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Robotic welding has garnered significant attention in the maritime industry for its potential to
enhance marine structure quality and optimize production processes. This systematic literature
review aims to provide a comprehensive overview of the current state of research in robotic
welding for marine applications, encompassing marine structures and production processes,
following the PRISMA statement and guidelines. The review encompasses various facets,
including welding techniques, processed materials, types of robotic welding, technological ad-
vancements, potential advantages, and challenges encountered when implementing robotic
welding systems in the maritime sector. The results spotlight the pivotal role of gas metal arc
welding (GMAW) in propelling robotic welding technology forward, while wire arc additive
manufacturing (WAAM) has experienced a notable surge in popularity, signifying its potential to
catalyze significant changes in maritime manufacturing processes. Notably, the predominant use
of robotic welding centers on carbon steel materials. However, ongoing advancements indicate a
growing diversification, with the incorporation of advanced materials like high-strength alloys on
the horizon. Additionally, the utilization of 6-axis robot welding in conjunction with fully
autonomous systems has emerged as a versatile and potent instrument that has revolutionized
welding methodologies across various maritime research domains. Robotic welding provides a
number of advantages, such as increased productivity, higher quality, adherence to industry
standards, adaptation to confined and dangerous locations, and facilitation of innovative con-
struction techniques. Nevertheless, adoption of this cutting-edge technology is not without
challenges. By synthesizing the results from several investigations, this research study offers
useful insights into the current knowledge gaps, emerging trends, and future prospects for the
growth of robotic welding in maritime applications.

1. Introduction

The shipbuilding and marine industry play a crucial role in global trade and transportation, requiring the construction of robust and
reliable vessels and marine structures. The welding process is a critical aspect, as it ensures structural integrity and longevity. However,
traditional manual welding methods often suffer from limitations such as inconsistent quality, low productivity, and safety concerns.
To overcome these challenges and improve marine structure and production processes, the integration of technological innovation has
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gained significant attention in the maritime industry.

The advent of technological innovation has substantially reshaped many industries, one of which is the maritime sector. This
transformation has significantly impacted marine structure construction and production processes, largely driven by the adoption of
automation and robotics [1]. Among various automated technologies, robotic welding has emerged as a crucial technique, offering
numerous advantages such as improved quality, efficiency, and safety [2].

Robotic welding, a process where automated programmable tools perform welding operations, has been extensively used in
different industrial applications [3]. In marine structures and production processes, this technology offers promising potential for
enhancing manufacturing efficiency and quality [4]. The effectiveness of robotic welding in this sector, however, is influenced by
many factors including process parameters, welding methodologies, material properties, and environmental conditions [5].

The utilization of robotic welding presents numerous benefits in comparison to traditional welding methods, such as enhanced
levels of accuracy, consistency, and productivity [6]. The implementation of robotic automation in the welding process enables the
attainment of consistently high-quality welds, leading to improved structural integrity and a decrease in the need for rework [7].
Moreover, the incorporation of automated welding systems has the potential to enhance productivity through the reduction of reliance
on human labor, the mitigation of overall production duration, and the identification of opportunities for cost reduction [8]. However,
there are still challenges and limitations that need to be addressed to fully exploit the potential of robotic welding in the marine
industry.

Existing research has focused on various aspects of robotic welding in marine applications. For example, studies have investigated
the microstructure, mechanical properties, and corrosion behavior of materials used in robotic welding, such as Incoloy 825 [9],
Inconel-625 [10], and Super Duplex Stainless-Steel (SDSS) [11]. These studies provide valuable insights into the suitability of these
materials for marine applications and the effects of the welding process on their properties.

Furthermore, research has been conducted on the development of robotic systems for specific tasks in marine welding, such as
cooperative mobile robots for fit-out operations inside ship superstructures [6], portable robotic welding platforms for large-scale
structures [7], and mobile robotic systems for working in the double-hulled structure of a ship [12]. These studies address the chal-
lenges of working in complex and confined spaces in the marine environment and propose innovative solutions for efficient and safe
welding operations [13].

Other research has focused on improving the performance and quality of robotic welding through advanced techniques and
technologies. For example, studies have investigated the use of vision-assisted robotic finishing [14], laser keyhole weld termination
regimes [15], and sensor-enabled multi-robot systems [16] to enhance the accuracy, control, and reliability of welding processes.
These studies contribute to the development of intelligent and adaptive robotic welding systems for marine applications.

