored to
the specificities of offshore platforms to ensure the reliability
and quality of manufactured parts, which are essential for
operational safety. The role of digital models in advancing
predictive maintenance and extending the service life of
structures was highlighted.

However, the comprehensive influence of combinations
of external factors on the real-time dynamic adaptation of
digital twins has been insufficiently studied, and universal
methodologies that take into account operational risks are
needed for the application of digital twins across different
types of marine structures. Existing studies have mainly
examined individual aspects of this problem, such as sensor
integration, vibration effects, thermal regulation, humidity
control, defect prediction, or digitalisation within the ship
industry, and the combined impact of these factors on WAAM
control under unstable marine operating conditions has not
been sufficiently systematised. This creates a research gap at the
intersection of WA AM process modelling, disturbances in the
marine environment, and digital-twin-based adaptive control.
The novelty of the present study lies in the development of a
conceptual and analytical framework that links technological
parameters with external marine factors, defect prediction,
and real-time corrective mechanisms within a single digital
twin logic for marine engineering applications.

The aim of this study was to analyse the use of digital
twins to optimise the WAAM process in marine engineering
under unstable marine operating conditions, such as platform
motion, vibrations, temperature fluctuations, and high
humidity.

The objectives of the study were as follows:

1. Toexamine the main external destabilising factors that
affect the stability and quality of additive manufacturing;

2. To assess the potential of digital twins in terms
of monitoring and adaptively controlling process
parameters in real time;

3. To analyse examples of the integration of digital twins
within related high-tech industries in order to identify
promising solutions for the marine environment.

MATERIALS AND METHODS

In this research, a comprehensive effort was made to
substantiate the need for and develop the concept of a digital
twin for WAAM technology under marine engineering
conditions. The study was conceptual and analytical in design,
and was based on secondary data synthesis, modelling-based
interpretation, and comparative analysis of published WAAM
and digital twin solutions rather than on new experimental
testing. This was done through synthesis of the secondary
literature, a comparative analysis of process parameters,
a modelling-based defect assessment, and a comparative
case analysis of the implementation of digital twins. The
investigation commenced with a detailed analysis of the
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WAAM process itself, which involves the layer-by-layer
deposition of engineering alloys for marine and large-
structure applications, including steels, aluminium alloys,
titanium alloys, and the nickel aluminium bronze systems
discussed in the reviewed WAAM literature, using arc
welding and wire feed. The primary focuses of this study
were high production rates, with build speeds of up to 15-20
cm’/min, low cost, and the capability to work with large-
scale metallic components of several metres in length [16].
This approach enables the efficient creation and restoration
of large structures, which is crucial for shipbuilding and the
operation of offshore platforms.

A comparative analysis of the main parameters of the
WA AM process, such as the arc power, wire feed speed, torch
travel speed, wire feed angle, substrate temperature, was
conducted. The influence of external oscillations was also
considered with regard to their effects on the geometry of
the deposited layer, microstructure, porosity, residual stress
formation, and suitability for marine repair conditions [17,
18]. To assess the impact of these parameters on the quality of
the deposited layers and the part geometry, generalised data
on the thermal energy of the arc/laser, wire feed mechanics,
torch path trajectory, feed geometry, substrate thermal
regime, and external mechanical vibrations were used, as
presented by Tasdemir and Nohut [19]. This analysis enabled
the identification of the primary dependencies and factors
influencing the structure formation, density, and geometric
characteristics of the manufactured parts, forming the basis
for the construction of digital twin models.

A significant phase of the research involved systematising
the main types of defects characteristic of WAAM, such as
thermal cracking, porosity, and distortion. Based on the
review by Gunasegaram et al. [20], numerical methods for
predicting these defects within digital twin frameworks
were identified and analysed. Thermo-mechanical finite
element method (FEM) models, which take into account
thermal and mechanical loads, were used to model thermal
cracking, and porosity was predicted using computational
fluid dynamics (CFD), including turbulence and phase
transitions. Layer-by-layer thermal models were employed to
assess distortion and delamination, while phase-field models
and cellular automata were used to predict microstructural
changes. Phase-field models were chosen because they allow
microstructural evolution to be simulated through continuous
field variables describing the phase distribution, grain
growth, and interface movement during repeated heating and
cooling cycles. This modelling focus is also consistent with
review evidence showing that thermal history, cooling rate,
interfacial phenomena, and process strategy strongly affect
microstructural evolution in additively manufactured marine
and dissimilar alloy systems [21, 22]. In cellular automaton
models, microstructure formation is represented through
discrete cells and local transformation rules, making it possible
to estimate the grain morphology, solidification patterns, and
spatial heterogeneity in the deposited metal. In the context of
WA AM under marine operating conditions, a combination of
these models is important because thermal instability, cyclic
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cooling, vibration, and corrosion-prone environments can
influence phase transformations and fatigue-sensitive zones
in the final component. ANSYS software was used to model
thermal cracking, porosity, distortion, and microstructural
changes. These methods enabled the prediction of potential
defects prior to the commencement of the deposition process,
which is of fundamental importance for adaptive control in
complex marine conditions.

