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Abstract: The increasing demand for smaller batch sizes and mass customisation in produc-
tion poses considerable challenges to logistics and manufacturing efficiency. Conventional
methodologies are unable to address the need for expeditious, cost-effective distribution
of premium-quality products tailored to individual specifications. Additionally, the reli-
ability and resilience of global logistics chains are increasingly under pressure. Additive
manufacturing is regarded as a potentially viable solution to these problems, as it enables
on-demand, on-site production, with reduced resource usage in production. Nevertheless,
there are still significant challenges to be addressed, including the assurance of product
quality and the optimisation of production processes with respect to time and resource
efficiency. This article examines the potential of integrating digital twin methodologies to
establish a fully digital and efficient process chain for on-site additive manufacturing. This
study focuses on wire arc additive manufacturing (WAAM), a technology that has been
successfully implemented in the on-site production of naval ship propellers and excavator
parts. The proposed approach aims to enhance process planning efficiency, reduce material
and energy consumption, and minimise the expertise required for operational deploy-
ment by leveraging digital twin methodologies. The present paper details the current
state of research in this domain and outlines a vision for a fully virtualised process chain,
highlighting the transformative potential of digital twin technologies in advancing on-site
additive manufacturing. In this context, various aspects and components of a digital twin
framework for wire arc additive manufacturing are examined regarding their necessity
and applicability. The overarching objective of this paper is to conduct a preliminary
investigation for the implementation and further development of a comprehensive DT
framework for WAAM. Utilising a real-world sample, current already available process
steps are validated and actual missing technical solutions are pointed out.

Keywords: additive manufacturing (AM); directed energy deposition (DED); wire arc
additive manufacturing (WAAM); digital twin (DT)

1. Introduction
The number of challenges that arise in the logistics of industrial goods is steadily

increasing. Due to changing economics, the delivery and storage of required industrial
goods are becoming more expensive and less reliable. Downtime at production sites or
laytime in port is a critical cost factor [1].

On-site repair and production can be a solution to these actual real-world challenges
of insecure logistical waterways (e.g., blockage of the Suez Canal [2]), rising import tariffs,
or political crises. These uncertainties and the associated risk of delays and higher costs
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underscore the growing appeal of on-site production, which relies on effective and user-
friendly production processes [3]. Further benefits of on-site production include:

• Reduced transport costs: Producing spare parts in comparison to ordering and delivery
from overseas can reduce delivery costs by 85% [4];

• Storage and warehousing: By consolidating slow-moving and excess inventory to free
up warehouse space, up to 17% of storage costs can be saved [4];

• Reduced production cost: On-site production with additive technologies, in combi-
nation with subtractive post-processing, can help to reduce the consumption of raw
materials. By applying the material close to the target surface with little or no excess
material, the material yield can be significantly increased. Compared with production
relying solely on subtractive machining, less excess waste material is produced, e.g.,
in the form of chips. Compared with other processes such as casting, no additional
cost-intensive moulds are required. Campatelli et al. [5] provide evidence that energy
savings of up to 34% are possible.

In contrast to these potential optimisations, additive technologies, while cost-effective,
present a number of challenges. Depending on the specific additive technology used, these
challenges also vary and need to be addressed differently. This article focuses on wire
arc additive manufacturing (WAAM) as a subset of directed energy deposition (DED)
technologies. WAAM offers logistical advantages by allowing production facilities to be
located closer to the end user. This proximity reduces transport distances and simplifies
supply chain logistics, which is particularly beneficial for industries such as medical devices,
as shown in [6].

Within specialised scenarios, this production technique has already been used suc-
cessfully on naval ship propellers, excavator parts, or bridges [7,8]. However, despite
these successful implementations, there are still challenges remaining, which prevent a
broader application of the WAAM technology for on-site manufacturing. With this focus,
the challenges are:

• Interdependent process parameters: In additive manufacturing, the process param-
eters are more demanding. For example, the temperature between two subsequent
layers, often called the interlayer temperature, is a critical factor for the successful
production of the component. This temperature is influenced by various aspects,
including the shape of the workpiece, the material and temperature of the substrate
plate, the welding parameters, control strategies, the adaptation of machining paths,
simulations, measurements, and cooling methods [9,10]. Consequently, it is essential
to meticulously select all other parameters with consideration given to each other;

• Complex post-processing: As the resulting shape and material properties are irregular,
with visible weld beads and possible deformations within the part [9], milling condi-
tions vary and cannot be predicted without a 3D representation of the actual shape of
the part after the additive process [11];

• Complex simulation: Due to the wide variety of additive processes and the complexity
of the processes compared with material removal simulations [12,13], the simulation
of the additive process is still under research, unlike subtractive processes, where
computer-aided simulation was already described in the 1980s and 1990s by van Hook
and Glaeser [12,13]. These simulations have been extended to provide a full description
of the mechanics during milling processes, including cutting forces [14], tool vibration,
and chatter [15]. Simulation in additive processes is still under development, with
approaches utilising finite element techniques [16] to simple shape estimation as in
common 3D toolpath generation tools, such as [17–19];

• Comprehensive virtual process chain: The software tools that represent the virtual
process chain must be able to handle the entire production process. This includes not
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only the additive part of the process, but also the post-processing, which can be heat
treatment [20], milling, or other subtractive techniques [11,21] and more;

• Training and qualification: Because of the aforementioned aspects, additive processes
require qualified personnel to plan and maintain the process. The training of qualified
professionals is a major challenge [22].

These challenges illustrate that, while the use of on-site additive processes as a re-
placement for centralised production is promising, further research and development
are required to establish additive manufacturing as a technique capable of producing a
wide range of components on-site. Addressing these challenges is necessary to reduce
the need for costly process development and to ensure that produced components meet
given specifications.

To address these challenges, the authors propose the utilisation of digital twin methods
to ensure predictable process planning and a stable process. This approach involves the
use of simulations, the acquisition of sensor data, and an adapted virtual process chain
consisting of harmonised software components. This approach facilitates process planning
and prediction, thereby supporting the production of first-time-right parts.

The primary objective of this paper is to explore the potential integration of digital
twin technology within WAAM processes. This paper aims to demonstrate the transforma-
tive potential of digital twins as a means to enhance precision, efficiency, and adaptability
in WAAM systems. In conclusion, this paper attempts to establish foundations for the
subsequent development and implementation of a comprehensive digital twin framework
by examining the critical aspects and components necessary for its successful deployment.
In this context, Section 2 provides a comprehensive overview of metal additive manufac-
turing and WAAM. This is followed by a brief exploration of digital twin methods in metal
additive manufacturing in Section 3. In Section 4, the potential implementation of these
methods in a real-world example is discussed. Finally, Section 5 offers a conclusion and
outlook for future research.

2. Overview of the Current WAAM Process
2.1. WAAM as a Process and the Benefits

The major difference between additive and subtractive manufacturing processes like
milling is the variety of processes, raw materials, and forms of materials. Overviews
in [23,24] show that WAAM is a subprocess of the directed energy deposition (DED)
processes that combines metal wire with plasma welding torches. Figure 1 illustrates a
simplified scheme of these metal additive manufacturing techniques.