Additionally, research has explored the optimization of welding parameters and process planning strategies for robotic welding in
marine structures. Studies have investigated the optimization of process parameters for steel EN24T [17], the determination of op-
timum welding parameters for steels used in underwater marine systems [18], and the development of optimal noise filter algorithms
for laser vision systems in GMA welding [19]. These studies aim to improve the efficiency, quality, and cost-effectiveness of robotic
welding in the marine industry.

To date, numerous studies have investigated the use of robotic welding in marine applications for marine structures and production
processes. These studies have explored various aspects, such as different welding techniques, process parameters, quality assessment
methods, and productivity enhancement strategies. However, a comprehensive understanding of the existing knowledge, trends, and
research gaps in this field is necessary to guide future research efforts and technological advancements.

Considering this context, this study employed a systematic review approach to locate and assess scholarly literature pertaining to
the utilization of robotic welding in marine structures and production processes. The subsequent research inquiries served as the
guiding framework for the review:

. Which welding methods are applied using robotic welding technology?

. Which types of robotic welding were used in the cited research experiments?

. Which materials were processed in the reported research and experiments?

. What potential advantages can be derived from the utilization of the indicated robotic welding?

. What are the current obstacles and deficiencies that hinder its widespread implementation in the industry?

a b wN~

The main objectives of this systematic literature review are threefold: firstly, to identify and classify various robotic welding
techniques employed in marine applications, including arc welding, laser welding, hybrid welding, and friction stir welding; secondly,
to assess the types and levels of robotic welding mentioned in the literature; and thirdly, to explore the processed materials, including
steel, aluminum, nickel-aluminum bronze, and other different metal alloys. Additionally, this review investigates the benefits that
could be achieved by using the identified robotic technologies reported in the literature. Moreover, it examines the challenges and
limitations faced in implementing robotic welding systems in the maritime sector, including complex marine structures, welding of
dissimilar materials, environmental conditions, and combination of building task repeatability and robot control.

The rationale for the review on robotic welding techniques in marine structures and marine production processes is to gather and
synthesize existing knowledge in this field. By synthesizing the findings of various studies, this study will provide a comprehensive
understanding of the current state-of-the-art, highlight research gaps, and propose recommendations for further research and
development. Ultimately, the integration of robotic welding systems in the maritime industry has the potential to significantly improve
marine production processes, leading to enhanced efficiency, quality, and competitiveness.

As the maritime industry increasingly embraces advanced materials and intricate designs, the evolution of robotic welding
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techniques becomes pivotal in addressing the complexities associated with diverse materials, joint configurations, and varying
thicknesses. Moreover, the systematic literature review sheds light on the current state of research, showcasing the industry’s tra-
jectory and emphasizing the critical need for further advancements. By understanding the intricacies of these techniques, the industry
can harness their full potential, ensuring a more efficient, reliable, and sustainable future in marine construction.

2. Methodology

The methodology section outlines the systematic approach employed in conducting the literature review. The outline is structured
into two components: an overview of the search strategy and a detailed selection process. The former provides insight into the
overarching strategy designed to identify relevant literature, while the latter delves into the specific steps undertaken for the selection
of studies.

2.1. Overview of the search strategy

In order to conduct this inquiry, an approach based on systematic review was employed. A systematic literature review (SLR) is a
rigorous and comprehensive analysis of the available literature pertaining to a certain subject. The process entails a methodical
exploration and evaluation of pertinent scholarly works, adhering to a predetermined approach in order to uphold objectivity and the
ability to replicate findings [20-23]. The methodology employed for conducting this systematic literature review on “Robotic Welding
Techniques in Marine Structures and Production Processes” was formulated in accordance with the recommendations outlined by
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) to guarantee a thorough and impartial review [24].

The probability of bias in the selection of publications is a limitation of the systematic review methodology. The application of
inclusion and exclusion criteria may also result in the omission of pertinent papers that do not meet these criteria. Many advancements
in the field of robotic welding in marine application are driven by practitioners who may not publish in journals or conference pro-
ceedings. Consequently, it is possible that pertinent studies published in grey literature or elsewhere were overlooked during the
search.