To evaluate the impact of digital twins in terms of improving
production performance, the application of digital simulation
and monitoring systems in WA AM technology was analysed.
Based on data from Lee and Yang [23], several methods
for optimising process parameters and deposition quality
were examined, namely thermo-mechanical optimisation
of the torch path, wire feed control with compensation for
overheating, a combined CFD+FEM analysis for correcting
process parameters, reduction in thermal exposure time,
modelling of the geometric layer, and automatic analysis of
deviations from the digital model. These approaches allow
for significant increases in productivity, reductions in energy
consumption, and decreases in the number of defective zones,
thereby improving the precision and reliability of additive
manufacturing.

An analysis of digital twin applications in two related
industries, aerospace and shipbuilding, was also conducted.
These industries were selected as comparative examples
because they provide the most similar transferable contexts
when assessing digital twins in marine WAAM. In aerospace
applications, digital twins are used in high-precision
additive manufacturing under strict constraints on fatigue
resistance, thermal stability, and defect prevention, whereas
shipbuilding represents the most directly relevant field for
large-scale metallic structures exposed to vibration, corrosion,
dimensional constraints, and repair-related downtime. These
examples were not chosen as general industrial cases but as
technologically comparable references in order to identify
solutions that could be adapted to ship repair, oftfshore
platforms, and marine maintenance systems. Specific cases
were examined that involved the implementation of digital
models for managing WAAM processes by companies such
as HowCo [24], the European Space Agency (ESA) [25], and
Damen Shipyards Group [26]. These methods enabled a
comprehensive analysis of existing technological solutions.

RESULTS

WA AM is one of the most promising methods for metallic
additive manufacturing. Its underlying principle involves the
layer-by-layer formation of a component through the melting
of a metallic wire by an electric arc. This approach enables
the creation of large-scale metal structures at a relatively high
rate and at a significantly lower cost compared to traditional
casting or machining methods. WAAM is characterised by
its capacity for rapid adaptation to different geometries and
the possibility of using a wide range of metals and alloys,
from steel to titanium [16].



However, despite its considerable advantages, WAAM
technology is associated with a number of technological
challenges. Among the most important issues are distortion
during material cooling, residual stresses, variations in
mechanical properties between layers, and arc instability.
Furthermore, the process is heavily dependent on the external
environment: ambient temperature, humidity, and vibration
can significantly affect the quality of the deposition and the
structure of the final product.

WA AM technology is in significant demand within marine
engineering due to the need for rapid fabrication and repair
of large-scale metal structures. On offshore platforms and
vessels, there is often a need to restore elements such as
stiffeners, columns, flanges, brackets, and other load-bearing
components. The ability to perform rapid deposition directly
on board a ship or platform can substantially reduce the
equipment downtime, lower costs, and enhance reliability.
Under these conditions, it is not only the deposition technology
itself that is important; precise process control, adaptation to
external conditions, and prediction of the future quality of
the component are also essential, and can only be ensured
through the implementation of digital twins (Table 1) [17, 18].

Table 1. Main technological parameters of WAAM and their influence on
product quality in marine engineering

the literature, which reflect typical WAAM conditions and
the specific instability of marine engineering environments.
They were not treated as experimentally fixed limits but as
representative values as a basis for assessing how digital twins
can monitor, compare, and adapt process parameters under
platform motion, vibration, temperature fluctuations, and
high humidity. This approach is consistent with recent review
evidence that the quality of the WAAM process depends on
the interaction between operational parameters, material
behaviour, defect formation, and process stability [3].