In the context of on-site repair and production, it is crucial to evaluate the suitability of
various additive manufacturing techniques [6]. When it comes to the production of metallic
components, two critical decisions must be addressed: the selection between using metal
powder or wire as the raw material, and choosing between applying a laser, an electron
beam, or an electric arc as the energy source. Laser-based powder bed fusion (LPBF) is
also a prominent method in this domain. However, it presents challenges in terms of high
production hardware costs [25] and complexities associated with the handling of metal
powders. To reduce potential medical risks associated with powder exposure, stringent
and costly safety measures are necessary alongside the expensive equipment [26]. Similarly,
the DED techniques laser additive manufacturing (LAM) and electron beam manufacturing
(EBAM) are also capable of utilising metal powder and therefore require such precautionary
measures to manage the associated health risks effectively.

In contrast, WAAM offers significant advantages by using metal wire instead of
powder. Wire as a raw material is easy to handle compared with metal powders. The
utilisation of an arc welding source significantly reduces the need for expensive safety
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protocols in comparison with laser-based processes. Thus, WAAM presents itself as a more
efficient and safer alternative for on-site repair and production, especially in situations
where safety and cost-effectiveness are important.
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(process)
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Additive Manufacturing

Metal

Powderbed

Laser (LPBF)

Directed Energy Deposition (DED)

Electron Beam (EBAM)

Wire Powder

Wire Arc 
(WAAM)

Wire
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Figure 1. Overview of metal additive manufacturing techniques with melting processes.

WAAM leverages several welding-based techniques to produce metal parts additively,
each offering unique benefits and material compatibilities. The primary WAAM processes
include gas tungsten arc welding (GTAW or TIG), gas metal arc welding (GMAW or MIG),
and plasma arc welding (PAW).

GTAW employs a non-consumable tungsten electrode to produce the weld; it is
renowned for producing clean and high-quality welds, usable for high-melting-point and
reactive materials such as titanium [27], Inconel 625 [28], and Al-alloys [29,30]. GMAW
uses a continuous wire feed as both an electrode and filler, favoured for its efficiency and
compatibility with a wide range of materials, including steels and aluminium [31]. Cold
metal transfer (CMT) is a GMAW variant where the metal transfer occurs at lower thermal
input, minimising heat impact and allowing for the precise control of deposition, which
is suited for aluminium alloys [32,33] and stainless steels [34]. PAW, akin to GTAW, uses
a plasma torch to focus energy more precisely on the workpiece, ideal for applications
demanding tight tolerances and minimal heat distortion [35]. Rodrigues et al. [8] conducted
a comprehensive study of the materials suitable for WAAM. The study suggests that
all materials in the form of welding wire can be considered; however, steel, aluminium,
titanium, and nickel-based alloys are the most commonly used.

Each WAAM technique varies in its applicability based on the choice of processing
parameters and the material system being employed. For example, CMT’s low heat input
is advantageous for materials susceptible to thermal distortion, while the precision of PAW
is preferable for complex geometries requiring better surface finishes. Consequently, the
choice of WAAM process is inherently linked to the material selection and the specific
requirements of the manufacturing project, influencing factors such as structural integrity
and mechanical performance.

The wire-based approach of WAAM ensures 100% utilisation of raw materials during
the manufacturing process [32]. This efficiency is in stark contrast to that of other manu-
facturing techniques that often result in substantial material wastage. Notably, WAAM
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facilitates near-net-shape production and significantly reduces raw material requirements
and, consequently, inventory costs [36], while simultaneously reducing the time required
for secondary operations [37]. It further offers significant flexibility in the geometry of parts,
enabling the production of complex and customised components without the necessity
for special tooling [37]. This capability greatly enhances the potential for customisation
and reduces the logistical challenges associated with sourcing various components from
multiple suppliers.

The integration of WAAM with subtractive processes, such as milling, further under-
scores its potential for material savings. Campatelli et al. [5] conducted a comparative
analysis between a purely subtractive milling approach and a hybrid additive-subtractive
method using WAAM. Their findings indicate that the hybrid approach can realise material
savings of up to 60%, accompanied by energy savings of approximately 34%. Vartanian
et al. [38] pointed out that DED compared with LPBF can be ten times faster and five times
lower in cost.

In general, WAAM represents a significant advance in the field of additive manufac-
turing, offering numerous advantages over traditional manufacturing methods. Among its
primary benefits is the ability to achieve high deposition rates, with material deposition
reaching 5–6 kg/h [39]. This capability enables the production of large metal components
within a shorter timeframe, thus minimising the extended lead times typically associated
with conventional processes, such as forging.

Overall, WAAM exemplifies a transformative approach to manufacturing that com-
bines high efficiency with material and energy savings to provide a viable solution to
today’s manufacturing challenges.

2.2. Components of a WAAM Process

WAAM systems are available in a variety of forms, but are most commonly robot-based
systems [40]. Compared with traditional CNC machines, robots are more cost-efficient
and flexible in use and transport. Maffia et al. [41] showed that gantry and robot-based
systems are comparable in terms of quality. An automated WAAM cell typically comprises
a welding torch mounted onto an industry robot. The requirements of the individual
industrial application determine the need for additional hardware and security measures,
such as housing and a ventilation system [42]. A brief schematic of a WAAM cell is shown
in Figure 2.

WAAM Cell

Robot

Welding Source

Wire feeder

Torchcleaning

TCP calibration

Shielding Gas 
supply

Rotary-tilt 
positioner

Fixtuer

Referencing

Welding plate 
cooling

Sensors

Thermography

Optical

Acoustic

3D Scanning

Figure 2. Scheme for the components of a robotic WAAM cell.

The robotic arm or CNC machine is essential as the primary manipulator for executing
precise movements and deposition strategies in the WAAM process. Another critical
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component is the welding source, which provides the energy required to melt the metal
wire and deposit it onto the substrate. Closely linked to this is the wire feeder, responsible
for the controlled transport of the wire material to the deposit location, ensuring a consistent
and uninterrupted material flow. A rotary/tilt table is often incorporated to enhance the
flexibility and range of motion during manufacturing, allowing for the realisation of
complex geometries and orientations. Figure 3 shows the WAAM setup used for the
experiments in this paper.

 

Figure 3. Robotic cell setup for WAAM.

In addition, sensor technology can be integrated to provide further insight into pro-
cess dynamics and enable closed-loop control. Other setups include refinement of the
manufacturing process, where 3D scanning equipment can be used for in situ dimensional
verification and quality assurance. Thermographic equipment can be employed to monitor
thermal conditions throughout the process, providing real-time data to prevent overheating
and ensure optimal deposition quality.

The software environment for WAAM is integral, encompassing path planning and
manufacturing parameter settings that dictate the precision and efficiency of the deposition
process. This software allows for the customisation of tool paths and the adjustment of
critical parameters to meet the specific process requirements.

The construction and deployment of these systems are efficient all over the world.
They can be assembled in standard shipping containers, thereby facilitating their trans-
portation and installation in different locations, including remote sites such as power plants
and mining operations, or areas that have been affected by disasters or do not have any
industrial infrastructure.