The search strategy was developed to identify all relevant publications related to robotic welding in marine applications. Only
publications which are included in ScienceDirect, IEEE Xplore, Scopus, and Web of Science electronic databases were considered [25].
The search terms included combinations and variants of “robotic welding”, “marine structures”, “shipbuilding”, and “production
processes'".

[ Identification of new studies via databases and registers ]
Records removed before screening:
§ Records identified from: - Duplicate records (n =17)
3 Databases (n = 956) Records marked as ineligible by
Fé automation tools (n = 83)
ﬁ Records removed for other reasons (n = 105)
—
¢ N \4
Records screened > Records excluded
(n=751) (n=99)
/
%ﬂ Reports sought for retrieval > Reports not retrieved
3 (n=652) (n=435)
5
%)
4 Reports excluded:
Reports assessed for eligibility > Review article (n =31)
(n=217) Non-marine application (n = 35)
Unspecified robotic welding (n = 45)
—
y
B
3 New studies included in review
E (n=106)
~—

Fig. 1. Process flow diagram for a systematic literature review (PRISMA flowchart).
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To select the most relevant publications, inclusion and exclusion criteria were established. The inclusion criteria focused on
publications that specifically addressed robotic welding techniques in marine structures and production processes. Additionally,
publications had to be written in English and published within the past 15 years (2007-2022) to ensure currency. Exclusion criteria
were applied to filter out irrelevant publications that were unrelated to robotic welding, marine applications, or marine structure and
marine production processes.

The initial screening process consisted of evaluating the titles and abstracts of the selected publications in order to ascertain their
relevance to the research subject. The publications that were chosen were subsequently acquired in their entirety for further evalu-
ation. Every publication underwent a comprehensive evaluation process, wherein the inclusion and exclusion criteria were meticu-
lously applied to determine its suitability for inclusion in the systematic literature review [26].

The quality and relevance of the selected publications were assessed using evaluation criteria such as the rigor of research
methodology, the validity of findings, and the reputation of the authors and publishing venues. This assessment helped to ensure that
high-quality and reliable publications were included in the systematic literature review [27].

Data were extracted from the selected publications, including information such as authors, title, publication year, research ob-
jectives, methodologies, key findings, and the type of robotic welding technique applied. This data extraction process enabled the
organization and synthesis of the information obtained from the publications, facilitating the identification of common themes, trends,
and research gaps, as well as examining the implications and potential future directions suggested by the reviewed literature. The data
were summarized and analyzed descriptively to identify common themes, advancements, and challenges related to robotic welding in
marine applications.

The findings of the systematic literature review were organized and presented in a coherent manner, following the structure of the
research paper. The methodology, key findings, and insights gained from the reviewed literature were summarized, and any impli-
cations and recommendations were discussed.

2.2. Detailed selection process

The flow diagram depicted in Fig. 1 presents a comprehensive outline of the selection procedures conducted for this review,
adhering to the guidelines set forth in the PRISMA declaration [24] and utilizing the PRISMA2020 product [28]. The selection process
proceeded in the following manner: The three stages of the screening process include: 1) record identification, 2) title and abstract
screening, and 3) full-text screening according to predetermined eligibility criteria. Our analysis focused exclusively on peer-reviewed
articles, as this approach guarantees that the papers published in academic journals and conferences address pertinent research in-
quiries and present significant findings [29].

The systematic literature review selection process commenced with the identification of 956 published works from various elec-
tronic databases, namely ScienceDirect, IEEE Xplore, Scopus, and Web of Science. Subsequent to this initial retrieval, 17 duplicate
records and 83 records deemed ineligible by automation tools were excluded. An additional 105 records were excluded due to a variety
of reasons, such as the unavailability of full texts and the absence of relevant URLs, leaving 751 articles to undergo the screening
process.

The screening stage employed four stringent inclusion and exclusion criteria. The first criterion was relevance; papers that did not
focus on robotic welding in marine applications were immediately excluded. This led to the elimination of works focusing on different
types of structures, such as those concerned with robotic applications in the automotive and land-building sectors. The second criterion
considered the specificity of the content; papers that failed to clearly specify robotic welding details and those merely providing review
articles were also excluded.