From Table 1, it can be seen that the main technological
parameters of the WAAM process significantly influence
the quality of manufactured components, particularly under
marine engineering conditions. Arc power, ranging from 300
to 1200 W, determines the penetration depth and width of the
deposited bead, and affects the grain size and metal density.
The wire feed speed, within the range 2-10 mm/s, controls
the layer height and droplet formation, thus affecting the
geometric accuracy of the part. The torch travel speed (5-50
mm/s) influences the bead overlap and deposition uniformity,
contributing to a reduction in porosity and defects [18]. The
wire feed angle (20-45°) determines the bead orientation
and shape, affecting the material density and the quality of
interlayer fusion. The substrate temperature (100-500°C)

plays an important role in reducing shrinkage
Process Influence on i i i i
Data type Value range uen Controlled effect |  distortion and residual stresses, ensuring shape
parameter quality stability and microstructural characteristics.
3001200 W External V1b1jat10ns with a frequency of
(WAAM) 0.2-3 Hz (typical of offshore platforms) can
Penetration o cause trajectory shifts and local overheating;
Arc/laser Thermal Up to 2000 W Grain size, . K
. depth, bead _ however, accounting for and correcting these
power energy (directed energy . density ° .
N width allows for arc stabilisation and adjustment
deposition, L .
DED) of the deposition path, an essential aspect of
. maintaining consistent product quality under
Wire feed Feeding > 10 , La}:ler hjlfht, Geometrical marine operating conditions.
speed mechanics T e ropie accuracy Despite its promise, WAAM technology
formation . iy .
remains sensitive to unstable environmental
Head travel Motion o Bzad Off.rlap, ?inimiiationd conditions, especially within the specific
- mm/s eposition Of porosity an i 1 1
speed rajectory positic P y context of marine engineering. On offshore
uniformity defects platforms and ships, additive manufacturing
Feed Orientation Deposition is subject to the influence of multiple factors,
inclination Geometry 20-45° and shape of density, such as vibration caused by engines and drilling
angle deposited bead | interlayer fusion | equipment, sharp temperature fluctuations, and
Sub Thermal Shrinkage Shape high air humidity, which can affect the stability
tu mat:‘ efma 100-500°C distortions, stability and of the welding arc, uniformity of deposition,
mper T regim .
emperature egime residual stresses | microstructure and the final properties of the component.
Under these conditions, a system is required
that is capable not only of recording these
Oscillation External 0.2-3 Hz Trajectory | ¢ stabilisation, | influences but also of analysing and promptly
(excter nal disturbance (Platfor.m deviation, .local path correction | compensating for them during the production
environment) mechanics) overheating process itself [27]
In a WAAM process, a digital twin

provides continuous monitoring of key
process parameters such as current, voltage,

Source: compiled by the author based on Tasdemir and Nohut [19]

The parameter ranges in Table 1 were selected as
analytically generalised operating intervals, drawn from

temperature, wire feed speed, and others. This enables real-
time tracking of the alignment between current conditions
and optimal ones, and allows for any parameter adjustment
needed to prevent defect formation. The digital twin facilitates
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early identification of potential defects, such as undesirable
microstructural phases, areas of residual stress concentration,
and porosity, thereby permitting corrective adjustments to
process parameters, for example by altering the arc power,
wire feed speed, or cooling regime, to minimise these
deviations and ensure high deposition quality [28].

A distinctive feature of marine engineering is that
production and repair processes may occur under mobile
rather than stationary conditions, for instance on board a
vessel on the open sea. The presence of an intelligent system
that can adapt a process to the motion of the platform, the
influence of sea wind and saline moisture, and vibrations
from operating machinery is therefore crucial. It is precisely
the digital twin that enables the creation of a closed-loop
control system in which the model continuously compares its
predictions against reality, identifies deviations, and suggests
corrective actions [29].

Without the implementation of a digital twin, WAAM
technology loses a significant portion of its potential for
marine environments. The absence of adaptive control leads
to inconsistent quality when manufacturing complex and
critical parts in an unstable environment. The digital twin
acts as an essential element of the production system, enabling
the integration of WAAM into marine engineering, with
its high demands for reliability, precision, and resilience to
external influences (Table 2).