2.3. Problem Description

Wire arc additive manufacturing represents a significant advancement in the domain
of additive manufacturing, offering a potential solution to the efficient production of large-
scale metal components. Despite its potential, WAAM still faces several major challenges
that must be overcome in order to fully exploit the capabilities of the process and make it
universally applicable in industry. Because of these challenges, traditional WAAM manu-
facturing relies on qualified personnel, which has prior knowledge and/or the resources
for extensive testing and careful process execution. It is a common practice to meticulously



Computers 2025, 14, 221 7 of 27

plan the process layer-by-layer due to the absence of a viable option to simulate the entire
process in a single iteration with parameters that align with all the restrictions and require-
ments of the process. In order to regulate the temperature of the workpiece, it is customary
to periodically interrupt the process and allow the workpiece to cool down in a secure
manner. With the suggested use of WAAM in on-site manufacturing, these resources are
neither available, nor is this lack of efficiency acceptable as first-time-right manufacturing
is needed but within an optimal time frame. In detail, these problems are:

Process planning

A major challenge of WAAM is the complex process planning required to achieve con-
sistent results in terms of near-net-shape manufacturing for complex geometries. Although
WAAM as a process is well understood, complex interactions between the wide range of
process parameters and their relation to the robot components and welding source add
considerable barriers. These complex interactions lead to a demand for the development of
comprehensive frameworks to quantify the influences and provide precise process planning
and control. Kerber et al. [43] present a dynamic adaptive manufacturing strategy to im-
prove the production of support-free overhang structures. For this, critical parameters such
as wire feed speed (WFS), torch travel speed (TS), nozzle to work distance (NTWD), and
torch angle must be carefully optimised [44]. Thus, there is a need for advanced software
tools with a strong emphasis on the optimisation of these WAAM process parameters and
facilitating the integration of WAAM into existing production environments.

Process stability

Maintaining consistent quality of WAAM-produced components is another major
challenge. Nagaraja et al. [45] highlight the critical need to minimise material defects in
order to produce components with stable and improved mechanical properties, particularly
when robots are employed to perform the milling postprocesses. This includes addressing
inconsistencies in welding parameters, wire quality, and shielding gas flow.

Parameters such as temperature, material flow, and welding conditions significantly
impact stability, with risks of defects such as cracks or porosity posing potential threats
to structural integrity. The integration of WAAM into existing manufacturing systems is
further complicated by these dynamics, demanding sophisticated computational solutions
to ensure seamless operation. Consequently, the development and implementation of
advanced software and algorithms are required to optimise production processes and
maintain consistent quality.

Standardisation and certification

A significant obstacle to WAAM is the lack of universally recognised standards for
WAAM-produced components, particularly in industries with high requirements for quality
and safety, such as the aerospace sector. The development of comprehensive standards and
certifications is essential to ensure safety and reliability in these critical sectors. Furthermore,
the qualification of personnel is a critical factor in the successful implementation of WAAM
across industries. Skilled technicians, along with advanced machinery and high-quality
materials, are essential to effectively execute and monitor the manufacturing process and
ensure the stringent quality controls required for such critical applications.

In conclusion, while WAAM has great potential to be used as an on-site manufacturing
technique, these challenges highlight the need for continued research and innovation.
Addressing the issues of process planning, stability, and standardisation is essential for the
overall adoption and implementation of WAAM in industrial settings.
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2.4. Suggested Solution

In order to facilitate process planning through the utilisation of digital methodologies,
with the objective of reducing the time and expertise required to plan on-site for a com-
ponent within the production process, the authors propose the implementation of digital
twin methodologies to address the aforementioned challenges. The utilisation of these
methodologies has the potential to reduce the time required to produce a part without
increasing the risk of unsuccessful production.

The integration of digital-twin methods offers a comprehensive solution to address
the diverse challenges encountered in WAAM processes. Digital twins provide a virtual
replica of physical systems, allowing for in-depth simulation and predictive analytics [46].
This capability enables the optimisation of critical process parameters, such as amperage,
wire feed speed, and temperature distribution, thereby enhancing precision and efficiency
in planning. With these predictive models, the necessity for extensive test runs can be
significantly reduced, which in turn accelerates the implementation and advancement of
WAAM processes. Moreover, these capabilities enable the implementation of predictive
maintenance strategies. By examining data associated with equipment wear and tear,
they can provide early warnings of potential maintenance needs, allowing for proactive
intervention before failures arise. These predictive strategies help to avoid unscheduled
downtime and further support continuous process improvement by iterative learning
and optimisation.

By integrating a wide range of sensors and, in some instances, machine learning tech-
niques [47], digital twins are capable of monitoring production activities in real-time [48].
This allows for the immediate detection of deviations and automatic adjustment of operat-
ing parameters to maintain consistent quality standards.

In WAAM, controlling interlayer temperature is vital to prevent unwanted phase
transformations. The interlayer temperature denotes the temperature of a deposited layer
immediately preceding the addition of the subsequent layer. It is a crucial parameter that
influences the microstructure, residual stresses, and overall mechanical properties of the
final part. Maintaining an optimal interlayer temperature helps in controlling material
properties such as grain structure, reducing defects like a lack of fusion or excessive
residual stresses.

Research indicates that workpieces deposited without dwell time exhibit no cracking
and uniform high-hardness distribution. Maintaining the workpiece temperature above
the martensitic transformation point through continuous heating is essential; a drop below
this threshold can lead to temper softening in the upper layers. Therefore, interlayer tem-
perature significantly influences deposition quality [49]. Furthermore, studies have shown
that increased heat input during each weld pass results in lower residual stress levels along
the welding direction of the component walls [10]. Digital twins can simulate temperature
evolution and predict areas susceptible to temper softening, enabling optimised deposition
strategies. Through virtual testing, the digital twin can provide in-depth thermal analysis
by modelling heat-affected zones and residual stresses, critical to minimising the risk of
stress-induced cracking or distortion. By analysing the location and extent of heat-affected
zones, the deposition path and process parameters can be dynamically adjusted to opti-
mise heat distribution. This proactive adjustment reduces thermal gradients, minimises
residual stresses, and ultimately improves repeatability, resulting in higher-quality finished
products. By facilitating virtual validation of designs and processes, digital twin methods
can enable on-site production to achieve significant cost savings and streamline product
development cycles. Reducing the reliance on prototypes saves material and production
costs, while facilitating the implementation and scaling of WAAM.
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Digital twins have been shown to enhance production process traceability by precisely
documenting each step, thereby creating a data-rich environment that supports compliance
with stringent industry standards. This comprehensive documentation facilitates adherence
to frameworks such as ISO 15926 [50], which standardises data integration, and IEC
62443 [51], which focuses on cybersecurity in industrial automation and control systems.
Furthermore, the implementation of standardised virtual-twin models facilitates cross-
industry certification, streamlining compliance processes and promoting interoperability.

As this paper will subsequently provide a more in-depth discussion of relevant stan-
dards and certification frameworks, this section aims to highlight the contributions of
digital twins to standardisation and regulatory alignment. The utilisation of digital twins in
industry fosters enhanced quality control and optimised efficiency, and ensures compliance
with certification protocols across diverse sectors. Overall, the strategic implementation of
digital-twin technology within manufacturing systems, especially in areas like WAAM, ef-
fectively addresses a multitude of technical and logistical challenges. It facilitates smoother
integration and scaling of production capabilities, making it a transformative approach for
enhancing efficiency, quality, and competitiveness in the manufacturing sector.