After rigorous application of these criteria, the final selection resulted in a substantial collection of 106 articles. This curated group
of papers forms the basis for our systematic literature review, providing a comprehensive understanding of robotic welding appli-
cations in the marine industry.
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Fig. 2. Distribution of articles according to the publisher.
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3. Results

The search and selection procedure yielded a cumulative count of 106 articles that were incorporated into the review. The search
process involved identifying relevant articles from various sources, including academic journals and conference proceedings. The
selection process involved evaluating the relevance and quality of the articles based on their titles, abstracts, and full texts.

The review’s articles address a wide range of subjects relevant to welding in the shipbuilding sector. The utilization of robotic
welding systems, additive manufacturing methods, laser welding, arc welding, and the mechanical characteristics of welded con-
nections are a few of the important topics covered. The articles also cover a variety of welding-related topics, including welding flaws,
process parameters, and the impact of various variables on the caliber of the welds.

3.1. Summary of selected articles

This systematic literature review report provides a comprehensive summary of the collected articles, as depicted in Fig. 2. The study
includes a comprehensive analysis of various sources, with approximately 75% of the data sourced from journal articles and the
remaining 25% from conference proceedings, as highlighted in Fig. 3.

The analysis of the sources revealed that the majority of the reviewed articles, accounting for 51 articles, were obtained from
Elsevier. Following Elsevier, we found significant contributions from other reputable publishers, such as Springer, MDPI, and IEEE,
ranging from 10 to 20 articles each, with 20, 16, and 10 articles, respectively. Taylor & Francis and Wiley Online Library contributed
five and one article, respectively, while the literature review yielded two articles from AIP Publishing and one article from Sage
Publications. The high representation of articles from Elsevier highlights its prominence as a major publisher in the field, while
contributions from other notable publishers underscore the breadth of research in this area.

According to the year of publication, publications referring to robotic welding in marine applications show a fluctuating trend, with
one to five articles being published per year from 2007 to 2016. Starting in 2017, there was a considerable increase, with the count
moving from 6 papers to 10 in 2018. Despite a slight decline in 2019, the trend continued to rise, reaching a total of 26 articles in 2022.
As illustrated in Fig. 4, this pattern indicates an increasing popularity of research related to this topic.

Table 1 presents the number of publications in respect to journals. Overall, there are 81 articles from journal publications or about
76 per cent of the total article. Accordingly, approximately 41 per cent of robotic welding in marine applications studies were pub-
lished in five journals including Journal of Manufacturing Processes, The International Journal of Advanced Manufacturing Tech-
nology, Robotics and Computer-Integrated Manufacturing, Metals, and Marine Structures. In addition, several articles on this topic
were obtained from journals related with maritime field including Marine Structures, Journal of Marine Science and Engineering,
Ocean Engineering, Journal of Marine Science and Technology, and Ships and Offshore Structures.

The total number of publications that were related to conference proceedings is presented in Table 2. There are a total of 25 articles
that were published in the conferences, which accounts for around 24% of the overall number of articles. As a result, approximately
fifty percent of the research on robotic welding used in marine applications has been published in the proceedings of five different
conferences. These conferences are The International Federation of Automatic Control Proceedings, Materials Today: Proceedings,
Procedia Engineering, and Procedia Manufacturing. In addition, the AIP Conference Proceedings has also included some of this
research.

The analyzed articles have been systematically categorized into three distinct research areas, each aligned with its primary ob-
jectives. These categories encompass production and welding processes, structural and mechanical properties, and the parametric
development of robotic welding techniques, as clearly delineated in Table 3. In total, the compilation comprises a comprehensive
collection of 43 articles dedicated to the exploration of production and welding processes, an in-depth examination of 40 articles
focusing on the intricate realm of structural and mechanical properties, and a dedicated selection of 23 articles delving into the realm
of advancements in parametric robotic welding development. This classification allows for a comprehensive and organized overview of
the diverse research efforts undertaken within these domains, shedding light on the multifaceted landscape of advancements in this

B Conference
M Journal

Fig. 3. Proportion of journal articles and conference papers obtained for review.
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Fig. 4. Number of publications per year after selection.

