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Abstract: Small to medium-sized shipyards play a crucial role in the European naval
industry. However, the globalization of technology has increased competition, posing
significant challenges to shipyards, particularly in domestic markets for short sea, work,
and inland vessels. Many shipyard operations still rely on manual, labor-intensive tasks
performed by highly skilled operators. In response, the adoption of new tools is essential to
enhance efficiency and competitiveness. This paper presents a methodology for developing
a human-centric portfolio of advanced technologies tailored for shipyard environments,
covering processes such as shipbuilding, retrofitting, outfitting, and maintenance. The
proposed technological solutions, which have achieved high technology readiness levels,
include 3D modeling and digitalization, robotics, augmented and virtual reality, and
occupational exoskeletons. Key findings from real-scale demonstrations are discussed,
along with major development and implementation challenges. Finally, best practices and
recommendations are provided to support both technology developers seeking fully tested
tools and end users aiming for seamless adoption.
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1. Introduction

Small to medium-sized enterprises (SMEs) are the cornerstone of the naval industry,
particularly in Europe. The European shipbuilding and ship maintenance, repair, and con-
version (SMRC) sector comprises about 300 specialized shipyards, with over 80% being
SMEs that build and maintain ships up to 150 m [1,2]. These SMEs are vital for regional
employment and play a fundamental role in the European maritime supply chain, which
includes over 22,000 enterprises with a turnover of 60 billion euros. The industry’s com-
petitive edge lies in its highly skilled labor force, manufacturing expertise, and regional
collaboration networks [3,4]. However, the globalization of technology has enhanced
competitor’s capabilities, causing more competition and difficulties for SME shipyards,
particularly in their domestic markets for short sea, work, and inland vessels [4].

Ship design and manufacturing are increasingly complex [5,6]. This complexity ac-
counts for 20-25% of total costs. The need for seamless integration between design and
manufacturing processes exacerbates these challenges. Limited production efficiency and
product quality are major issues for SME shipyards, often because tolerances, deformations,
and large structures lead to frequent reconfigurations and reworks [7]. Manufacturing
equipment is often cumbersome, costly, and rigid. This makes it hard for SMEs to in-
vest in flexible, modular solutions, especially for low-volume production. The manual,
labor-intensive nature of shipbuilding, combined with increasing complexity and high-skill
requirements, further complicates the shipbuilding process [8]. Skilled workers are scarce,
while supply chain integration is poor, causing delays and waste. Additionally, the low
production volumes make automation investment hard to justify, hindering the attraction
of investment and skilled personnel.

To address these issues, the Mari4_YARD project (https:/ /www.maridyard.eu/, ac-
cessed on 6 February 2025) explored the deployment of human-centric technologies
and the establishment of a systematic infrastructure for upskilling the existing work-
force. The relevance of this work is well-founded, as the EU has funded multiple ini-
tiatives to support the development and implementation of innovative technological
solutions in the maritime sector. Examples of EU-funded research programmes are
the PeneloPe (https://penelope-project.eu/, accessed on 26 March 2025) and MATES
(https:/ /www.projectmates.eu/, accessed on 26 March 2025) projects. This paper presents
a novel methodology for approaching the development and implementation of technolog-
ical solutions within SME shipyards. In the literature, several initiatives have aimed to
develop methodologies for the shipbuilding sector [9-11]. For example, the methodology
outlined in [10] benefits shipyards by aligning technology adoption with strategic goals,
thereby enhancing efficiency and competitiveness; however, its dependence on extensive
case data may restrict its practical applicability for small and medium shipyards with
limited resources. In contrast, the AHP based approach [11] improves decision-making
and productivity through structured prioritization for the same set of technologies; how-
ever, its implementation for higher technology readiness levels (TRL) development for a
versatile set of technologies at small and medium shipyards is limited. On the contrary, the
Mari4_YARD iterative development methodology and the application of a didactic factories
network to upskill the shipbuilding workforce are demonstrated through selected results
from four technological blocks (TRL 6-7) at SME shipyards. The technical development
detailed results are outside the scope of this paper.
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The implementation of human-centric technologies is crucial for the digital transforma-
tion of the shipbuilding industry [12,13], increasing operational efficiency, reducing costs,
improving sustainability, and enhancing safety [14,15]. Key technologies include 3D mod-
eling and digitalization, robotics, augmented /mixed reality (AR/MR), and Al-supported
occupational exoskeletons (OE).

¢ 3D Modeling and Digitalization. Through digital twin (DT) technology, process digital-
ization enables the creation of digital replicas of entire vessels or specific components,
allowing for real-time monitoring, predictive maintenance, and performance optimiza-
tion [16,17]. This technology is particularly relevant for modeling and simulating complex
shipbuilding processes and systems. Traditional stand-alone simulations are inadequate
due to continuous environmental changes or lack of CAD models [7,18].

*  Robotics. Originating during the third industrial revolution, robotics has become more
flexible and autonomous [7,19], thus aligning with the shift from mass to customized
production. In shipbuilding, robotic tools automate welding, assembly, and logistic
operations [15,20,21], reducing manual and dangerous labor while enhancing produc-
tivity. Advanced sensors have given rise to collaborative robots (cobots), enabling
human operators work closely with robotic devices [22]. However, the precise robot
localization in the harsh shipyard environment is still a major challenge [23].

e Augmented and Mixed Reality (AR/MR). AR/MR has become a valuable tool in
manufacturing, enabling workers to collaborate effectively, access real-time infor-
mation, and monitor and control systems interactively [24-26]. AR fully immerses
operators in a virtual world for training and knowledge improvement. Meanwhile,
MR merges the real and virtual worlds, providing virtual data and information where
and when needed [7]. Precise localization of the virtual and augmented information
using projection and wearable devices is still a challenge due to the harsh shipbuild-
ing environment.

*  Occupational Exoskeletons (OE). A key driver of Industry 4.0, Al-supported occupa-
tional exoskeletons can significantly support shipbuilding processes [25]. These active
exoskeletons, equipped with onboard sensors, adapt to user needs by providing cor-
responding force and torque through actuators [27,28]. Al classifiers and algorithms
work intelligently, adapting to user physiological requirements and reducing physical
strain and fatigue-induced errors.

This paper is organized as follows: First, the methodology of technology development
is presented, including the iterative design approach, demonstration design, functional re-
quirements analysis, key performance indicators, and cost-benefit analysis. Next, the results
of the demonstrations are presented, along with the role of didactic factories. Finally, chal-
lenges to the introduction of these human-centric technologies as well as recommendations
for possible future research are discussed.

2. Mari4_YARD Methodology
2.1. Iterative Approach

To support the deployment of the Mari4_YARD approach and meet the project’s
objectives, a dual strategy was proposed: a technology-driven methodology and a barrier-
driven methodology. This double approach enabled the independent development of the
technologies portfolio, ensuring a wide replication potential in the EU shipbuilding sector
beyond the two end users involved in the project.

The technology-driven methodology, as shown in Figure 1, involved a structured ap-
proach to develop and test the Mari4_YARD technologies. The process began with the end
users defining their demonstrator requirements. These requirements guided the expansion
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of Mari4_YARD technologies. The goal was to meet the needs of the shipbuilding sector
and SME shipyards. The development of technologies and capabilities to address SME
shipyards’ needs was a key step, followed by the assembly and configuration of the devel-
oped technologies portfolio. Integration with existing digital tools in the shipyard was also
crucial to ensure interoperability and connectivity. A series of test sprints and intermediate
evaluations allowed the validation and ramp-up of the technologies. This process included
preparation, setup, testing, and evaluation stages. The final demonstration and benchmarking of
the worker-centric tools in novel shipbuilding and retrofitting /repairing applications completed
the technology-driven methodology. This was the main focus of this paper.