3. Digital Twin Methods
3.1. Digital Twin Definition

The term digital twin was first introduced by NASA in [52] for aerospace systems.
They defined a digital twin as “an integrated multi-physics, multi-scale, probabilistic
simulation of a vehicle or system that uses the best available physical models, sensor
updates, fleet history, etc., to mirror the life of its flying twin”.

Modern publications further distinguish between digital shadow and digital twin.
The digital shadow represents a virtual replica of the real system and its current status.
Sensor data are recorded and incorporated into the virtual representation. The fundamental
requirement for a digital twin is the establishment of bidirectional communication [53].
This makes it possible to adapt the real system to the states of the digital twin. Both systems
can therefore influence each other (Figure 4). Accordingly, the DT can be equipped with
various simulation methods and influence the process based on the anticipated results.
From this, the three basic functionalities of a digital twin are derived: predict, monitor,
and control [54].

Figure 4. Contrast of data flow in digital model, shadow, and twin frameworks according to [55].

ISO 23247 [56] establishes a universal framework designed to support the creation of
digital twins in manufacturing, while defining essential terms and setting them into context.
The suggested framework can be applied to observable manufacturing elements, includ-
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ing personnel, equipment, materials, manufacturing processes, facilities, environment,
products, and supporting documents. According to the standard, a digital twin is defined
as a “fit for purpose digital representation of an observable manufacturing element with
synchronisation between the elements and its digital representation” [56] (p. 3), where the
observable manufacturing element (OME) can represent a “physical presence or operation
in manufacturing” [56] (p. 3).

Digital twins are applicable throughout the entire product lifecycle. In order to
improve the performance of manufacturing systems, it incorporates aspects of the physical
and virtual environment, as well as computational techniques. These include, among
others, historical performance, external data sources, virtual testing, optimisation, and
prediction. [56] (p. 4).

This integration positions digital twins to assist in identifying anomalies during
manufacturing and accomplish a range of functional objectives, including real-time control,
off-line analytics, predictive maintenance, health diagnostics, and synchronous monitoring,
alongside the optimisation of manufacturing operations management (MOM), in-process
adaptation, Big Data analytics, and machine learning.

In practical applications, digital twins enable the comprehensive monitoring of spe-
cific attributes of operational manufacturing elements (OMEs) by continuously updating
the twins with relevant operational and environmental data, such as status, conditions,
product geometries, and manufacturing resources. This capability enables digital twins to
reconstruct historical states or anticipate future states of their respective OMEs. Ultimately,
the enhanced visibility of processes and execution provided by digital twins facilitates im-
proved business collaboration and generates numerous efficiencies, such as improvements
in in-loop planning and validation, enhanced understanding of manufacturing elements
production scheduling assurance, dynamic risk management, and cost reduction, as well
as process and part/assembly traceability [56] (pp. 4–6). These benefits contribute to the
optimisation of manufacturing processes, leading to enhanced efficiency and streamlining
of the manufacturing process.

3.2. Recent Developments of Digital Twin in Metal Additive Manufacturing

Bong Kim et al. [57] proposed a generalised DT framework based on ISO 23247 and
tailored for WAAM, emphasising real-time decision-making and control. The developed
framework is supposed to receive comprehensive data during the WAAM process, such
as geometrical accuracy, mechanical properties, and 1D, 2D, and 3D signatures. The
communication architecture is based on the open-source, cross-platform OPC UA standard,
which ensures seamless interoperability across diverse operating systems.

Building further upon ISO 23247, Mu et al. [58] developed an online simulation
system embedded within a metallic additive manufacturing digital twin. Their integration
of machine learning techniques enables the prediction of baseplate distortion, which is
instrumental for model-predictive control and topology optimisation, thereby advancing
the capabilities of additive manufacturing digital twins in general.

Kang et al. [59] focused on exploiting edge computing for digital twins, addressing
the challenges associated with real-time data processing. Their framework was specifically
applied to a WAAM system and demonstrated superior data processing speeds compared
with other frameworks based on ISO 23247, providing an important contribution toward
more efficient real-time data processing in manufacturing environments.

Mahdi et al. [60] developed a framework at the enterprise management and individ-
ual asset level that uses the OPC UA standard to support communication, security, and
real-time control. The framework is characterised by the integration of 3D visualisation,
real-time defect prediction, convolutional neural networks (CNNs), and structured data
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management. In particular, an anomaly detection module using CNNs was developed for
a six-degree-of-freedom industrial robot operating in a WAAM deposition scenario.

Mu et al. [58] developed an adaptive online simulation model for predicting distortion
fields in WAAM. The presented model comprises a diffusion model architecture, generative
adversarial network, and recurrent neural network to predict distortion fields during the
deposition process using laser-scanned point clouds. The model is pretrained offline using
the finite element method. Experimental validation showed that the proposed model
outperformed the pure finite element method by 143% and artificial neural networks by
151%. Future efforts will be dedicated to the integration of the proposed online simulation
model into planning and control.

Karkaria et al. [61] presented a digital twin framework tailored to laser-directed energy
deposition processes for real-time predictive control of process parameters. The presented
framework encompassed a surrogate model utilising long-short-term memory-based ma-
chine learning leveraging Bayesian inference to predict part temperatures. The model
achieved an R2 score of 0.75 for thin-wall geometries. Furthermore, the framework includes
the Bayesian optimisation method for time series process optimisation to determine the
optimal laser power profile. Future work will be dedicated to the implementation of the
presented framework to a physical DED system.

Bevans et al. [62] introduce a data-integrated digital twin approach for the in situ
qualification of LPBF part quality, predicting porosity, meltpool depth, grain size, and
microhardness with an accuracy exceeding 90% (R2). The presented approach uses an
experimentally validated computational thermal simulation and sensor signatures obtained
by thermal and optical tomography imaging cameras as the input to a k-nearest neighbour
machine learning model.

The concerted research efforts in this area focus on the development of a comprehen-
sive DT framework tailored to the WAAM process, with individual components already
implemented at various scales. ISO 23247 remains a widely adopted foundation in this
effort. The evolution of machine learning techniques and neural networks augments the
precision and efficacy of process monitoring. Frameworks in this area emphasise the im-
portance of real-time communication and efficient data storage and management. The OPC
UA standard, known for its real-time capabilities and interoperability, has emerged as a
central element in these recent developments, further enhancing the potential of digital
twins in WAAM.