Table 1
Number of publications by journal.
Journal Publisher References Article
Journal of Manufacturing Processes Elsevier [4,15,30-36] 9
The International Journal of Advanced Manufacturing Technology Springer [37-44] 8
Robotics and computer-Integrated Manufacturing Elsevier [12,45-50] 7
Metals MDPI [11,51-54] 5
Marine Structures Elsevier [55-58] 4
Journal of Marine Science and Engineering MDPI [59-61] 3
Sensors MDPI [16,62,63] 3
Journal of Marine Science and Technology Springer [64,65] 2
Welding International Taylor & Francis [66,67] 2
Welding in the World Springer [68,69] 2
Additive Manufacturing Elsevier [70,71] 2
Materials MDPI [72,73] 2
Ocean Engineering Elsevier [74] 1
Ships and Offshore Structures Taylor & Francis [75] 1
Neural Computing and Applications Springer [76] 1
Robotics and Autonomous systems Elsevier [771 1
Journal of Cleaner Production Elsevier [78] 1
Vacuum Elsevier [9] 1
Advanced Engineering Materials Wiley Online Library [79]1 1
Optics &Laser Technology Elsevier [80] 1
Buildings MDPI [81] 1
Science and Technology of Welding and Joining Taylor & Francis [82] 1
CIRP Journal of Manufacturing Science and Technology Elsevier [83] 1
Infrared Physics & Technology Elsevier [84] 1
Journal of Materials Engineering and Performance Springer [85] 1
International Journal of Mechanical Sciences Elsevier [86] 1
Journal of Materials Processing Tech. Elsevier [871 1
Computer-Aided Design Elsevier [88] 1
Proc. IMechE, Part E: Journal of Process Mechanical Engineering Sage Publication [89] 1
Processes MDPI [90] 1
Defence Technology Elsevier [91] 1
European Journal of Mechanics/A Solids Elsevier [92] 1
Journal of Iron and Steel Research International Springer [93] 1
Fusion Engineering and Design Elsevier [94] 1
Materials Letters Elsevier [95] 1
Sustainability MDPI [96] 1
Materials Science and Technology Taylor & Francis [10] 1
The Journal of The Minerals, Metals & Materials Society (TMS) Springer [97] 1
Mechatronics Elsevier [98] 1
Wear Elsevier [99] 1
Metallurgical and Materials Transactions B Springer [100] 1
International Journal of Precision Engineering and Manufacturing Springer [101] 1
Engineering Failure Analysis Elsevier [102] 1
Materials &Design Elsevier [103] 1

Grand Total

(o]
-

field.

Fig. 5 depicts the distribution of publications based on the geographic location of the primary author’s affiliated institute. The
majority of scholarly publications pertaining to the subject were authored by scholars based in China, with a total of 31 papers,
followed by Korea, India, United Kingdom, Singapore, and Australia which has 17, 12, 8,6, and 4 articles, respectively. When
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Table 2
Number of publications by conference proceeding.

Conference Publisher References Article

The International Federation of Automatic Control Proceedings Elsevier [104-107] 4

Materials Today: Proceedings Elsevier [18,108,109] 3

Procedia Engineering Elsevier [19,110] 2

Procedia Manufacturing Elsevier [14,111] 2

AIP Conference Proceedings AIP Publishing [112,113] 2

Mexican International Conference on Artificial Intelligence IEEE [114] 1

Sixth International Conference on Natural Computation (ICNC) IEEE [115] 1

International Conference on Control Automation Robotics & Vision (ICARCV) IEEE [7] 1

International Conference on Industrial Technology (ICIT) IEEE [116] 1

Iberian Robotics Conference Springer [117] 1

International Conference on Intelligent Robots and Systems (IROS) IEEE [118] 1

International Conference on Control and Automation IEEE [119] 1

Conference on Emerging Technologies & Factory Automation (ETFA) IEEE [120] 1

International Workshop on Advanced Motion Control (AMC) IEEE [121] 1

International Conference on Control, Automation and Information Sciences (ICCAIS) IEEE [122] 1

Light Metals Springer [123] 1

International Symposium on Robot and Human Interactive Communication (RO-MAN) IEEE [6] 1

Grand Total 25

Table 3
Research areas and their included topics.

Research areas Included Topics References

Production and Welding Production and assembly process, weld bead geometry, workspace [6,7,12,14,30,31,33,35,36,38,39,41,44,45,47,54,58,
Processes (43 articles) analysis, life cycle assessment, welding process, space posture of arc 60,64,66,67,69,70,75,77-79,81,88,90,91,96,98,

welding guns, post-production analysis, decision-making, welding 104-107,110-112,114,117,120]
sequence optimization, CAD integrated weld paths, vision-assisted for

corner joints, welding in intersecting joint, filling shape-varying

geometry, wireless teaching pendant, weld formation, path planning and

forming, welding position.