Table 2. Predicted defects and modelling approaches using digital twins
in metal additive manufacturing

quality and reliability. The primary types of defect, such
as hot cracking, porosity, delamination, remelting, droplet
formation, microstructural changes and fatigue initiation
sites, arise from various physical causes, for example rapid
cooling, overheating, non-uniform stress distribution, or
internal material fatigue. To model these defects, digital
twins are used with a range of numerical methods: thermo-
mechanical FEM can predict hot cracking with high accuracy
(up to 90%), whereas CFD accounts for turbulence and gas
dynamics and can assess porosity with a detection probability
of 70-80%. Stratified thermal models are used for layer-by-
layer analysis of thermal stresses and delamination, while
heat flow and melt pool tracking help to control remelting and
droplet formation. Microscopic grain growth models, such as
phase-field and cellular automaton, predict microstructural
changes, and cyclic finite element analysis (FEA) assesses
fatigue zones. Integrating these models into digital twins
enables identification of most defects prior to printing, thus
significantly enhancing the quality and reliability of the final
product.

When used to control the WAAM process under marine
engineering conditions, a digital twin is a multi-component
system that can reproduce, analyse, and predict both the
physical and operational characteristics of the manufactured
components. Its structure must account not only for the
parameters of the technological process itself but also for
the numerous external destabilising influences characteristic
of the marine environment.

The physical model of the digital twin

. Modelling Type of Probability of includes a description of the key processes
Defect Physical cause method digital model detectlf)nt.prlor to occurring during WA AM: formation of the
rintin . . . oy
. . P § welding arc, wire melting, deposition, and
Rapid cooling Thermo- Thermo- material cooling. It encompasses geometric
. under high . . . o . .
Hot cracking hardness mechanical mechanical High (up to 90%) mode]hng of the accumulatlng layers,
conditions simulation FEM allowing for accurate calculation of the final
Turbulence and part shape and identification of potential
Porosity (gas Overheating, gas dynamics Multiphysics | =\ 4erate (70-80%) | deviations from design dimensions. A
inclusions) air entrainment . + CFD . .
modelling model of this type can predict how the
Non-uniform process will evolve depending on the initial
. Layer-by-layer Stratified iy .
Layer cooling ) conditions and welding parameters [30].
delaminati q thermal stress thermal High ) B )
elamination and stress simulation model The materials science model predicts
accumulation : :
microstructural changes in the metal at
Remelting Excessivearc/ | Energy balance Heat flow various stages of deposition, including
and droplet . + melt pool High . .
X laser power analysis ! phase transformations, cooling rate,
formation tracking i X
— thermal influence on adjacent layers, and
Microstructural Thermal Grain growth Phase-fie other factors determining the mechanical
L . . . or cellular Moderate R .
variation instability modelling automaton properties of the finished part. Furthermore,
this model is capable of evaluating the
Residual Cyclic loading | Fatigue life strength and fatigue characteristics of
Fatigue initiation stresses, analysis estimator via Moderate components, a particularly important
sites inclusions finite element | digital twin aspect in the marine environment, where
analysis (FEA) parts are subjected to repeated cyclic loads,

Source: compiled by the author based on Gunasegaram et al. [20]

When WAAM technology is used with metals, defect
prediction is essential in order to ensure component
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corrosion, and vibration [31].

Sensors and the feedback system facilitate the collection
of real-world data, such as temperature, vibration, current,
acoustic, and visual information, which is fed into the digital
twin for reconciliation of the model with reality in real time.



Cameras record the layer geometry, acoustic sensors detect arc
instability, and vibration sensors monitor oscillations caused
by machinery operation or sea motion. Through feedback,
the digital twin can adjust the process parameters during
deposition [32].

One particular feature of a digital twin in the field of
marine engineering is the need to account for external
maritime factors, such as weather conditions (air temperature,
humidity), the effects of a saline environment, corrosive
activity, as well as mechanical influences including vibrations
from engines, wave loading, or platform motion). The digital
twin is therefore integrated with gyroscopes, accelerometers,
and shipboard monitoring systems to enable the production
process to be adapted to prevailing conditions [33].

Thus, the structure of a digital twin for WAAM is not
merely a collection of models but a complex integrated
system that combines engineering analytics with sensor data
and external influences. It provides adaptive control of the
deposition process in conditions where traditional methods
cannot guarantee consistent quality and reliability (Table 3).