3.3. Simulation Tools in Digital Twins

An important capability of a digital twin system is the integration of sophisticated
algorithms developed to predict the future state of complex production systems. This
requires the availability of process-relevant data in an appropriate format, as data imbalance
will adversely affect the prediction results of the algorithm [63]. In DT, research has been
carried out to enable algorithms to fill the gaps between the sensor data and to generate
future data in order to be able to predict the characteristics of the real-world object [64].
These capabilities extend the traditional definition of a simulation, limited to experimenting
with static models as in [65]. Robotic WAAM systems require comprehensive simulation
algorithms to perform accurate prediction and offline experimentation applied in process
planning, simulation of the system kinematics, and potential collisions among various
components, such as the robot, workpiece, fixture, and turn tilt table. These simulations are
crucial to ensure that the process plan will not lead to any unwanted collisions. Comparable
predictions are required for each type of manufacturing process and are therefore already
state-of-the-art. Software systems specialised in kinematics simulation are widely used
in off-line design software, as well as in numerical control systems [66,67]. For kinematic
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components with dynamic geometry changes, such as tubes or wires, additional, more
complex simulations are required [68].

A critical component of a complete collision prediction scheme is the simulation of
the actual workpiece shape during the manufacturing process. Although simulations
of the workpiece shape in milling processes have been commercially available for two
decades [69–71], the simulation of the workpiece shape during additive processes remains
a topic of scientific exploration [72]. This is because, in subtractive simulations (like milling,
turning or grinding), the resulting shape can be calculated using mathematical or geo-
metric methods with sufficient accuracy. The simulation methods utilise constructive
solid geometry or rasterisation methods to approximate the toolshape, which does not
change during the process [12,13]. The workpiece shapes are normally represented either
with triangle meshes or triple ray representations or dexels. In additive manufacturing,
especially in WAAM, the shape of the tool or, here, the volume that interacts with the
workpiece is constantly changing and depends on temperature and a lot of external process
influences. Therefore, a prediction of the current workpiece shape only utilising simple
geometric methods is not directly possible. For a reliable prediction of potential collisions
in an additive manufacturing process, knowledge of the current workpiece shape is indis-
pensable. As suggested by the digital twin concept, the DT should include the capability
to optimise trajectories based on algorithmic simulations. Complete path optimisation
is not possible without information about the current shape of the workpiece, since fast
and efficient movements close to the changing workpiece require detailed knowledge of
its shape. The challenges associated with additive manufacturing shape simulations for
WAAM include the prediction of weld bead shape, which has a significant effect on layer
height and width. Irregularities in the weld bead can therefore cause large deviations in the
layer geometry. The parabolic shape of the weld beads means that the distance d between
them has a significant effect on the layer height. Consequently, erroneous layer distances
invariably result in irregular layer heights [73]. Since this subject is not covered by current
simulation tools, the optimum weld bead distance must be determined experimentally.
Figure 5 illustrates the influence of weld bead distance (step-over). Excessive step-over (a)
results in the formation of gaps and a wavy surface texture due to insufficient overlapping.
As the step-over decreases (b), the valleys are minimised, resulting in a smoother surface.
Optimal step-over distance (as shown in c) ensures a flat surface profile and a consistent
layer height, which is the most desirable geometry to ensure consistent quality. On the
other hand, if the step-over is excessively narrow (d), significant overlap occurs, leading to
increasing layer thickness and buildup.

 

Figure 5. Weld bead overlapping with decreasing step-over distance d from (a–d) based on [73].

In order to predict the weld bead, simulation tools must determine the influence of
thermal energy that is introduced into the workpiece during the WAAM process. Finite
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element simulations are well-established in predicting temperature gradients during weld-
ing. These FEA simulations offer good predictions for simple shapes [74]. However, these
results are also affected by the lack of shape prediction. Simulations capable of predicting
temperature gradients and weld bead shape, and therefore important information for weld
path planning, such as actual layer height and potential part deformations, do not exist.
Moreover, the state of the internal conditions of the part, including its metallic structure, is
unknown during the manufacturing process and cannot be predicted, although the ability
to influence these properties represents a significant advantage in the production of additive
workpieces [49]. For the planning of post-processing and the subsequent final workpiece, it
is of substantial importance to have knowledge of parameters like the actual shape and
metallic structure. Without such knowledge, effective planning of post-processing steps,
such as grinding or milling, is not possible. Consequently, additional time-consuming
steps, such as scanning or radiography for geometry and defects, are required.

In addition to the simulation itself, the results from the simulations must be transferred
through the virtual process chain to enable the subsequent process step calculations to
integrate the data into the subsequent calculations. Consequently, the interfaces must be
equipped to facilitate the transfer of data to the subsequent process step. This requirement
persists even in scenarios where an interface architecture is employed, incorporating a
centralised data management component. Consequently, process tools must be equipped
with the capability to utilise the supplementary information.

As simulations cannot be fully utilised to create a virtual representation of the WAAM
process chain, the acquisition of sensor data gains more importance to retrieve missing
data during the running process and overcome gaps in predictability because of current
technical limitations in the simulation algorithms.

3.4. Data Exchange

Effective data exchange is a cornerstone in the implementation of digital twins within
additive manufacturing processes. Achieving a synchronised digital representation neces-
sitates the continuous integration of real-time data from various sources. In WAAM, this
includes monitoring parameters, such as the substrate plate temperature, component tem-
perature, welding settings, wire feed rate, and the precise movements of the CNC or robot
axes and consequently the tool centre point (TCP). A critical aspect of this data exchange
is interoperability, which is effectively addressed by employing standardised protocols
like the OPC Unified Architecture (OPC UA). OPC UA is a cross-platform, open-source
standard designed to ensure secure and reliable data exchange from sensors to cloud appli-
cations, thus facilitating interoperability across various industrial equipment and systems.
Additionally, it is essential to emphasise data security and privacy. Protecting sensitive
information from unauthorised access while ensuring data integrity and confidentiality is
paramount. OPC UA directly addresses these concerns by incorporating robust security
measures, including user authentication, access control, and data encryption. The protocol
employs industry-standard transport layer security (TLS) for message signing and encryp-
tion, safeguarding data during transmission. The integration of real-time data enables
advanced analytics and machine learning applications, which analyse collected data to
extract valuable insights and perform predictive assessments, optimising production pro-
cesses. For instance, the analysis of temperature fluctuations and welding parameters can
lead to real-time adjustments that enhance product quality and minimise material waste.
Digital twins of metal AM systems offer substantial potential for optimising build speed
and part performance, reducing costs, and increasing the utility of metal AM for a broader
range of manufacturing applications [75]. Implementing feedback loops is essential for
real-time adjustments within the production environment. By continuously analysing data
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within the digital twin framework, the system can promptly identify deviations and imple-
ment corrective measures, thereby ensuring that the manufacturing process remains within
the desired parameters. The digital twin enables the manufacturing process to be continu-
ously monitored, studied, and optimised in real-time. Digital twins (DTs) have emerged
as an important tool in the additive manufacturing industry, allowing manufacturers to
enhance the process, improve product quality, decrease costs, and accelerate innovation.
However, the development of DT in AM is an iterative and continuous process [76]. This
approach aligns with the principles of Industry 4.0, which emphasises the digitisation and
interconnectivity of production systems [77]. DTs, supported by secure and interoperable
data exchange protocols like OPC UA, enable a more flexible and adaptive manufacturing
environment. This integration allows for seamless communication between machines,
sensors, and control systems, fostering an ecosystem where data-driven decisions enhance
efficiency and innovation [78]. However, several challenges must be addressed to fully
realise these benefits. Selecting appropriate technologies tailored to specific manufacturing
requirements is crucial. Ensuring data quality and accuracy is another significant concern,
as erroneous data can lead to flawed analyses and suboptimal decisions. Additionally,
optimising data processing and utilisation requires a well-structured approach to manage
the vast amounts of information generated in real-time, necessitating scalable data architec-
tures and efficient algorithms. In summary, effective data exchange within digital twins
for additive manufacturing processes hinges on real-time data integration, interoperability
through standards like OPC UA, and robust data security measures. Addressing these
elements facilitates advanced analytics, real-time feedback mechanisms, and seamless
integration into Industry 4.0 frameworks, thereby enhancing the efficiency and adaptability
of modern manufacturing systems.