Structural and mechanical Microstructure and mechanical properties, structural analysis, fatigue [9-11,15,32,37,40,42,43,51-53,55-57,59,61,68,
properties (40 resistance, corrosion-fatigue crack growth, wear and corrosion 71-74,80,83-87,89,92-95,97,99,100,102,103,108,
articles) resistance, dynamic behavior, micro and macro examination, forming 123]

appearance, thermomechanical analysis, electrochemical evaluation,
material composition, fracture mechanism.
Parametric development Welding seam tracking, corner-finding algorithm, feedforward filling [4,16,18,19,34,46,48-50,62,63,65,76,82,101,109,

(23 articles) control, optimum welding parameter, hybrid machine learning, hybrid 113,115,116,118,119,121,122]
offline programming, seam-tracking algorithm, intuitive task
programming, structured-light vision system, cost-function driven
adaptive welding, laser vision sensing, noise filter algorithm, sensor-
enabled robot system, parametric evaluation, object detection and
motion planning, deposition ratio, active heat management, end-effector
measurement system.
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Fig. 5. Number of publications by geographical distribution across their research areas.
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examining the geographic distribution of scholarly papers pertaining to research areas, it becomes apparent that academics in Korea
are at the forefront of investigating marine production processes through the utilization of robotic welding techniques, as evidenced by
the publication of 11 articles on this subject, followed by China with 9 articles. Meanwhile, researchers from China, who led the
research in this field, focused on 14 papers observing the structural and mechanical properties of materials processed using robot
welding technology, followed by India with 7 articles. Research that focuses on parametric developments for the robot technology used
is also dominated by China with 8 papers followed by Korea, India, United Kingdom and Singapore (2-4 papers each).

3.2. The network, overlay and density visualization of keywords co-occurrence

To visualize and examine the relationship between research keywords and published documents based on occurrences and total
link strength we have performed a network analysis. Mainly, there are three types of visualization which were developed by using VOS
viewer including density visualization, network visualization, and overlay visualization. Co-occurrence analysis was done based on a
criterion of author-provided keywords. All the keywords (331), out of these selected keywords (30) are threshold based on a minimum
of three co-occurrences. As a result, the top 30 keywords used by the authors’ in robotic welding in marine applications articles are
shown in Table 4.

Fig. 6 depicts the density map of co-occurrence keywords, where the color of the nodes indicates the frequency of the terms. Each
point in the visualization of item density is colored according to the item density at that location. The closer the color of a point to
yellow, the greater the number of items in its vicinity and the greater the weights of those items. On the other hand, the closer a point’s
color to blue, the fewer neighboring items there are and the lighter their weights, the smaller the number of items in its vicinity.
According to the occurrences, “wire arc additive manufacturing” is the most used keyword with a total of 20 occurrences. Other
keywords which have more than 10 occurrences are “welding”, “microstructure”, “robotic welding”, “mechanical properties”, and
“laser welding” with total occurrences of 17, 15, 15, 14, and 11, respectively. However, based on the total link strength (TLS),
“microstructure” has the highest TLS with 37 links, followed by “mechanical properties,” “wire arc additive manufacturing,” and
“welding” with total link strengths of 33, 28, and 28, respectively.

VOS viewer generates two separate maps for network and overlay visualization. Both visualizations employ a two-dimensional
distance-based map that illustrates the degree of object relationships based on their distance [124]. Greater distance indicates a
stronger association, and vice versa. Conversely, a closer distance indicates a deeper bond. A label and a circle, the size of which
denotes the significance of the keyword, are used to identify it. The network visualization depicts information about keyword cluster
groupings, whereas the overlay visualization illustrates the average annual publication of each keyword.

The network visualization of keywords can be seen in Fig. 7 in which various clusters are formed. The item’s color is dictated by the
cluster to which it belongs. The weight of an object determines the size of the label and the circle of the item. The greater the item’s

Tabel 4
Keywords occurrences and link strength in the cited articles.