In parallel to the technical tasks, the barrier-driven methodology addressed the market
limiting factors to adopt the Mari4_YARD approach. This approach involved several activi-
ties, including testing and assessing developed technologies (three test sprints), and im-
plementing them in facilities of research and technology organizations (RTOs) to establish
Mari4_YARD didactic factories and general-purpose showrooms. The Mari4_YARD didac-
tic factories offered in situ training courses to shipbuilding SMEs. This helped bridge gaps
in skills related to digital and novel technologies [29,30]. Additionally, efforts aimed to
harmonize the developed technologies with different digital solutions and shipyard man-
agement systems. They also focused on generating, identifying, and protecting IP within
individual and integrated exploitation strategies. Finally, dissemination and communica-
tion activities aimed to promote the technology portfolio to wider audiences, guaranteeing
stakeholder engagement and community building.

| R&D O- 9\' g’\

| Validation at Didactic Factorieg

(2] :
|
|

| Implementation Q v \ “
T ' N .
| Testing at End-user site Sl Bl qo/ \
3
| Knowledge transfer @
----- Sprint 1 Sprint 3 — - >
_________ Sprint2 —--—- Demo evelopmentTime

Figure 1. The Mari4_YARD methodology: (0) requirements of end users; (1) preparation; (2) setup;
(3) test; (4) evaluation; and (5) transfer knowledge.

2.2. Portfolio of Technologies

The technological solutions developed in the Mari4_YARD project can be categorized
into four main classes: (1) 3D modeling and digitalization, (2) robotics with multi-layer
safety systems, (3) augmented reality for on-site support, and (4) occupational exoskeletons
for physical assistance at naval construction sites (Figure 2). These technological solutions
have been designed and developed following a user-centered approach. This approach
prioritized the needs, preferences, and experiences of small and medium shipyards [31].
In the following subsections, each technological category is explained. It presents each
system'’s specifications, methods used, and main limitations observed at SME shipyards.
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Figure 2. Portfolio of the technological solutions developed for the shipbuilding industry scenario.

2.2.1. 3D Modeling and Digitalization

Drones to perform 3D Scanning. The 3D scanning system (Figure 3a) used the drone
DJI Matrice 300 RTK™, customized with the Zenmuse L1™ vision system. It included
a LiDAR, IMU, stabilizer, and RGB camera, which had primarily functioned to color
the point cloud. The drone required accessories to increase geopositioning precision
(including an RTK station, namely a ground-based device that improves the accuracy of
GPS signals, such as the DJI D-RTK 2). It also included a parachute for urban missions
to improve safety. The DJI Terra™ software (v3.7.0) processed the data, which were
stored on a 256 GB micro-SD card. The scans were processed to form point clouds or 3D
models. This enabled comparisons between daily scans, with key capabilities including
importing standard CAD models into NAVISWORKS™ software (v20.3). This aided
in locating elements with precision, measuring distances and areas, and exploring the
global model in a 3D environment. Meanwhile, flight permissions were obtained in
compliance with legal requirements for flying drones in open areas, such as shipyards. In
outdoor environment, GPS for LiDAR-based localization enabled the real-time updates to
shipyard production workflows; in indoor settings, it was achieved through simultaneous
localization and mapping (SLAM) technology. The primary requirement for this technology
is the availability of software licenses. It also had to allow the re-scanning after updates to
the shipbuilding facilities, which are typically not very frequent.

Figure 3. Portfolio of technological solutions: (a) drone for the digitalization and 3D scanning;
(b) autonomous mobile robot; (c) high-payload robot; (d) high-precision projection; (e) AR/MR
headsets; (f) AR/MR hand-held tablet; (g) lumbar support occupational exoskeleton; (h) shoulder
support occupational exoskeleton.
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2.2.2. Robotics

Autonomous Mobile Robots. The system (Figure 3b) consisted of the following
modules: an omnidirectional mobile robotic platform, endowed with two LiDAR sensors
(Sick 3000) installed at different opposite corners; a robotic arm (UR10), mounted on top of
the mobile platform, equipped with a 3D sensing device (Photoneo PhoXi S 3D Scanner)
and two grasping tools (Robotiq 2 Finger Gripper and a OnRobot MG10 Magnetic Gripper).
The robot included software for autonomy and control. This enabled the robot to navigate in
confined and cluttered spaces [32] and pick non-standardized parts [33,34]. It also included
tools and methods for human-robot interaction and easy collaboration. The developed
technologies were hardware agnostic, allowing for easier deployment on various robot
hardware, supporting different needs, and ensuring scalability.

High-Payload Robots in Shared Spaces with Humans. The system (Figure 3c) con-
sisted of the following modules: an industrial robot (COMAU NJ 130) for manipulating
heavy loads; a welding torch; a magnetic gripper; a force/torque sensor for hand guiding;
laser scanners for safety; and an RGB-D camera for bin picking. All hardware modules were
commercially available. Machine vision enabled bin-picking operations, allowing for a
CAD-less approach to reaching parts without requiring dataset preparation and training. It
also played a role in avoiding collisions during robot navigation and in correcting welding
processes. An AR programming suite facilitated tasks such as robot control, welding path
programming, and teaching the robot, all without requiring expert knowledge. Addition-
ally, a vision-based method ensured the accuracy of welding paths programmed via the
AR interface. To enhance the robot programming suite, a hand-guiding system supported
operators positioning parts accurately during assembly. Force feedback was also added
at the robot’s wrist and joystick, which controlled ship hull surfaces of varying weights.
An incorporated safety monitoring system ensured compliance with safety regulations by
protecting operators working close to the robot [35]. It constantly checked the environment
and adjusted speed and force if a hazard was detected in the work area.

Collaborative Robots. Collaborative robots provided a compact and lightweight
solution for industrial applications [36], capable of supporting adequate payload for weld-
ing and cutting tools at the small shipyard. These processes were automated based on
the following steps: A 3D sensor detected points of interest and localized them within
the robot’s surroundings. Subsequently, by using the obtained data, the robot created a
trajectory for movement. This step was implemented within the ROS framework. Robot
signals facilitated the communication with the plasma cut machine, while a ModBUS
TCP-IP server controlled the welding machine. For the cutting operation, a CAD file was
required to localize the robot within the space using point-cloud processing tools, helping
find the exact cutting position for the robot. Additionally, a human-machine interface
(HMI) defined and configured welding trajectory points, allowing for the setting of welding
parameters. To further explore the capabilities of collaborative robots, we investigated the
collection of position data from the robot, as well as cutting process parameters, using an
ammeter clamp and reading voltage from analog inputs. These data were published to an
OPC-UA server and exchanged within the vertical integration architecture via hierarchical
data format (hdf5) files. In the human-robot collaboration, we ensured smooth operation
in tight spaces by keeping the calibration and configuration process simple by locating and
choosing the cutting position. The operator only needed to consider the available space
and the robot’s potential movements. Additionally, because the robot is designed to work
safely with humans, it could be quickly stopped in case of emergency, ensuring safety.
However, we observed several limitations in the implementation of these technologies.
Specifically, both the camera and robot systems required an ROS interface to connect and
be orchestrated by the system. Moreover, the localization system necessitated a manual
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initial guess of the robot’s positioning within the space. If a different cut operation was
performed at a distance from the previous one, requiring robot movement, the localization
had to be recomputed. The robot’s working area also imposed limitations on the length
of the welding joint and the cutting height and radius achievable. Lastly, a CAD file was
required for the cut operation to localize the robot.