3.5. Path Planning

Path planning in WAAM requires advanced computational strategies to optimise
the paths in terms of efficiency and accuracy due to the dynamic interaction between the
welding parameters and the material properties and geometries. For this reason, significant
research efforts are being dedicated to the development of new deposition strategies [79,80].

State-of-the-art research has addressed these challenges through advanced path-
planning approaches. Ding et al. [81] proposed a tool-path generation model that decom-
poses layers into polygons, filling each area while automatically generating a closed-loop
tool path to minimise start/stops and crossovers of weld paths. Further developments in
WAAM path planning were introduced by Ding et al. [82]. They provided a medial axis
transformation method that divides the slice geometry into bisector segments, where branch
points are created at intersections of more than two segments. Paths are then generated by
recursively offsetting counter-clockwise around the segment connecting two branch points,
ensuring a more efficient and controlled deposition process. Integrating such methodolo-
gies into CAD/CAM software enhances process reliability and precision, addressing key
challenges in WAAM path planning. There are several more path strategies that have been
developed for specialised geometries like 90◦ walls [30] or T-type structures [83].

Rodrigues et al. [8] investigated discontinuities found to be caused by layers start-
ing and ending at the same position. At the beginning of the deposition, excessive heat
dissipation reduces weld penetration, whereas at the end of the layer, insufficient heat
dissipation due to elevated temperatures leads to a drop in layer height. This inconsistency
accumulates across successive layers, ultimately compromising the process. To mitigate
these issues, it is crucial to dynamically adjust welding parameters according to the differ-
ent phases of layer deposition. Additionally, seamless communication between the robotic
system and the welding source is essential to ensure precise control. All process param-
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eters and adaptations must be pre-planned within the CAD/CAM software to optimise
deposition quality and maintain geometric accuracy.

In WAAM, there are several additional challenges in path planning that can sig-
nificantly affect the quality and integrity of fabricated components, particularly when
depositing overhangs without support structures. In such cases, the molten material lacks
underlying support, leading to potential sagging or collapse, which necessitates advanced
path-planning strategies to ensure structural stability. Since additive manufacturing typ-
ically builds in a vertically upward direction perpendicular to a horizontal worktable,
depositing near-horizontal features without temporary supports can be particularly chal-
lenging. A potential solution involves utilising a 6-DOF robotic system to control the torch,
combined with a pan/tilt table, enabling more flexible deposition strategies. Additionally,
a multi-directional approach, as tested by Yuan et al. [44], further enhances the ability
to fabricate complex geometries without supports. Ultimately, manufacturing support-
free complex parts requires not only advanced hardware components, but also precise
path-planning software capable of accurately calculating robot movements and optimising
torch-to-workpiece orientation.

4. Real-World Sample-GE Aircraft Engine Bracket Challenge
To demonstrate the necessity and applicability of digital twin methods within the

context of on-site production, the authors used a real-world sample to implement the
aforementioned methods. The goal was to demonstrate the functionality of individual
methods and to verify their interoperability with each other qualitatively. The resulting
current state encompasses only direct communication from the physical entity to the digital
entity, therefore representing only a digital shadow. This provides an indication of the areas
in which digital twin methods require enhancement to address the constraints mentioned
in Section 2.

The “GE Aircraft Engine Bracket Challenge” was initiated in 2013 with the objective
of leveraging a “crowdsourcing” approach to optimise and manufacture a titanium aircraft
engine bracket. The primary objectives of this optimisation process included reducing
the weight of the component and the utilised resources during production. Constraints
imposed included preserving the structural capabilities while ensuring conformity to the
maximum design dimensions and mechanical specifications [84]. This challenge, although
started in 2013, is still relevant nowadays and has become an accepted standard dataset for
design optimisation research [85,86].

The following discusses the manufacturing of the aerospace bracket by Ruhr West
University of Applied Sciences using the WAAM cell presented in Section 2.2, as well as
the digital methods employed. These digital methods are discussed in more detail with a
view to identifying potential applications in digital twin technology.

4.1. Application of WAAM to the Sample

The design of the bracket serves as a well-known, realistic, and industry-related part.
Common to all older solutions proposed within the challenge is the emphasis on optimising
the component for 3D printing using metal powder-bed manufacturing techniques, like
laser-based powder-bed fusion. For a WAAM-based additive manufacturing approach,
the optimisation must respect different design constraints. The part must be and remain
“WAAMable”, i.e., the optimised part must not have any overlapping surfaces or wall
thicknesses that cannot be achieved within the process parameters. A new structural
optimisation tool is needed to ensure that the part can be built with reduced volume and
manufacturing costs, but within specified capabilities. Although the concept of on-site
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production does not directly imply any form of optimisation of the part, it is a crucial step
in ensuring that production and the product itself are efficient.

Optimisation must be carried out in a semi-automated process. This is to ensure that
a single part is ready for production in the shortest possible time in the on-site manu-
facturing scenario. Here, the product “Möbius” from Rafinex S.à r.l. in Senningerberg,
Luxembourg [87] was used to optimise the original part while respecting the constraints
of the WAAM process. Figure 6 shows the original part geometry compared with the
optimised geometry as a triangle mesh. The algorithm used in the tool managed to reduce
the volume to 21% of the original volume (463.270 mm3 and 97.320 mm). The functional
surfaces were not altered during the process. The optimised part is split into two pieces, as
the weld base plate, which is not within the optimiser geometry, joins the two halves of the
bracket. The optimisation process was solely focused on the geometry of the object, with
no consideration given to the necessary levels of stiffness or rigidity.

Figure 6. Rendering of the original part (left), optimised volume, and surface of the part using
Rafinex Möbius [87] (right).

4.2. Setup of the WAAM Cell

The additive process was carried out using a Reis Robotics WAAM Cell, with a KUKA
KR10 R1440 robot with 10 kg capacity. The control unit is a KR C5 together with a KP2
HV500 tilt turn positioner table. As a welding source, an EWM Phoenix 402 Expert was
used. To ensure security, this system is placed in a closed enclosure that also allows the
extraction of the welding fumes using a KEMPER WeldFil Compact extraction system.
Systems like this can be integrated into shipping containers that then directly serve as
an enclosure.