No Keywords Occurrences Total link strength
1 Wire arc additive manufacturing 20 28
2 Welding 17 28
3 Microstructure 15 37
4 Robotic welding 15 14
5 Mechanical properties 14 33
6 Laser welding 11 16
7 Additive manufacturing 8 14
8 Mobile welding robotic 8 12
9 Shipbuilding 8 13
10 Corrosion 6 12
11 Hybrid laser arc welding 6 9
12 Residual stress 6 9
13 Double hull structure 5 10
14 Gas metal arc welding 5 4
15 Multi-pass welding 5 7
16 Robot vision systems 5 6
17 seam tracking 5 6
18 Finite element analysis 4 4
19 Mechanism design 4 9
20 Nickel aluminum bronze 4 9
21 Optimization 4 7
22 Path planning 4 5
23 Flux-cored arc welding 3 2
24 Genetic algorithm 3 2
25 High-strength steel 3 9
26 Offline programming 3 5
27 Robot 3 3
28 Robotics 3 3
29 Shipyard 3 7
30 Tensile 3 3
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Fig. 6. Density visualization of keywords co-occurrence with minimum three occurrences.
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Fig. 7. Network visualization of keywords co-occurrence for robotic welding in marine applications.

weight, the larger the item’s label and circle. The inter-linked nodes show that keywords are used together in the study, while the lines
weight illustrate the link strength between the keywords. It can be observed that wire arc additive manufacturing keyword is strongly
linked with microstructure and mechanical properties. On the other hand, robotic welding itself is strongly linked with robot vision
systems, multi-pass welding and seam tracking.

Fig. 8 depicts the keywords relationship through overlay visualization across the year. Links between nodes denote a cooperative or
co-occurrence relationship. The colored node indicates the publication year of the article carrying the keyword. It was discovered that
the nodes of “corrosion”, “wire arc additive manufacturing”, “microstructure”, “mechanical properties”, “hybrid laser arc welding”,
“path planning”, “finite element analysis” and “tensile” represented recent average publication time in past few years. Collectively,
these keywords have been highly active and constitute prospective research opportunities.

3.3. Types of robotic welding technologies and the processed materials

Fig. 9 presents the evolution of the welding methods employed using robots from 2007 to 2022. Predominantly, gas metal arc
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Fig. 9. Robotic welding method in year distribution.

welding (GMAW) played a pivotal role in the progression of robotic welding technology, as depicted in the blue chart. Between 2007
and 2013, only the GMAW method was featured in the documented studies, with a frequency of 1-4 papers annually. However, from
2014 to 2017, research began to diversify. In the field of marine structure and production, various welding techniques emerged,
including friction stir welding, laser welding, stud welding, wire arc additive manufacturing, flux-cored arc welding, and hybrid laser
arc welding, each being the subject of at least one paper. Notably, from 2019 onwards, robotic welding studies focused on wire arc
additive manufacturing surged in popularity, with the number of papers on this topic surpassing those on GMAW, culminating in a
peak of 11 articles by 2022.

In the studies, carbon steel was the predominant processed material, as depicted in Fig. 10. From 2007 to 2013, carbon steel was the
sole material used in the reviewed studies, with the number of articles each year ranging from one to four. In the subsequent four years,
materials such as aluminum, stainless steel, nickel-aluminum bronze, and high-strength steel began to be processed using robotic
welding, each material being the subject of one paper. Starting in 2018, a broader range of materials were introduced to the realm of
robotic welding. The studies started to feature advanced materials and alloys such as nickel-copper alloys, stainless steel, copper-
aluminum alloy, super duplex stainless steel, high-Mn steel, nickel-chromium, duplex stainless steel, and even titanium. These ma-
terials typically featured in one to two papers each year.

Regarding the application of robotic welding to various types of materials, Table 5 defines the welding methods employed in
robotic welding technologies and showcases their utilization across different materials. In general, the cited papers discuss nine robotic
welding methods in marine applications, with gas metal arc welding, wire arc additive manufacturing, laser welding, and hybrid laser
arc welding being the most frequently referenced. In comparison, flux-cored arc welding, gas tungsten arc welding, stud welding,
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friction stir welding, and submerged arc welding received less attention.