Table 3. Influence of digital twins on the optimisation of production
performance in WAAM technology

time. Geometric layer modelling improves dimensional
repeatability from a tolerance of +0.9 to £0.25 mm, thereby
increasing manufacturing precision. Automatic deviation
analysis from the digital model shortens the quality control
time from 3.5 to 1.2 hours, accelerating the inspection process
and reducing post-processing time. Thus, digital twins play
a key role in enhancing the efficiency, precision, and cost-
effectiveness of WAAM, a finding that is consistent with
recent evidence on the cost and environmental advantages
of this technology for metallic parts [2].

Digital twins have been combined with WA AM technology
within a wide range of applications in high-tech industries
where precision, reliability, and reproducibility control are
particularly critical. These examples demonstrate not only the
maturity of this approach but also its versatility in conditions
approaching the extreme, from aircraft engines to orbital
stations and marine vessels.

In the aerospace industry, digital twins have been used
to enhance the quality of additive manufacturing since the
early 2010s. The company HowCo [24] (USA) uses WAAM
to manufacture jet engine components, including titanium
brackets and load-bearing structures. Digital twins enable

real-time monitoring of the arc temperature, wire
feed speed, and layer geometry, and predict defect
formation. For instance, a digital model for the

production of turbine engine parts can predict the

Baseli | ior t timi 1
Indicator aselme vaue ('prlor © O.p 1m‘15.ed vaue Optimisation method
digital twin) (with digital twin)
Printiflg 9.3 cm?/h 15.8 cm’/h Thermo—meﬁhz{ni@l
productivity trajectory optimisation
Specific pov'vder 0.34 g/em* 0.27 glem’ Feed control + ov.erheating
consumption compensation
Number of defect CFD + FEM analysis and
18 zones per component 4 zones .
zones parameter correction
Energy Reduction of thermal
consumption per 6.2 kWh 4.1 kWh .
exposure time
part
Dlmensu'n'lal +0.9 mm +0.25 mm Layer-wise gc?ometrlc
repeatability modelling
Quality control Automated deviation
Y 3.5h 1.2h analysis via digital twin
time
model

accumulation of fatigue stress by considering the
parameters of each layer [34-36]. This has reduced
failure rates during the testing phase by over 25%
and has cut non-destructive testing times by 40%.

In the space sector, and particularly in the ESA
[25] (European Union), WAAM is used to create
large-scale structures such as support frames for
satellites and structural framework elements for
orbital platforms. The primary material used is
the titanium alloy Ti-6Al-4V, which is especially
sensitive to thermal deformation. The digital twin
accounts not only for phase transformations but
also for thermal balance, cooling gradients, and
the stress-strain state. At one ESA production
facility, a geometric accuracy of +0.3 mm was

Source: compiled by the author based on Lee and Yang [23]

The implementation of digital twins in WAAM technology
significantly influences the optimisation of key production
indicators. Through thermo-mechanical path optimisation,
printing productivity can be increased from 9.3 to 15.8 cm*/h,
substantially accelerating the manufacturing process.
Material feed control with compensation for overheating
allows for a reduction in specific powder consumption from
0.34 to 0.27 g/cm’, thereby enhancing economic efficiency.
The use of CFD and FEM analysis for parameter correction
reduces the number of defective zones from 18 to four,
representing higher product quality. The energy consumption
for the production of a single component also decreases,
from 6.2 to 4.1 kWh, as a result of reduced thermal exposure

achieved without additional machining, a level
previously considered impossible for WA AM. Furthermore,
the implementation of a digital model enabled automated
in-process adjustments, reducing the manufacturing time
for complex components by a factor of 1.8.
Shipbuilders are also actively adopting this technology,
a finding that is consistent with recent evidence from a
systematic review of the growing roles of robotic welding
and wire-based additive manufacturing in marine structures
and production processes [5, 37]. The Dutch company Damen
Shipyards Group [26] (Netherlands) uses this technology for
manufacturing large metal parts, such as propellers, support
columns, superstructure elements, and hull sections. In the
shipbuilding sector, the primary challenges are vibration,
corrosion, and the effects of seawater [38]. Digital twins allow
the welding parameters to be adapted to compensate for
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platform motion and changes in external temperature. In
one project, Damen successfully replaced a damaged element
aboard a naval vessel in open sea conditions using WAAM
and a digital twin, a task that would previously have required
dry docking. This saved over EUR 100,000 and prevented a
two-week delay in the vessel’s deployment.