2.2.3. Augmented /Mixed Reality

High-Precision Projection Systems. The high-precision projection solution (Figure 3d)
consisted of the following modules: a 3D perception system; a 3D rendering SDK; and a
4K DLP projector to project information directly onto the target object. A movable tripod
integrated the projector and 3D sensor for ease of use and to avoid interfering with the
operator’s field of view. The system provided an immersive HMI to assist human operators
in performing tasks such as marking, cutting, and assembling supply modules during
outfitting. It allowed the human operators to perform these tasks faster, more accurately,
and with fewer mistakes, without relying on error-prone traditional measuring devices
and printed documents. To operate the solution after executing the calibration procedure,
the operator needed to open the graphical user interface and perform the loading of the ship
section of interest; then, the operator needed to specify the approximate pose of the tripod
in relation to the CAD model origin. This six degrees of freedom (DoF) pose given by the
operator was used as an initial alignment for the iterative closest point (ICP) algorithm, so
it did not need to be very accurate. The precision of the projection relied on the alignment
of the ICP algorithm and was dependent on the overlap of the CAD model and the 3D
point cloud of the environment. To balance accuracy and computational efficiency, only
the geometric information was retained in a point cloud format. This step was necessary
because the ship could have subsections with similar geometry and could have limited
field of view of the 3D sensor. The operator needed to provide a rough initial pose to allow
the 3D perception system to achieve an alignment converging to the correct subsection
of the ship. After the 3D perception stage, the system projected the CAD model content
onto the environment, as shown in Figure 3d. The impact of the ambient lighting was
addressed in two key stages of the projection system: the environment perception stage and
the projection stage. In the environment perception stage, a structured light ZIVID sensor
was used. This sensor has built-in processing algorithms that reduce noise in the point
cloud, even in poor lighting conditions [37]. As a result, more reliable data were obtained
despite changes in lighting. In the projection stage, a high-power projector was used. This
projector is designed to overpower ambient light, ensuring clear and accurate projections.
For tougher conditions, robustness could be improved by switching to laser-based sensors
and projectors. These are less affected by variations in ambient lighting.

Cost-Effective Projection Systems. The cost-effective projection system consisted of
the following modules [36]: a pan-tilt unit; a projector and a camera; a computer; and a
magnet. The pan-tilt unit allowed the system to move freely in two directions, allowing
for a range of motion from —66.5° to 66.5° in the tilt axis and from 0° to 306° in the pan
axis. This improved the system’s operational capabilities. The system’s components were
carefully selected to make the operator’s tasks easier. The projector (EPSON EH-TW 5400)
projected supplementary information directly into the real environment, enhancing the
user experience and system effectiveness. The camera (Zed 2i) facilitated scanning and
monitoring of the working area with high precision and accuracy. The system’s software
was executed on a personal computer, managing projection, camera input, and overall sys-
tem functionality. The system was operated by performing calibration and uploading the
CAD of the designated work area. The system then scanned the specified region, compared
it with the provided CAD data, and projected onto the actual environment. To evaluate
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the system’s capabilities, a low-cost projection system was used to recognize a scene at a
medium-sized shipyard and project the desired CAD file. The CAD files included recogniz-
able features, such as corners with multiple planes and key elements. The geometric detail
was adjusted by setting the voxel size parameter in the user interface. An ICP algorithm
enabled localization. The operator provided an initial manual pose to begin the process.
The ZED2i camera’s built-in algorithms helped minimize the effects of changing ambient
lighting conditions. The system did not operate in real time, meaning that scanning and
localization occurred at the start of the process. Afterward, the projected information re-
mained visible until the workers finished the task. The system’s effectiveness was assessed
by comparing task performance by the operator with and without the projection aid.

Hand-Held AR devices. This technology (Figure 3f) consisted of two applications: a
user-centric tablet application for easily checking construction progress in a designated
construction area; and a web application to prepare and provide data for the tablets. It also
served as a user interface for a clear evaluation of progress recordings [38]. The developed
application operated with almost no latency, facilitated by the high computational power
of the tablets used (iPad Pro, Apple). This ensured a nearly seamless interaction experience,
enabling effective real-time use. The prepared data in the web application could be entered
manually or automatically by third-party systems, such as the shipyard’s PLM systems.
The prepared data were then downloaded to the mobile device. Then, the tablet app could
be used to navigate the working environment in CAD or AR mode, and helped carry
out work processes and check their status. A pipeline to automatically convert the 3D
models was developed. This conversion modified metadata but did not cause any visible
differences. Since the iPad tablets used powerful hardware and the mobile application
was developed in a 3D engine, they could display entire ship sections without noticeable
performance loss. The use of a tracking box allowed for localization through image tracking.
Additionally, a different approach for tracking with four anchor points was considered,
but it was discarded due to the lack of intuitiveness. The tracking box method allowed
for fast and sufficiently accurate alignment in a dynamic environment by aligning the
physical and virtual boxes on the fly with distinctive geometric reference points. Tracking
performance was experimentally tested under varying lighting conditions in a lab envi-
ronment. The results showed reduced accuracy in extreme lighting conditions, namely
in very bright or very dark conditions. However, for the lighting conditions expected in
shipyard operations, tracking accuracy remained within acceptable limits. Construction or
supervision production progress tasks could be marked as successfully performed; other-
wise, issues could be reported with text- and/or image-based documentation. After that,
the information could be monitored by supervisors in the web application, so that they
could quickly react to status updates from the site. Relevant data could be exported back to
the shipyard’s own systems. Thus, the system served as an additional source of informa-
tion for the workers involved without requiring any dedicated skills. At the time of the
experimental verification of the system, it was at a prototype stage, only including standard
login security as it ran in an isolated surrounding. Future plans include integration into
the shipyard’s existing IT infrastructure, where it will benefit from the security measures
already in place.

Head-Mounted AR devices. The system (Figure 3e) consisted of a hands-free, voice-
controlled head-mounted device (RealWear Navigator®) securely attached to a safety
helmet. Equipped with wireless connectivity, a monocular camera, microphones, and ad-
vanced noise cancellation algorithms, the device enables engineers to operate entirely
through voice commands, eliminating the need for manual interaction. The device seam-
lessly integrated with TTPSC SkillWorx™, leveraging computer vision and remote visual
SLAM that built sparse 3D point cloud to overlay critical information onto the ship struc-
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ture and shipyard equipment. Additionally, it tracked frame to frame, generating a local
3D coordinate system from 2D videos. The latency of the system varied based on network
conditions and ranged from 50 to 200 ms, which was sufficient to ensure a comfortable
user experience with devices like RealWear Navigator® that use opaque micro-displays
for glance-based interaction. Users did not need to rely constantly on the micro-display;
instead, they engaged with the real world and glanced at the display only when necessary,
particularly during critical steps. This allowed them to stay focused on their real-world
tasks. The system followed a “say what you see” approach, where the screen showed the
most relevant voice commands for the headset wearer. Meanwhile, less-used commands
were tucked away in a “show help” menu to keep the screen uncluttered yet accessible.
To handle changes in ambient lighting and occlusion, histogram equalization was applied.
To ensure cybersecurity, all real-time communications were protected with TLS 1.2/1.3 en-
cryption to prevent unauthorized access. For securing data at rest, the following measures
were implemented: only whitelisted devices could connect; collaboration spaces (“rooms”

were password-protected; files downloaded by the head-mounted app from the server
were stored in an application sandbox managed by the device’s operating system; web
access to resources was further secured with a session key; and links shared with spectators
for meetings were temporary and expired once the meeting ended. This paper presents
a demonstration of the system in a medium-sized shipyard use case, showcasing how it
enhances field engineer’s efficiency while keeping their hands free at all times.

2.2.4. Occupational Exoskeletons

Two OEs—namely, a shoulder support exoskeleton and a lumbar support exoskeleton—
were developed (Figure 3g,h). Their ultimate goal was to reduce the physical strain
of the workers in the production stages characterized by the presence of work-related
movements for the shoulder girdle and the spine [39]. They targeted the reduction in the
muscular effort of the assisted muscles [40], namely the anterior deltoid, medial deltoid,
and upper trapezius for the shoulder support exoskeleton [41-43] and the erector spinae
longissimus and iliocostalis for the back support exoskeletons [44,45]. As “wearable” tools,
both exoskeletons were designed to provide a comfortable human-machine interaction,
due to a light structure and a highly compatible kinematic chain that ensure complete
freedom of movement. A set of adjustments ensured the high adaptability of the devices to
different body sizes. Both OEs also included a control unit devoted to collecting kinematic
information from an integrated sensory apparatus wireless communicating with external
IoT networks. Both devices were battery-operated. Power consumption was optimized to
ensure a battery life of more than 8 h, i.e., longer than the normal work shift duration.