4.3. Applied Digital Twin Methods

The basis for the implemented digital twin methods is a universal digital shadow de-
veloped in the 3D engine Unity, which is able to represent individual robot cells. Although
this 3D engine was originally designed for use in computer games, it is becoming more and
more a standard framework for simulation environments [88]. A network connection using
OPC/UA was established to communicate with the robot, monitoring in situ, among others,
axis positions, velocities, process parameters, and programmable logic controller (PLC)
states. Simultaneously, the data are recorded by the robot system locally. The historical
process data are stored in an extensive database and can be used to simulate processes
using digital twin methods. This allows the simulation and results to be correlated in order
to identify the relationship between process parameters and results, which in turn allows
for a more precise prediction of the process to be made. In the future, a direct connection
between the welding current supply and the digital twin is planned via OPC/UA. Further-
more, the first virtual reality (VR) and augmented reality (AR) functionalities have already
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been implemented. They enable the operator to monitor the process more effectively on-site
or remotely. Simultaneously with the implementation of VR/AR technologies, a training
programme is currently being developed in order to facilitate the training of qualified
process operators. This directly addresses a major challenge, the support for educating
qualified personnel; see Section 1.

The developed DT methods were designed according to ISO 23247 following a modular
approach. Each functionality was developed in an independent encapsulated system. The
aim was to allow the DT to be highly customisable and applicable to various individual
robotic manufacturing environments. In the future, particular emphasis will be placed on
the development of comprehensive APIs, enabling the DT to be implemented along the
entire software chain. This enables the simulation results of the DT to be fed back into
the CAD development for topology optimisation or the current sensor data regarding the
process status to be incorporated into the path planning of the subsequent paths.

4.4. Utilisation of Sensors for the Digital Shadow

A variety of sensors can be applied to improve the WAAM process. In this regard,
infrared temperature sensors have already been applied with the aim of measuring the
interlayer temperature. The interlayer temperature has a high influence on the achieved
material properties. Additionally, it is used to prevent the part from overheating during
the welding process, as high temperature decreases the shape accuracy. Furthermore,
the sensors can be used to evaluate the results of future temperature simulations. The
temperature control system could be expanded to incorporate a thermal camera overlooking
the process. In addition to measuring the temperature, a thermal camera can be used to
monitor the weld bead shape and apply corrective actions if deviations from the planned
result occur.

Further, the implementation of several more sensors is planned. This includes an
acoustic sensor, which can be used to detect irregularities during the weld process. Be-
vans et al. [89] applied acoustic sensors to achieve reliable fault detection. Other sensors
monitor external process data, like the mixture of the shielding gas. With the increasing
number of sensors, the fusion of the sensor data becomes more and more challenging.
Timestamps are provided with each measurement, but depending on the location of the
sensor, the calculation of the exact influence of the measured data in time and space needs
extensive calculations.

4.5. CAM for WAAM

Computer-aided manufacturing (CAM) for process planning is an important item
in the virtual process chain to ensure automated manufacturing. The aim is to automate
complex path planning and parameter selection during the whole manufacturing process
and therefore reduce preparatory tasks considerably. Modern CAM software offers a wide
range of functionality and customisability for various manufacturing tasks.

In this context, the ‘toolpaths for additive’ engine contributed by ModuleWorks GmbH
in Aachen, Germany was successfully employed for the cross-process CAM of the hybrid
processing chain, enabling 3 and 3+2 axis additive and subtractive manufacturing in the
same reference frame. In order to validate and control the toolpath planning, the first layers
were analysed using 3D scanning (EinScan HX from Shining 3D in Hangzhou, China with a
scan accuracy of 0.04 mm). Figure 7 shows that, within the same layer, the height values dz
differ significantly. A height difference of 4.37 mm was measured between point a (highest)
and point b (lowest). The underlying cause of this issue can be attributed to inadequate
optimisation and the failure to consider the aforementioned factors during the process of
path planning.
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Figure 7. Height deviation in early layers of the unoptimised WAAM process.

To produce flawless parts, path planning and parameter selection must be carefully
matched, as the manufacturing parameters affect the weld bed shape, which in turn affects
the path planning. It is therefore currently necessary to carry out extensive tests to optimise
the path planning parameters prior to manufacturing. This includes tests to determine the
required distance between two parallel paths, as well as perpendicular paths. As stated
in Section 3.5, the weld bead can be characterised by its asymmetrical shape regarding
the start- and endpoints. This may result in an uneven infill distribution. Therefore, an
optimised path planning approach has to be tailored to the part geometry. One solution is
the application of the infill path in a zigzag approach. While this approach may compensate
the asymmetric weld bead geometry, it could result in an unfavourable heat distribution.
Another solution is to apply a variant offset from infill to boundary regarding of it being a
startpoint, endpoint, or a parallel path. This strategy has already been applied manually
to simple test t-crossing geometries. For this purpose, t-crossings with different offsets
between infill and boundary were welded. The distance from the boundary to infill was
varied from 1 mm to −4 mm. In total, 21 lanes were welded travelling towards the boundary
and 21 lanes in the opposite direction. The optimal offset at which the intersection had
the lowest height deviation was determined using 3D scanning. The results are shown in
Figure 8. The red boxes highlight the weld beads with the lowest height deviation and
therefore the optimal parameter. However, such functionality still has to be implemented
within the automatic path planning.

 

Figure 8. Height analysis of t-crossing testing geometries, including an indicator for the distance
between infill and boundary.
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Another WAAM-related problem is the heat development during the manufacturing
process. The temperature of the part significantly influences the weld bead [90,91] and
mechanical properties [92,93] of the resulting part. The heat dissipation itself is dependent
on the part geometry. Therefore, a comprehensive thermal simulation or in-loop parameter
adjustment is necessary to achieve consistent results [94].

4.6. Simulation of the Part Shape and Inner Temperatures

During the definition of the WAAM paths, knowledge of the workpiece temperature
during the process is essential for ensuring a proper interlayer temperature. This is es-
sential to prevent the occurrence of any potential collapse of the workpiece. During the
manufacturing process, the interlayer temperature is usually monitored and controlled
using thermal sensors and an active cooling system. One simplistic approach is to apply
extensive wait times between each layer to ensure that the temperature is dropped suf-
ficiently. Although this is a secure method of avoiding high temperatures, this leads to
increased production times. Furthermore, it has been demonstrated that elevated levels of
cooling can result in an increased tendency for cracking and the formation of pores.

Knowing the temperatures in advance during process planning offers several ad-
vantages. There is no need for complex measurement of the current temperature or to
pause the process between the layers. Moreover, a temperature simulation enables the
determination of optimal wait times and the alteration of toolpath planning to weld on
areas of the workpiece that have already been cooled down. In [95], a dexel-based metal
cutting and deposition simulation is combined with a temperature prediction based on the
Lattice-Bolzmann method [95]. This is directly integrated into the toolpath planning algo-
rithm when defining a build-up strategy and print order for a given part geometry. More
general approaches utilise finite element approaches using standard software simulation
tools [74]. Temperature simulation via FEA is well tested and there are various setups for
different material combinations; however, these simulations are time-consuming and can
therefore not be applied when calculating weld paths simultaneously. Both approaches
provide a good picture of the current temperature within the workpiece. As illustrated in
Figure 9, the temperatures are represented by a colour gradient following the termination
of the weld paths. In this instance too, a simulation of the weld shape is absent, and a
simplified model was utilised instead.

 
Figure 9. Temperature simulation in an incremental approach utilising the Lattice-Boltzmann method
as in Mauthner et al. [95].