In each of the examples cited above, the digital twin
functions not as a supplementary model but as a full-
fledged control mechanism, ensuring precision, adaptation
to unstable conditions, and prediction of potential defects.
Successful cases from aviation, space, and shipbuilding
provide a solid theoretical and practical foundation,
facilitating the widespread and systematic implementation
of this technology in marine engineering. Their relevance
to the present study lies in showing that digital twins are
most effective when process monitoring, defect prediction,
and adaptive parameter correction are combined within
one operational system. This is particularly important for
marine WAAM, where manufacturing and repair may occur
under conditions of vibration, platform motion, exposure to
corrosion, and limited access to shore-based quality control
infrastructure. The examples cited here support the argument
that digital twins can serve as a transferable methodological
basis for improving the reliability of additive manufacturing
in ship repair, offshore platforms, and marine maintenance
systems.

The development of digital twins in additive manufacturing
using WAAM technology offers broad prospects for marine
engineering. One of the most promising directions is the
concept of modular digital twins, where each component
or assembly of a ship has its own digital profile [39-41].
This approach allows for tracking of the “life cycle” of each
specific structure, from its creation to potential failure,
taking into account the operational conditions in the marine
environment. This is particularly important for large-scale or
critically loaded elements subjected to corrosion, vibration,
and cyclic loads.

Another important direction is predictive maintenance.
A digital twin is capable of predicting failure of a component
weeks or even months before visible signs of malfunction
appear, enabling advance planning of technical maintenance
and minimising downtime. This allows repair work to be
scheduled proactively and costly unplanned downtime to be
avoided, an especially critical aspect for offshore platforms
and vessels operating far from shore-based infrastructure
[42, 43].

The integration of digital twins with modern CAD/CAM
systems and the digital platforms of ships or drilling rigs opens
the way for a fully closed-loop production and operation cycle.
In such a system, the processes of design, manufacturing,
inspection, and operation become unified and continuous.
The efficiency of fleet maintenance increases by 20-30%
on average when using digital twins, measured by reduced
equipment downtime, lower costs for unscheduled repairs,
increased component service life, and a higher equipment
readiness coefficient under extreme operating conditions.

However, significant challenges stand in the way of realising

118 POLISH MARITIME RESEARCH, No 3/2026

these possibilities, the most important of which is the need to
ensure high accuracy and real-time response speeds for the
digital twin in the presence of numerous external destabilising
factors. The marine environment is characterised by unstable
conditions, such as rolling, temperature fluctuations, high
humidity, electromagnetic interference, and vibrations from
engines and machinery [44, 45], which complicate the task
of correctly collecting, processing, and interpreting data,
meaning that control systems must be highly resilient to
external influences.

The adaptation mechanism of the digital twin is based
on continuous data collection from sensors, processing
using machine learning algorithms, and comparison with
a digital model of the process. When detecting deviations
from optimal parameters, the system automatically adjusts
the welding equipment settings, for example by changing
the wire feed speed, arc power, or travel path, to maintain
consistent deposition quality in real time.

In WAAM, a digital twin functions as an intelligent system
that utilises machine learning algorithms and artificial-
intelligence-based models for real-time data analysis. It
automatically adjusts the process parameters to account for
changes in external conditions, thereby ensuring adaptation
and optimisation of the production process without operator
intervention [46, 47]. Further development in this domain
will require combined efforts in the fields of materials science,
modelling, sensor technology, and systems engineering.

WAAM technology represents a powerful additive
manufacturing tool for marine engineering, as it offers high
productivity, low cost, and the ability to produce large-scale
metal structures; however, without the integration of digital
twins, its potential in the unstable marine environment
diminishes sharply. It is adaptability, in terms of its ability
to respond to changing external conditions, is the decisive
factor affecting its efficiency, and this function is provided
by the digital twin.

Digital twins enable not only the real-time monitoring and
optimisation of each deposition stage but also the prediction
of material behaviour under the complex conditions of
marine operation, involving vibration, corrosive activity,
temperature and climatic fluctuations. The application of
such models makes it possible to transfer WA AM technology
from laboratories and industrial workshops into real marine
conditions involving ships, platforms, and repair bases [15,
48].