Shoulder support OE. The shoulder support OE was a semi-active device, designed
to provide anti-gravitational support to the user’s arms for those job activities that require
static or repetitive shoulder flexion [46,47]. The exoskeleton was capable of automatically
adjusting the level of assistance through adaptive algorithms over five discrete levels. This
was achieved thanks to an inner real-time closed-loop control based on worker movements
and kinematics monitoring [48] or perception of the surrounding environment and working
tools [49].

Lumbar support OE. The lumbar support OE was a fully passive device, designed to
assist the user’s trunk erector muscles by providing support at the lumbo-sacral joint [50].
It was intended for use in tasks involving repetitive lifting or maintaining static, flexed
trunk postures. The intensity of the assistive support could be manually tuned over five
discrete levels.
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2.3. Design of Demonstrators

A set of real-scale demonstrators, planned and set up at the two shipyard facilities—the
NODOSA (Marin, Pontevedra, Spain) and Brodosplit (Split, Croatia) shipyards—allowed
for evaluating the feasibility and effectiveness of the developed portfolio of technologies.
The design of the demonstrators comprised the definition of (1) the requirements of the
shipyards as the end users, (2) the testing scenarios, and (3) the KPIs needed to assess the
technologies in the identified scenarios.

2.3.1. Functional Requirements

To establish an effective implementation of the proposed portfolio of technologies in
the shipyards, the end users identified several requirements. Table 1 shows a summary of
the end users’ needs. For the sake of clarity and synthesis, we grouped them according to
the aforementioned four categories.

Regarding the application of drones to perform 3D scanning for achieving the genera-
tion of 3D modeling and digitalization of the shipyard, the main requirements were the
following: The system needed to show results on a graphical interface. To achieve this, it
had to be able to import new scanned elements into the 3D environment. Additionally, it
had to be able to locate with precision the new elements imported into the 3D environment;
specifically, the possibility of moving and rotating the 3D elements had to be included.
Finally, it had to be able to simulate different alternatives to arrange the new elements
within the 3D environment.

Table 1. End users’ needs heatmap. The main criteria for the selection of the KPIs. Technologies and
their impact across different criteria.

Process Control Quality Cost Safety Ergonomics
Technology Time Saving Improvement Improvement Reduction Improvement Improvements
3D scanning 0.8 0.7 0.6 0.4 0.2 0.1
Mobile manipulator 0.7 0.6 0.8 0.5 0.4 0.3
High-payload robots 0.6 0.5 0.4 0.2 04 0.3
Collaborative robots 0.8 0.7 0.9 0.6 0.5 0.4
High-precision projection 0.4 0.3 0.6 0.2 0.1 0.0
Cost-effective projection 0.3 0.2 0.5 0.1 0.0 0.0
AR with handheld 0.5 0.4 0.7 0.3 0.2 0.1
MR with headsets 0.6 0.5 0.8 04 0.3 0.2
Occupational exoskeletons 0.2 0.1 0.4 0.1 0.9 0.8

With regard to the robotics-based solutions (i.e., autonomous mobile, heavy-payload,
and collaborative robots), the requirements identified by the end users were characterized
by the need for developing partially to fully automated solutions. The aim was to improve
the efficiency (e.g., in terms of work cycle times and assembly quality) of tasks such as the
picking and transportation of raw materials and the welding of heavy parts. To achieve
their objectives, robotics-based technologies needed to ensure the automatic recognition
of unknown assembly parts and components (e.g., pipes) of different shapes and weights.
They also had to perform repetitive tasks with high precision, such as in performing
welding seams. To do so, the new systems needed to be seamlessly integrable with actual
shipyard’s software. Additionally, they had to fulfill safety requirements such as ensuring
safe collaboration with humans within the working space of the robotic platform (e.g.,
the robotic arm or the mobile platform).

As for the AR/MR systems, the requirements set by the end users can be divided into
two separate groups: projector-based systems; and hand-held and head-mounted systems.
In the first case, the requirements set by the end users were as follows: the capability
of the system to work in harsh environments; and the capability to project task-oriented
information directly into the environment using the 3D model of the structure obtained
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from the design software or scanned point cloud data. Moreover, the projected image
needed to be visible during daylight hours and ideally be placed in slightly irregular floors.
Finally, the systems needed to be user-friendly and easy to carry, move, set up, and use.
In the second case, to be efficiently and effectively implemented in the shipyard, the system
needed to worked with PLM systems, which required a basic level of digitalization in the
shipyard. Hence, PLM systems had to be up-to-date, and 3D models needed to be available
and represent the reality as closely as possible. This ensured that plans, tasks, and resources
could be used effectively as input for this application.

For the OEs, two main categories of needs were considered to identify the set of
requirements to be targeted: (1) ensuring operators’ comfort while using the devices; and
(2) compliance with the shipyard’s environmental constraints. Firstly, the two exoskeletons
were conceived following well-established needs in the state of the art of exoskeletons.
These included the need for a comfortable, lightweight, and easy-to-wear structure that
fits different anthropometries. They also had to ensure high kinematic compatibility for
optimal use. Secondly, the desired requirements set out for the exoskeletons to be effectively
and safely introduced in the shipyard included waterproofness and usability in outdoor
applications and dusty environments; corrosion resistance properties were also desirable
due to the presence of saline mist, as well as flame and spark resistance properties, as the
exoskeletons were intended for use in welding operations.

2.3.2. Testing Scenarios

Following the development of the portfolio of technological solutions based on the
functional requirements set by the end users, several testing scenarios were identified.
For the sake of clarity and synthesis, we grouped them according to the aforementioned
four categories.

The scanning of the shipyard through drones equipped with LiDAR technology for
point cloud acquisitions was deployed in both indoor and outdoor environments of the
shipyard. The drones were remotely controlled to scan all the necessary infrastructure to
ultimately build the 3D model of the shipyard.

The robotics-based solutions were deployed for testing in shipyards’ warehouses and
shop floors. Specifically, the autonomous mobile manipulator solution was deployed in
a small shipyard’s warehouse (NODOSA shipyard). Here, the majority of the smaller
components used in the construction (e.g., pipes, flanges, reducers) and outfitting (e.g.,
small appliances) processes for the building or renovation of a vessel were stored on shelves.
Therefore, this scenario comprised a high variability of parts being stored. As modern
shipbuilding warehouses are optimized for space and manual handling, their current
storage methods are not suitable for robotic arm operations. Therefore, modifications
were made to the storage arrangement. This facilitated the validation of the technology
within this specific warehouse. Apart from adjusting how parts were stored, no other
environmental changes were made. For the testing of high-payload robots, the three main
scenarios were identified in the shipyards that were selected for analysis: (1) robotic cutting
of openings; (2) welding robots for pipe welding in block vessels; and (3) comparing
the actual position of equipment and elements using 3D scanning. The first case had
inadequate process control and poor product quality. The second case involved poor
ergonomics and high costs. The third scenario faced long lead times, weak process control,
and low-quality products. In terms of collaborative robotics solutions, the main scenario to
test this technology was identified as the positioning of assembly elements using projection-
based methods, leveraging the vessel’s 3D model. This current scenario had long lead
times, poor process control, lower quality, and higher costs.
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The pan-tilt unit projection system was tested in a medium shipyard (Brodosplit
shipyard). A structural section of a boat hull was set aside for testing, where we could place
our system and use the CAD information to project elements of interest onto the walls of
the structure to remove the need for manual measurements by the operators.

The mobile application test scenario consisted of two parts: First, the data for su-
pervision tasks were prepared in the web-based application. From the shipyards PLM,
information about the target status of a section as well as 3D models of that section were
taken. The data were synchronized with the tablet application and the worker compared
them with the actual status on site, reporting information related to the current status and
possible issues. This information was exported from an interface into the PLM system.

The main scenario for testing the OEs was supporting the workers. It focused on phys-
ically demanding and tiring job activities involving the upper extremities, particularly the
shoulder joint and the lower back. Such work activities typically involved the use of heavy
tools (e.g., welding guns) and the prolonged maintenance of poor ergonomic postures,
such as keeping the arms elevated overhead or bending the trunk. In the specific shipyard
context, the exoskeletons were tested in welding activities performed both overhead and at
ground level.