The current challenges concerning temperature issues, in conjunction with the issue of
determining the weld bead shape, hinder the advancement of a printed shape simulation
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that is as close to the real workpiece surface, as it is already common in simulations of
cutting processes, such as milling or turning. This discrepancy gives rise to a number
of uncertainties and underscores the necessity for further research to facilitate the devel-
opment of automatic CAM for additive processes, particularly WAAM. However, this
is a prerequisite for the goal of efficient on-site production without the need for expert
knowledge on site.

4.7. CAM for Milling

Whilst path planning for the additive part of the process has the aforementioned
challenges, the succeeding subtractive part of the process (e.g., milling, grinding, or wa-
terjet cutting) is, as a result, more challenging than a conventional, purely subtractive
process. This is again due to the unknown state of the actual shape of the part and its
internal metal structure. As mentioned above, the additive simulations of the shape cannot
currently predict the final shape with the accuracy required to use it for effective planning
of subsequent process steps. Figure 10 illustrates the targeted surface and the predicted
surface using an additive material simulation.

  

Figure 10. Digital representations of the WAAM bracket; the target shape as a result of the Rafinex
optimisation (left) and simulated shape using ModuleWorks AddSim (right).

The weld beads in the simulation are clearly separated and distinguishable, since this is
an idealised view of the process not concerning weld flow and other temperature influences.
This model is not suitable for utilising it as an initial stock in planning a subtractive process.
For the test part, this was solved using sensors for scanning the surface shape. In these
first tests, the internal TOF (time of flight) lidar sensor of an Apple iPhone 15 pro was used.
Although they lack the precision of professional systems, these quick and simple scans
already allowed the digital process chain to be tested. These scans show that the weld
beads and the part are already deformed to an extent that requires careful consideration
when planning the milling process. In Figure 11, two renderings show that, within the scan
picture (left), the weld beads are not visible. On the right side is the distance comparison of
the deformations of the scan. The colours indicate sufficient, excess material (green) and
insufficient material deposition (red).

This quick evaluation also showed that referencing the exact position of the part needs
to be included in process planning. In order to use the digital representation of the target
part and the scan of the actual part to plan further machining, both need to be aligned
in 3D space. The current shape deviates from the target surface and the deviation is, as
shown, not constant nor only in positive offset. There are two approaches to calculating
the deviation on a single point. When a precise reference of the part to the target part is
possible, e.g., markings on a baseplate, this reference can be used to align the geometries.



Computers 2025, 14, 221 21 of 27

This will result in an exact placing. However, with the occurring deformations, this can
lead to surface areas that must be processed, but in this context, have already insufficient
material. Therefore, the process with this part could not be continued.

 

Figure 11. 3D-Scan of the actual workpiece after WAAM (left); comparison of the scan with the target
surface as in Figure 10 (right).

The second approach is to reorient the target surface in the actual surface shape in a
way that the deviation across all surface points is minimised. This was achieved by using
an additional optimisation approach, which placed the target part in the actual workpiece
minimising the mean deviation as in Figure 11.

For milling the part, standard milling 3+2 operations have been used to postprocess
the functional surface areas (Figure 12). The operations included planar milling and drilling
in the surface areas around the six boreholes of the original part.

  

Figure 12. Final part after WAAM process before milling (left) and while milling (right).

The tests with this real-world sample show that digital twin methods are not only
helpful, but necessary to have an automated process that can be used for on-site production.
However, it is also evident that some methods, such as temperature and shape simulation,
are not yet fully applicable. In addition, it was also evident that the process development is
still composed of various only loosely connected process steps and software interactions. To
reduce the need for expert personnel, these steps and software tools need to be integrated
into one comprehensive environment. This allows for efficient training of personnel and
ensures that any part can be produced on-site within a short time. Within the utilised
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environment, this was shown by the DT integration into the Unity 3D engine version
2022.3.28f1 from Unity Technologies in San Francisco USA.

5. Outlook
In the context of this paper, the necessity and applicability of digital twin methods in

robot-based WAAM have been shown. All examined components of the framework yield
a high potential for optimisation in near-net-shape manufacturing, material properties,
as well as time and energy consumption throughout the process. The functionality of
primary components has already been assessed qualitatively. Future research efforts will
be dedicated to the implementation of these methods for quantitative assessment using
real-world examples.

In general, the integration of advanced technologies, such as digital twins, is essential
to optimise the manufacturing processes and ensure high-quality results. WAAM is valued
for its ability to efficiently produce large metal parts, but there are several challenges that
need to be addressed to fully realise its potential. Adaptive path planning, complemented
by digital twin methods, plays a critical role in overcoming these challenges by enabling
real-time monitoring, simulation, and process optimisation.

The key aspects of robot-based WAAM include:

1. Integration and feedback loops: Establishing a dynamic feedback system through digital
twins supports continuous optimisation and improvement of the manufacturing process;

2. Thermal management: Effective management of heat distribution reduces thermal
gradients, minimising residual stresses and distortion in the parts produced;

3. Dimensional accuracy and surface finish: Real-time adjustments ensure that the parts
produced meet precise dimensional specifications and have a high-quality surface finish;

4. Residual stresses and distortion: By accurately predicting and controlling stress
accumulation, potential distortion in the part is minimised, improving part integrity;

5. Weld direction and torch angle: Optimising weld paths and torch angles improves
material flow and layer adhesion, resulting in higher-quality assemblies;

6. Macroscopic material properties: Tailoring material properties through predictive
simulation ensures the final product meets specific performance criteria;

7. Post-processing considerations: By streamlining the manufacturing process, digital
twins reduce the need for extensive post-processing, resulting in time and cost savings.

Taken together, these aspects highlight the importance of integrating adaptive path
planning with digital twin methods into the WAAM process, resulting in enhanced control,
precision, and quality of manufactured components. By addressing these critical factors,
manufacturers can significantly advance the capabilities and efficiencies of WAAM, further
advancing its industrial applications. This paper sets out the argument that this is a critical,
yet as yet unfulfilled, component that is essential for enabling WAAM as a process for the
on-site production of arbitrary metal parts. It has been demonstrated that, by addressing
these challenges, a significant contribution can be made to the resolution of impending
issues in the domain of logistics chains.
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Abbreviations
The following abbreviations are used in this manuscript:

AM Additive manufacturing
AR Augmented reality
CAD Computer-aided design
CAM Computer-aided manufacturing
CMT Cold metal transfer
CNC Computerised numerical control
CNN Convolutional neuronal network
DED Direct energy deposition
DS Digital shadow
DT Digital twin
FEA Finite element analysis
GMAW Gas metal arc welding
GTAW Gas tungsten arc welding
LPBF Laser-based powder bed fusion
MAG Metal active gas welding
MIG Metal inert gas welding
NTWD Nozzle to work distance
OME Observable manufacturing element
OPC/UA Open platform communications unified architecture
PAW Plasma arc welding
PLC Programmable logic controller
TCP Tool centre point
TIG Tungsten inert gas welding
TOF Time of flight
TS Torch travel speed
VR Virtual reality
WAAM Wire arc additive manufacturing
WFS Wire feed speed
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