The development and implementation of digital twins is
not merely a supportive measure but a critically important
element for the reliable and precise functioning of WAAM
in the maritime industry. Large-scale application of additive
manufacturing in shipbuilding and the operation of marine
structures is feasible only through the use of this technology,
afinding that confirms the decisive importance of the digital
twin in the advancement of marine engineering.



DISCUSSION

An analysis of the digital twin structure revealed that the
integration of physical, materials science, and sensor models
is necessary to ensure the stability of the WAAM process
under marine operating conditions. The study included
geometric modelling of the deposited layers and consideration
of thermal cycles since these influence the accuracy of
the final part and the residual stress accumulation. This
interpretation is supported by recent reviews showing that
the process parameters, thermal history, material selection,
and interfacial phenomena determine the geometry, defect
formation, microstructure, and mechanical behaviour of
WAAM components [3, 17, 18, 21, 22].

Rather than treating a modular digital twin architecture
solely as a technical arrangement, it is interpreted here as a
prerequisite for transferring WAAM control into unstable
marine production environments. In this respect, the findings
of Wang et al. [49] and Li et al. [50] support the proposed
framework, as these authors show that traceability, physical
process modelling, material data, and sensor readings are
most effective when combined within a single adaptive control
structure. For marine WA AM, this means that the digital
twin must not only record process data but also coordinate
process control, equipment diagnostics, material response,
and compensation for external environmental disturbances.
Thus, a modular approach not only increases reliability but
also creates a foundation for the sustainable development of
the WAAM digital twin.

This study has demonstrated that the materials science
model of the digital twin successfully predicts phase
transformations and microstructural evolution under
different deposition modes. This makes it possible to assess
in advance the strength characteristics of manufactured
components and to predict their behaviour under the
influence of a marine environment, including corrosive
activity and cyclic vibrational loads.

The relevance of the materials science model becomes
clearer when the present findings are compared with those
of studies of residual stress and corrosion fatigue behaviour
[51, 52]. These works do not merely confirm the importance
of microstructural prediction; they show why such prediction
must be embedded in the digital twin before and during
deposition. Since in marine WA AM, residual stresses, phase
transformations, corrosion exposure, and cyclic loading are
interconnected factors, material modelling should be treated
as an aspect of real-time process control rather than as a
post-manufacturing assessment of component quality. This
underscores the importance of a comprehensive approach
to managing the wire arc deposition process to enhance the
reliability of the final products.

The sensor feedback system integrated into the digital twin
yields a high level of real-time effectiveness, as data from the
temperature sensors, vibration sensors, current clamps, and
acoustic sensors ensure timely detection of arc instabilities
and geometric deviations. These data enable the system to
adjust two of the deposition parameters (wire feed speed and

current) thereby improving the repeatability of the process.

The sensor feedback results of the present study should
be understood not simply as confirmation of previous
approaches to monitoring but as an extension of these
techniques to a marine control environment. Previous studies
have demonstrated the value of voltage-current-temperature
monitoring and multi-channel digital twin data processing
[53, 54]; however, the analysis presented here shows that
under marine operating conditions, this feedback must also
compensate for platform motion, vibration, humidity, and
unstable thermal exchange. Sensor integration therefore
becomes a mechanism for maintaining the stability of the
process, rather than solely a tool for detecting deviations after
they occur. Thus, real-time monitoring can be interpreted not
only as a tool for process correction but also as a mechanism
for maintaining the stability of WAAM in non-stationary
marine conditions.

The importance of accounting for external maritime factors
in the model was also confirmed. The use of gyroscopes
and accelerometers makes it possible to consider the tilt
and motion of a platform, and is particularly relevant when
printing onboard a ship or offshore drilling rig, as it ensures
more accurate tool positioning and prevents geometric
distortion of the layers even under unstable conditions.

A comparison with studies of offshore platform safety and
planning of adaptive welding parameters [55, 56] indicates
that external disturbances should not be treated solely as
background conditions. In the present framework, platform
motion, vibration, humidity, salinity, and temperature
variability are active variables affecting control of the digital
twin. This interpretation is important because in marine
WAAM, continuous adjustment of the deposition path and
process parameters is required while the manufacturing
environment itself is changing. This comparison shows that
vibration, platform motion, humidity, and temperature
variability should be treated as active control variables rather
than simply as external disturbances.