2.3.3. Key Performance Indicators

Several KPIs allowed for the evaluation of the feasibility and effectiveness of the
developed portfolio of technologies within the shipyards during the real-scale demon-
strations. To ensure clarity and synthesis, we organized them into the four previously
mentioned technological blocks, as summarized in Table 2. Notably, KPIs were based on
end users’ needs, as shown in Table 1.

The KPIs identified for 3D modeling and digitalization tools focused on the time
required for point cloud data or 3D CAD elements, as well as on the amount of errors in
the measurements of these elements in the digitalized view.

Several KPIs were established to evaluate the robotics-based solutions. They focused
on assessing the impact of their installation in the shipyards’ facilities in terms of de-
ployment and setup times. Additionally, other indicators measured the improvements
compared to current practice. These included the time needed to perform a task and the
precision and accuracy of the assembly or operations.

KPIs related to the AR/MR systems evaluated improvements from these technologies.
They focused on providing easy-to-access projected or digital information, compared to the
current shipyard practice of using paper-based instructions for tasks, as well as improving
the precision and accuracy of assembly and manufacturing operations.

In the case of OEs, three main categories of KPIs were considered. Usability-related
indicators to assess the practicality of OEs in the shipyard: they focused on the actual
utilization time and ease of use through usability scores. Health-related indicators to
measure the OE’s impact on operator safety: this category was evaluated in terms of the
reduction in pain and discomfort induced by the working activity on the target body area
of the OEs and physical stress, measured as reductions in perceived effort. Productivity-
related indicators were used to evaluate the potential for OEs to reduce fatigue-induced
errors and the number of breaks caused by fatigue in the work cycle.



Electronics 2025, 14, 1597 13 of 27

Table 2. Summary of the key performance indicators. KPIs for each technology are reported, grouped
by the main four identified categories, along with target values as well as achieved results.

Technology KPI Target Result

3D modeling and digitalization
Time to import point clouds/3D CAD ele- <10 min (<15 min) Achieved
ments (with format conversion)
Time to import a ship block and locate itin <15 min (<30 min)  Achieved
open storage area/slipway

Deviation in length measurement <0.5% 0.2%
Deviation in area measurement <1% 0.5%
Robotics
Autonomous mobile manipulator
Time to setup the full system in place 1.5 days Achieved
System reliability >95% 90%
Operators freed for other operations >1 operator Achieved
High-payload robots
Cycle time reduction >5% 18%
Reduction of robot programming time >20% 90%
Improved ergonomics scores 1 < score < 4 Achieved
Time diff. with/without hand-guiding as- <2 min 2.4 min
sistance
Use of external assistance to handle loads 0 Achieved

Collaborative robots

Hardware component deployment time <10 min 5 min
Time for electrical component connection <5 min 5 min
Time for cut opening vs manual <40% 20%
Robot position and cut accuracy error <20 mm 5-6 mm

Augmented/Mixed Reality
High-precision projection

Time to setup system 10 min 8 min

Precision error of projection <5mm Achieved

Time saved vs traditional approach >70% 73%

Rework reduction 80% Achieved
Cost-effective projection

Reduce paper drawing usage <1 query Achieved

Mounting configurations >2 2

Onsite rework reduction <60% Achieved

Install/remove projector time <5 min Achieved
AR with hand-held devices

Perform working task time <5 min 2 min

Report/review issues time <60 min 20 min

Document machine state time <30 min 3 min
MR with headsets

Training time reduction >25% Achieved

Reduction in training material writing >80% Achieved

Occupational exoskeletons

Weekly utilization >20% 22%

Usability >5 5.5

Wearing /unwearing time <60 s 45s

Pain events reduction >50% 28% (shoulder),

65% (lumbar)

Fatigue reduction vs baseline >25% 40%

Assembly error reduction >30% 50%

Breaks reduction due to pain >30% 66%

2.3.4. Cost and Benefit Analysis

In addjition to the KPI evaluation, a comprehensive cost-benefit analysis was performed
for each technology. Costs were assessed based on three main components: (1) purchase
costs, encompassing the system’s hardware and software; (2) installation costs, including
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setup, calibration, and training of personnel; and (3) maintenance costs, covering routine
maintenance, repairs, insurance, and software subscriptions. Benefits were determined
using the criteria outlined in Table 1, with the highest-rated criteria selected to reflect user
needs. As the technology remained at TRL 7, data on the full system deployment were
derived from estimations rather than actual implementation benefits. Using the calculated
costs and benefits, the estimated payback period, two-year net benefit, and return on
investment (ROI) were computed for each technology, as shown in Figure 4.
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Figure 4. Technology cost-benefit analysis and return on investment (ROI) estimates.

3. Results
3.1. 3D Modeling and Digitalization

To demonstrate the capability of performing the 3D modeling of the shipyard, the facil-
ity was scanned through a drone mounting a LiDAR to obtain the point cloud representation
of the shipyard facilities. This captured point cloud of the shipyard facilities was regis-
tered as the 3D base model, which could be navigated by operators through a dedicated
application. The demonstration of the 3D scanning and digitalization focused on time
saving, process control, and quality improvement. The use of 3D scanning tool combined
with the 3D model was found to be a useful tool in areas with many installations, where
a deviation in an element’s position can have a high impact on the installation of others.
Figure 5a shows an example of the accuracy of the scanned information and its overlay on
the actual design. The information is shown in terms of the model design and the actual
design (as-designed vs as-built). Figure 5b shows the scanned area of the shipyard with
the 3D point cloud and the simultaneous overlay on the RGB images, generating the digital
twin with dimensions in horizontal and vertical directions. All time-related KPIs were
achieved; in particular, the import and conversion of all elements were completed within
the target time. Additionally, the percentage deviations in the measurements were 0.2% for
the dock length and 0.5% for the storage area location, respectively.



Electronics 2025, 14, 1597

15 of 27
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Figure 5. Results of the digitalization and 3D modeling: (a) digital verification and comparison of
digital models with fixed scanner; (b) 3D scanned production facilities interface with drone.

3.2. Robotics

Autonomous Mobile Robots. The deployment of the autonomous mobile manip-
ulator effectively demonstrated the capability to assist human operators in performing
intra-logistics tasks, as illustrated in Figure 6a. They increased the ergonomics and attrac-
tiveness of these working positions. This allowed the human operator to spend more time
on monitoring processes and other high-value tasks. A narrow corridor in the NODOSA
warehouse (around 25 m long and 2.5-3 m wide), was selected as the testing environment;
four different part-picking locations were defined. Moreover, five types with various ge-
ometries and sizes were selected from all the available parts in the warehouse to showcase
the developed solution’s full capabilities. The robot was capable of navigating the ware-
house autonomously and grasping a wide range of objects. Notably, the robotic solution
was fully deployed in 1.5 days, demonstrating its usability and simplicity of operation.
The solution achieved a 90% success rate across more than 20 tasks with varying picking
requests and item types, using four different types of parts for the demonstration.

High-Payload Robots in Shared Spaces with Humans. The collaborative welding
technologies utilizing high-payload robots at shipyard showed potential for improving
ergonomics, reducing physical strain, and minimizing operator exposure to hazardous
substances (Figure 6b). Furthermore, production efficiency could be enhanced, enabling
operators to focus on tasks that require dexterity and contribute greater value. The demon-
stration involved the assembly of a real structure derived from an actual ship section.
The assembly included several parts with varying shapes and sizes. To maintain easy
replicability during the validation activities planned with multiple operators, we focused
on the placements of two parts from the overall structure weighing 60 kg and 15 kg, re-
spectively. Cycle time was reduced by 18%, exceeding the target of 5%, demonstrating
improved productivity. Robot programming time for welding paths decreased by 90%,
substantially higher than the 20% target, highlighting the system’s user-friendliness and
efficiency. Low rapid upper limb assessment scores [51] demonstrated ergonomic enhance-
ments. Additionally, non-ergonomic postures reduced compared to the original process,
with a very positive average user satisfaction score, achieving the objectives for better work-
ing conditions. Lastly, the utilization of the hand-guiding system eliminated the need for
external elevation system, reducing the cycle time by 2.4 min. These findings confirm that
the system was capable of delivering enhanced operational efficiency alongside improved
safety for human operators.

Collaborative Robots. The deployment of the collaborative robotic system demon-
strated significant improvements in usability, process execution, and flexibility (Figure 6c).
Notably, the deployment time of hardware and electrical component connections was
reduced to 5 min (the target KPI was 10 min). This rapid deployment enabled faster setup
and reduced downtime, allowing for increased productivity and efficiency. In addition,
the time required for electrical component connections was also streamlined to 5 min. This
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efficient setup process set the stage for improved productivity, which was further enhanced
by the system’s ability to perform cut openings 20% faster than manual tasks; however, it
fell short of the 40% target. Finally, the accuracy in the cutting positioning of the robot was
around 5-6 mm, where the maximum acceptable error was of 20 mm. Overall, the rapid
deployment, efficient setup, and high accuracy boosted productivity, making this robotic
system suitable for similar scenarios.

Profile b Aligned points
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N mk’_ Target
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path
correction

Figure 6. Results of robotics at SMEs shipyards: (a) autonomous mobile robots localization and bin
picking at the warehouse. A-D are the different objects picking points; (b) high-payload localization
of the welding path on the ship structure; and (c) collaborative robot performing localization and
plasma cutting.

3.3. Augmented/Mixed Reality

High-Precision Projection Systems. High-precision projector-based technologies
mainly improved productivity and efficiency by reducing reliance on printed documents,
thus eliminating the need for manual measurement and marking tasks (Figure 7a). This led
to a substantial reduction in human errors and rework, while also improving the precision
and quality of finished products, such as cut openings. Furthermore, the technology
supported the standardization of production information, ensuring higher consistency
across processes. Specifically, tests demonstrated that the setup time was approximately
8 min, while the effective projection process required only around 97 s. In terms of time
savings, a 73% reduction was achieved compared to traditional methods. Additionally,
the system maintained a high level of precision, with projection errors consistently under
5 mm.

Figure 7. Results of AR/MR system at SMEs shipyards: (a) high-precision projection localization
w.r.t. the CAD model; (b) cost-effective projection high-payload localization w.r.t. the CAD model;
(c) localized information overlay on the tablet; and (d) localized instruction and information on
the headset.
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Cost-Effective Projection Systems. The deployment of the cost-effective projection
system yielded improvements in usability, process execution, and flexibility (Figure 7b).
The main task for the projection system was to demonstrate the procedure of making
markings for cuttings in the hull construction within the allowed tolerance range for error.
This was then compared to the standard procedure to obtain the final output data for the
KPIs to verify whether this technology could outperform the one currently in use based on
2D paper drawings. Notably, the system eliminated the need for physical drawings, with
almost no queries for physical paper. Furthermore, the system successfully demonstrated its
versatility by being mounted on both the floor and the ceiling of ship structures, achieving
the target of at least two distinct configurations. The system’s seamless integration with the
existing environment was also achieved without requiring any additional site modifications.
However, voltage fluctuations were observed, prompting the selection of a more suitable
voltage regulator for future systems. The technology’s rapid deployment and removal,
completed in less than 5 min, met initial expectations. While the system achieved the target
KPIs, the projection system’s accuracy could still be improved.

Hand-Held and Head-Mounted AR/MR devices. Hand-held and head-mounted
devices proved useful tools to improve training and process quality, increase operation
completion, and reduce paper-based instructions and reporting (Figure 7c,d). In this work,
they were used by workers as an additional tool while they performed their normal working
tasks. It was estimated that through these systems, the time for checking the current status
of a ship’s section reduced by about 30% with respect to the current practice. From the
workers’ subjective perspective, there was an estimated increase in work satisfaction when
using the digital assistant systems of about 30%. Overall, the workers who used these
systems were very satisfied with them; they reported that it would help prevent rework
and highlighted its ease of use, especially in localizing the necessary information for their
daily work. Moreover, they reported having a 3D model with them to be highly beneficial,
compared to carrying paper-based technical drawings, as well as benefits such as the
possibility of reporting work progress and issues digitally and receiving prompt support
from a remote supervisor.

3.4. Occupational Exoskeletons

The deployment of the OEs within the shipyard yielded positive results in terms of the
KPIs identified, such as usability-related, health-related, and productivity-related indicators,
after one month of use. This demonstrator was designed as a cross-over interventional
investigation, consisting of a one-month baseline (BL) monitoring window and a one-month
monitoring period (MP). The BL period served as a baseline condition to acquire data from a
pool of workers in regular working conditions, allowing operators to access the technology
during real working operations. Three workers participated in the OEs test campaign.
The impact of the OEs was assessed by comparing the performance indicators measured in
the one-month BL period, during which the operators performed their regular working
activities without the OEs. Then, after training provided from the technology developers
on the safe and effective use of the device, the three operators used the OEs during their
regular work shift in the shipyard. The OEs were used in addition to the workers’ regular
personal protective equipment, with compliance to all safety prescriptions. Figure 8 shows
the main results achieved. During the one-month MP, the three workers used the OEs
during work for a total of 96 h, corresponding to about 5 h/day (22% of the total work
shift for each worker). Both OEs were positively evaluated in terms of usability. Workers
were able to use the OEs regularly, except for tasks in confined spaces. Improvements were
achieved in the reduction of pain occurrence with respect to the baseline period (—28%
for the upper extremities with the shoulder support OE, —65% for the lower back with



Electronics 2025, 14, 1597

18 of 27

the lumbar support OE). Thanks to the use of the OEs, the physical effort perceived by
the workers was reduced by 40%. Finally, both the number of breaks to rest and fatigue-
induced errors were reduced by more than 50%. The results were positive. However, longer
studies involving more workers are needed to confirm the device’s long-term usability
in shipbuilding.

USABILITY-RELATED INDICATORS

s0 25 7 Usability scores
— 6 6.7
40 =20
O 5 5.7 5.7
~ —
30 5 15 2, I
= : g
3
20 £ 10 §
‘s 2
10 B 5 1
0 0 0
Wearing time Time of use bcé‘ é&c}’ R & @\*‘d &@b &00 é‘& Q’§\d . &
& &S ° SRR &L o &
< & 2 @ & & 0
@04 & < @ o'\° @‘\‘
A &
\ J
HEALTH-RELATED INDICATORS PRODUCTIVITY-RELATED INDICATORS
8
120 Number of pain and discomfort episodes 10 Borg Score ;
100
8 5
80 a4
£ 60 x5 T3
40 5 2
S -
wv
20 0
0 | 2 Average number of Average number of
Total Upper Total Back Total Target ° stops reworking during
Body Body Area during welding welding
BL mMP
BL mMP BL mMP
\ AN J

Figure 8. Results of the occupational exoskeletons demonstrator, showing the impact on usability-
related, health-related, and productivity-related indicators.

3.5. Training and Didactic Factories

The main implementation results include the 20 trainers who collaborated to design
and deliver comprehensive training sessions. These sessions offered participants a well-
rounded perspective on four main classes of technologies used by developers and end
users. Tailored training materials were designed and developed for each of the nine training
topics, helping over 170 participants from universities and the maritime industry. These
training resources are accessible on the Mari4_YARD website. They can also be used
in situ on the 10 pilot lines of the didactic factories, supporting continuous learning and
practical experience.

4. Discussion

The successful implementation of the proposed portfolio of technologies developed
within the Mari4_YARD project for the small to medium-sized shipyard industry hinges
on overcoming several technical and operational challenges. Understanding these hurdles
not only provides insights into potential risks but also lays the foundation for identifying
best practices to guide future efforts. Hence, this section delves into the key challenges
encountered during the development process, as well as the challenges faced to demonstrate
these technologies in practice, and examines the strategies that proved most effective in
addressing them. By doing so, it aims to offer actionable insights for stakeholders and
researchers in the shipbuilding industry.