A comparison with examples from other industries
confirms the relevance of the proposed approach: similar
principles have been used by HowCo and ESA to ensure the
reliability of WAAM in the aerospace industries. However,
in the case of marine engineering, the specific nature of
the environment imposes heightened requirements on the
adaptability and resilience of the digital twin to unpredictable
external disturbances.

Evidence from digital twin applications in the shipbuilding
and aerospace sectors [57, 58] shifts the discussion further
from describing successful industrial cases to clarifying
their methodological relevance for this study. It has been
demonstrated in these fields that digital twins are most
valuable when they connect process monitoring, structural
reliability, defect prediction, and operational decision-
making. In the present study, this logic is adapted to marine
WAAM, where environmental instability is not external to the
manufacturing process but forms one of the main conditions
that the digital twin must continuously interpret and
correct. This distinction means that the proposed approach
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is primarily focused on adaptive control under operational
marine conditions.

From a practical perspective, the proposed approach
can support ship repair by enabling onboard assessment of
WAAM parameters, early defect prediction, and adaptive
correction of deposition trajectories without the need to
transfer damaged components to shore-based facilities. For
offshore platforms, it provides a basis for stabilising additive
repair under vibration, platform motion, saline humidity,
and temperature variability, thereby reducing repair-related
downtime and improving the reliability of components. This
practical orientation is consistent with review evidence that
robotic welding technologies can improve productivity,
quality, safety, and construction practices in maritime
applications [5]. At the level of marine maintenance systems,
the integration of digital twins with sensor monitoring and
digital part records can strengthen predictive maintenance
by combining manufacturing history, operational loads, and
inspection data into a single decision-support framework.

Overall, the results of this analysis indicate that the
digital twin structure improves the controllability of the
wire deposition process and also provides opportunities for
implementing predictive maintenance, digital part passports,
and integration with ship monitoring systems. This means
that the digital twin can become an important tool for the
scalable, safe, and cost-effective implementation of WAAM
in marine engineering.

CONCLUSION

The analysis presented here demonstrates that the
use of WAAM technology in marine engineering offers
significant potential for the fabrication and repair of large-
scale metal structures, such as stiffeners, columns, and
platform elements. The first objective of this research was
addressed by identifying the platform motion, vibrations,
temperature fluctuations, and high humidity as the primary
external factors affecting the stability of the process. The main
technological parameters include the arc power, wire feed
speed, torch travel speed, substrate temperature, and external
vibrations, which influence the product quality (geometry,
microstructure, and absence of defects).

To enhance the precision and reliability of this process
under marine conditions, digital twins have been implemented
to integrate physical welding models with materials science
and sensor data. The second objective concerned the real-
time monitoring and adaptive control of WAAM parameters,
which were shown to enable monitoring of the deposition
parameters, prediction of defect occurrence, such as hot
cracking and porosity, and adaptation of the process to
changing external factors. Modelling has included thermal
and mechanical phenomena, phase transformations, and
fatigue characteristics, thereby improving the quality of the
final products.

The effectiveness of digital twins has already been
demonstrated in the domains of aviation, space, and
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shipbuilding, where defective zones, energy consumption, and
quality control time are reduced, while printing productivity
and dimensional repeatability are improved. The third
objective was met by showing how the integration of digital
twins into related high-tech industries can inform marine
engineering applications. The results confirm that the digital
twin is an important tool for adaptive WAAM control under
marine operating conditions, in terms of ensuring stability,
enabling predictive maintenance, and offering integration
with the digital platforms of future shipbuilding.

The primary limitation of this study is the absence of
full-scale experimental data from offshore platforms, which
reduces the validation accuracy of the digital twin model under
real operating conditions. Since this study was conceptual
and analytical in design, the proposed framework will
require experimental validation using real WA AM processes
conducted under marine operating conditions. Another
limitation concerns the possibility of sensor calibration issues,
as inaccurate temperature, vibration, acoustic, or current
measurements may affect the reliability of real-time feedback
and adaptive parameter correction. The effectiveness of a
digital twin also depends on the availability of high-quality,
real-time data, as incomplete, delayed, or noisy sensor input
can reduce the accuracy of defect prediction and process
optimisation. Further research is needed on the behaviour
of a WAAM digital twin under prolonged exposure to the
marine environment, including corrosion processes and
fatigue failure at the microstructural level.
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