In the next sections, we first analyze the technical challenges, followed by operational
issues. Finally, we highlight potential best practices and recommendations that emerged as
critical to overcoming these barriers. It is worth noting that, given the multifaceted nature of
the technologies developed, encompassing drones, heavy robotic platforms, collaborative
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robots, and wearable solutions, it was complex to generalize these challenges and thus

draw common recommendations. Nevertheless, we endeavored to identify and highlight

common themes across technologies (Table 3) or, when that was not possible, within each

technological category.

Table 3. Summary overview of technical and operational challenges encountered. For each challenge,

the involved technologies are shown.

Technical Challenges

Challenges Technologies

Prompt and clear identification of functional requirements
Match between physical environment and its digital version

Initial technologies” TRL
Environment-related factors

Operational Challenges

Challenges Technologies

Modification of the shipyard

Integration of developed solutions into existing systems
Compliance of developed solutions with actual shipyard’s systems

Easy-to-operate solutions

Ensuring adequate work operations performance and quality compared to current practice

Obtaining flight permissions

Planning prolonged time use of the developed solutions to improve workers well-being over time

3D modeling and digitalization; @ Robotics; Augmented /Mixed Reality; @ Occupational exoskeletons.

4.1. Technical Challenges During Development

Technical challenges were the first main barrier encountered by technology developers.

This barrier was mainly addressed due to the end users’ requirements related to the specific

work tasks. Consequently, the technology was designed for the environmental constraints

of the shipyard. These were typically associated with the expectations connected with the

foreseen real-world application scenario.

Requirement to Specification Gap. A common issue was the prompt and clear
identification of functional requirements from the end user’s perspective, which had
to be translated into technical specifications by developers. This gap impacted the
design and development phases of our solutions. Indeed, delays and uncertainties in
identifying adequate requirements from the beginning of the design phase caused a
cascade of additional delays, the development of initially sub-optimal solutions, and
modifications to the requirements along the way.

Digital to Real Gap. Ensuring that physical environments match their digital coun-
terparts, such as 3D CAD models, is key to effectively using projection systems and
digital technologies [52]. The accuracy of these projection systems relied on how
precise the digital models were. If the real world and its digital twin did not align, it
could add inconsistencies during both the perception and projection stages, which
could impair the system’s performance. One major issue was how ship structure
deformation affected precision. Physical structures, especially in shipbuilding and
industrial settings, can deform slightly due to material traits, temperature shifts,
or mechanical stress. While 3D CAD models offer a theoretical design, they often
ignore these real-world changes. The solution developed, based on a 3D point cloud
registration algorithm used in the perception phase, was capable of handling outliers
and proved to be resilient to these mismatches and deformations (in shipbuilding,
most processes can handle deviations of up to +5 cm).

TRL Gap. The technologies implemented did not all start from the same TRL. Indeed,
within the various solutions implemented, some of them were already available on
the market (e.g., high-payload robots, drones, head-mounted devices), whereas others
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were at a more prototypical stage (e.g., exoskeletons). Therefore, we observed technical
challenges at different layers. On the one hand, in the case of projection systems or
collaborative robots, the main technical challenges were not related to the platform
itself, but rather to the specific applications they were used for. On the other hand,
in the case of OEs, the maturity level of the technology was at a more prototypical
stage (i.e., not commercially available), so technical challenges were encountered from
the beginning of the design and development phase.

Environment Uncertainty Gap. Environment-related factors influenced the technical
development, ranging from the presence of dusty, saline, and potentially explosive
environments to the fact that these settings are heavily unstructured and inherently
complex to target. In this context, for example, OEs were developed considering that
the materials used needed to be resistant to flame, dust, and oxidation. Additionally,
in the case of mobile robotic solutions, one of the main technical challenges was related
to the fact that the shipyards were not yet ready for the deployment of such technolo-
gies, for example, due to component storage locations being organized to optimize
space usage and human handling, which made the use of robotic devices challenging.

4.2. Operational Challenges During Demonstrations

The second main barrier encountered by technology providers was related to the oper-

ational challenges during the demonstrations at the end users’ facilities. These challenges

represented the second layer to be overcome for technology demonstrations and future

implementation. They were associated with the practical verification of the real conditions

in which the developed technologies had to be implemented. Some cases required specific

modifications and online adjustment to facilitate their correct integration and utilization

within the shipyard’s environment and actual processes.

Environment Adaptation. In the context of autonomous mobile manipulators, their
adaptation for specific applications required modifications tied to the warehouse’s
item storage configuration. To validate this technology, adjustments were made to
the storage layout, as illustrated in Figure 6a. Beyond these changes, no additional
alterations to the warehouse environment were necessary. However, the adoption of
mobile robots necessitated a careful evaluation of floor conditions. This assessment
accounted for the type of wheels employed to ensure proper navigation and stability
of the robot. For the use cases selected in this paper, and in typical warehouse settings,
the floors were generally well-maintained, as they often accommodate pallet trucks for
transporting parts. Consequently, no issues arose in this regard. Nevertheless, when
deploying this solution to other locations, a thorough assessment of floor conditions
remains essential to ensure operational success.

Software Integration. The integration of the provided solution into the already
existing production systems—both hardware and software—was one of the main chal-
lenges that technology developers faced while implementing their solutions within the
shipyards. In the case of the software, the concept of vertical integration was adopted.
It focused on the static uploading of different data file formats collected from standard
shipyard software tools. The verification of integration was performed by means of
dedicated graphical user interfaces. However, there were still some challenges sur-
rounding the day-to-day data updates. For example, it was verified that the existence
of ERP systems, such as 3D models and resource planning, was not sufficient for many
applications to effectively use the new technologies (e.g., digitalization through 3D
scanning with drones). Indeed, if these systems are outdated, the physical environ-
ment may not correlate with the digitalized version (e.g., 3D models). This mismatch
could result in manufacturing errors such as incorrect openings in hull structures.
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This was the case for the high-precision and cost-effective projection systems, where
inadequate CAD model adaptability for in situ modifications hindered the ability to
efficiently modify and update the developed models in real time.

Hardware Compatibility. The deployment of the pan-tilt unit projection system only
required the presence of a horizontal ferromagnetic surface for attachment, whereas
no additional modifications were necessary for on-site deployment. Additionally,
ensuring compatibility between the new system’s hardware and the shipyard facility
was a challenge. For example, power supply instability during one of the demon-
strations at a shipyard risked damaging the projector system'’s electrical components
due to frequent voltage fluctuations. This was solved by implementing additional
protective measures to ensure consistent power supply that were not foreseen in
the design phase. The use of autonomous mobile robots in indoor environments
suggested potential efficiency gains, but their application was constrained by factors
such as floor conditions, robotic arm reachability, and payload limits. CAD models
were necessary for part recognition, although ongoing research aims to eliminate this
dependency. Challenges with reflective and transparent surfaces also highlighted the
need for advancements in sensing and perception technologies [53]. Overall, these
occurrences underscored the importance of developing robust and flexible solutions
that can effectively address the complexity of real-world applications.

Operator Usability. A relevant challenge was providing solutions that could be easily
operated by shipyards” operators, without the need for dedicated specialized personnel,
such as engineers from the developer’s side, during the daily work routine [54]. This issue
arose when some parameters or device configurations needed real-time changes because
the design did not match real conditions. This mismatch could be due to unforeseen
changes in the working environment with respect to the design phase, such as in the
case of collaborative robots. In this case, we faced localization problems, because the
robot’s positioning was compromised due to the structure’s dimensions and limitations
in the initial view selection. Also in this case, the problem was solved through manual
intervention by the developers.

Productivity-Precision Balance. Maintaining a balance between cycle times and the
precision of cutting and welding presented another challenge [55]. For example, with col-
laborative robots, we addressed this by splitting the process into two steps: robot teaching
and automatic robotic operation. In the robot teaching step, the operator guides the robot
to the correct position for the target ship structure, teaching it to reach the robotic working
area for welding or cutting tasks. Then, in the second step, automatic robotic operation
begins. From this point, the robot maintains a steady speed and accurately follows the
planned paths. This method improved both precision and cycle time, particularly when
welding similar profiles within the robot’s range of motion.

Environmental Operation. As far as the use of drones for 3D scanning of shipyards
is concerned, it was faced the problem of obtaining proper flight permissions and
managing the local fauna, namely the presence of birds in the aerial environment.
Additionally, the shipyard workers in the scanning area posed a significant operational
challenge. The presence of both humans and birds was a condition that needed to be
avoided in order to properly perform acquisitions with drones.

Long-Term Impact. In the case of the OEs, demonstration of their impact (or its
estimation) in improving the quality of life of workers and enhancing productivity
in the medium or long term is still lacking [56]. Hence, the primary challenge was
to design an experimental procedure that could clearly highlight the medium- or
long-term benefits of using exoskeletons compared to baseline working conditions.
The procedural strategy implemented to demonstrate the benefit of the exoskeletons
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in the shipyards allowed us to effectively measure and demonstrate the medium-term
impact of exoskeletons in reducing symptoms of musculoskeletal pain and discomfort
and enhance productivity.

Economic Viability. The cost-benefit analysis emerged as a critical tool for evaluating
the implementation potential of technologies at a higher TRL [57]. Our analysis
revealed that most of the technology portfolio could achieve an ROI exceeding 100%
by the end of three years. However, certain technologies, such as high-payload robots,
high-precision systems, and mixed reality with headsets, would require a longer time
frame to recover their initial investment costs. It is worth noting that the true benefits
of these technologies could only be fully assessed post-implementation or through
extended long-term deployment studies, which were outside the scope of this work.
Moreover, the analysis was conducted based on the use cases under consideration.
However, in practical scenarios, additional use cases within the industry could emerge
as potential beneficiaries of the deployed technology, potentially leading to a higher
return than what is estimated in this paper.

4.3. Best Practices and Recommendations

In this section, we attempt to summarize the main lessons learned in terms of best

practices that could be derived from both the test sprint experiments and the on-site

demonstrations carried out during the project. This section presents best practices from the

Mari4_YARD experience as practical recommendations for implementing new technologies

in shipbuilding.

Drone Application. While the use of drones for point cloud acquisition is highly
promising, it will require careful planning and management. Regulatory requirements,
local fauna interactions, and the presence of shipyard workers pose significant chal-
lenges. Mitigation strategies can be suggested, such as proper flight scheduling and
the use of specialized devices to deter bird interference, to help overcoming these
obstacles, although at an added cost.

Robotics Efficiency. The autonomous mobile manipulator brings both direct and
indirect benefits to shipbuilding warehouses. It supports pre-planned logistics opera-
tions by using digitized warehouse data to receive tasks ahead of time, prepare them,
and deliver parts to the requester. The robot also handles heavy and varied objects,
managing items of different weights and sizes that are often too challenging for human
workers to carry or move. When connected to the warehouse management system
(WMS), it automatically records picking details, reducing errors in kit preparation and
inventory registration for a more efficient and accurate process. Robotics also drives
warehouse digitalization. This enables precise tracking of part locations and quantities,
which human operators currently struggle to know exactly. This ensures complete
registration and traceability of parts from arrival to departure, unlike the slow man-
ual requesting and registering processes that lower productivity today. Overall, this
highlights how robotics can boost efficiency, reduce human workload, and improve
accuracy in shipyard warehouse operations.

Safety Compliance. Safety considerations are paramount in robotic systems, espe-
cially during deployment and task execution [58]. Proper training and the use of
personal protective equipment are essential to mitigate risks [59]. The integration
of collaborative robots also requires strict safety measures, especially for cutting or
hazardous tasks and interaction with human operators on the shop floor.

AR/MR Implementation. The implementation of AR/MR systems relies on precise 3D
models and controlled projection environments. Environmental factors, such as avoid-
ing direct sunlight on projection surfaces, are critical for maintaining accuracy [60].
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While wider projections are possible, they compromise precision and must be carefully
considered in operational planning. Additionally, the use of head-mounted or hand-
held devices as tools for digitalization highlighted the need for shipyards to embrace
higher levels of technological maturity. Digital models and integration with exist-
ing ERP and PLM systems are prerequisites for their successful implementation and
for successful future use. Effective knowledge organization, data security, and user
training are also critical to maximize the benefits of these systems.

* Training Simplicity. Since users have different levels of experience with AR/MR
technologies, training sessions were included. Prototype training modules were inte-
grated into both the web and mobile applications. During on-site trials, the workers
using the tablet were given a short introduction, after which they were able to use the
system without much difficulty. This, and the feedback we received, suggests that the
application is easy to learn and user-friendly.

*  Exoskeleton Deployment. When considering the deployment of OEs, three main
recommendations can be highlighted: First, providing structured training on how
to use and operate exoskeletons can enhance user acceptance and usability. These
sessions not only clarify technical aspects but also educate users on the benefits,
ensuring smooth integration into daily routines. Second, establishing a dedicated area
for exoskeleton storage, such as a locker room or a nearby corner, can make the devices
accessible and facilitate easy donning and doffing. Third, gradually introducing
workers to the technology helps them adapt to human-machine interaction at their
own pace, ensuring comfort and respecting their physical conditions.

* Training Consistency. Personnel training is a general aspect to be considered and
homogeneously shared across almost all technologies. Indeed, through proper training
activities shipyard’s operators can learn how to correctly use the new tools to enhance
job efficiency, consequently reducing the barriers that could hinder their use in daily
practice. This was particularly true for technologies that must be worn, such as
head-mounted devices and exoskeletons. Moreover, the importance of this theme
was recognized in the Mari4_YARD project, in which several training activities were
conducted as previously reported.

* Infrastructure Adaptation. Warehouses and shop floors would possibly need mod-
ifications to ensure proper integration of the new systems, in terms of, for example,
spaces where components are stored that must be accessible to autonomous mobile
robots. Additionally, the floor where robots will operate must be in a good state in or-
der to enable the correct maneuverability of such systems. Ensuring the compliance
of actual software infrastructures, such as ERP and PLC systems and CAD and 3D
models, is necessary to ensure that new solutions can be effectively integrated and
work synergistically with the existing system. This is a fundamental aspect that will
be considered, especially in the case of projection systems and digitalization processes.

*  Sustainability. Finally, in the future, the long-term maintenance and support of these
digital solutions could rely on licensing models with customer software support.

5. Conclusions

This paper presented the Mari4_YARD methodology and demonstration results of four
human-centric technological blocks. The main demonstrations results can be summarized as
follows: The use of drones can significantly enhance digital information collection for moni-
toring and production planning. High-payload robots can enhance ergonomics and reduce
welding time, while advanced 3D scanning can improve monitoring accuracy. Collaborative
robots can improve productivity and work quality by assisting in tasks that require high
precision, such as metal cutting and welding, while allowing skilled workers to focus on more
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complex jobs. Cost-effective and high-precision projection systems can further streamline
tasks and improve accuracy, particularly in outfitting and hull structure inspection. AR/MR
technologies, including hand-held devices and headsets, can facilitate precise monitoring,
commissioning, and training, enhancing communication and reducing paper usage. OEs can
reduce operator fatigue, leading to higher productivity and reduced manufacturing errors.
Didactic factories and cost-benefit analysis can serve as effective tools for implementation
and deployment at small and medium-sized shipyards. However, these technologies faced
both technical and operational challenges and will need further development to be effectively
deployed and potentially included in everyday shipyard processes.
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Al Artificial intelligence
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Cobot Collaborative robot

DT Digital twin

KPIs Key performance indicators

ICP Iterative closest point

LiDAR  Light detecting and ranging

OEs Occupational exoskeletons

PLM Product lifecycle management

RGB Red green blue (color camera context)
RTOs Research and technology organizations

SLAM Simultaneous localization and mapping
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SMEs Small to medium-sized enterprises
SMRC Ship maintenance, repair, and conversion
TRL Technology readiness level
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