In terms of the distribution of robotic technologies across processed materials, as indicated in Table 5, gas metal arc welding
primarily focused on steel, accounting for 39 articles, followed by stainless steel, high-strength steel, aluminum, nickel-aluminum
bronze, and duplex stainless steel, totaling 11 articles. Steel, nickel-aluminum bronze, stainless steel, aluminum, nickel-chromium,
super duplex stainless steel, duplex stainless steel, stainless steel-copper-aluminum alloy, and nickel-copper alloys were widely
used in the context of wire arc additive manufacturing. However, steel remained the most frequently processed material for the other
welding methods, followed by stainless steel, high-strength steel, high-MN steel, aluminum, and titanium.

3.4. Robotic welding types from the cited research experiments

The cited articles cover a wide range of robotic welding processes used in various applications, including shipbuilding. These
processes include TIG welding, ultrasonic-frequency pulse underwater wet welding, laser welding, wire arc additive manufacturing,
gas metal arc welding, friction stir welding, and laser-MIG hybrid welding. These processes are used for joining different materials and
have applications in marine structures, shipbuilding, and underwater environments. As shown in Table 6, some specific robotic
welding systems used in the research experiments such as ABB, KUKA, Fanuc, Motorman, OTC Daihen, Panasonic, Rail Runner,
Universal Robot, and Yaskawa are mentioned in 73 articles. These robot types are well-known in the field of industrial robotics and are
likely to have developed 6-axis robotic welding systems that utilize the mentioned welding processes.

The term “6-axis robotic welding” pertains to a welding technique that employs a robotic arm possessing six degrees of freedom for
the execution of welding tasks, as depicted in Fig. 11. The robotic arm is outfitted with a welding flame and possesses the capability to
maneuver in various orientations, hence enabling the execution of intricate and accurate welding operations. The utilization of this
technology has garnered considerable interest across several industries, such as shipbuilding, owing to its capacity to enhance pro-
ductivity, quality, and safety within welding procedures.

One of the primary benefits of 6-axis robotic welding is its capacity to execute welding tasks in hard-to-reach or tight regions. In
shipbuilding, for example, where double-hulled constructions must be welded, a mobile robotic system with 6-axis capabilities has
been created [12]. This technique enables efficient and accurate welding in the confined gaps between a ship’s inner and outer hulls.

In addition to its versatility, 6-axis robotic welding offers improved seam-tracking capabilities. Seam-tracking algorithms have been
developed to detect characteristic points and track the welding path, ensuring accurate and consistent welds [46]. These algorithms
use sensors and vision systems to monitor the welding process and make adjustments in real-time, compensating for any deviations
from the desired welding path.

Furthermore, 6-axis robotic welding can be integrated with other advanced technologies to enhance the welding process. For
example, the use of digital twin-driven systems and offline programming methods can optimize the production line and improve the
efficiency of the welding process [50,60]. Additionally, the integration of sensors and in-process ultrasonic non-destructive evaluation
(NDE) systems enables real-time monitoring of the weld quality, ensuring that defects are detected and corrected during the welding
process [16].

The choice of welding method and parameters is crucial in 6-axis robotic welding. Different welding methods, such as gas metal arc
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Table 5
Types of robotic welding method and the processed materials.
References Robotic Welding Description Processed Material Article
Technology
[4,7,12,19,36-41,43-50,52,57-60, Gas Metal Arc Referred to as MIG (Metal Inert Gas) welding or MAG (Metal steel 39
62-67,76,77,88,89,96,98,99,101, Welding Active Gas), is an arc welding process that uses a continuous  stainless steel 4
104-107,110-112,114,115, GMAW (50) solid wire electrode fed through a welding gun and into the high-strength steel 3
117-119,122] weld pool. This process involves the use of an externally aluminum 2
supplied shielding gas (commonly argon, carbon dioxide, or  nickel-aluminum 1
a mixture) that protects the molten weld pool from bronze
atmospheric contamination. duplex stainless 1
steel
[9-11,32,33,35,51,68,70-73,75,78, Wire Arc Additive Additive manufacturing technique that employs an arc steel 8
81-83,85,90,92,95,97,102,109, Manufacturing welding process to create metal parts. Using electric arcs as nickel-aluminum 5
123] WAAM (25) the heat source and wire as feedstock, layers of material are bronze
deposited successively to build up a three-dimensional stainless steel 4
object. aluminum 2
nickel-chromium 2
super duplex 1
stainless-steel
duplex stainless 1
steel
stainless steel & 1
copper-aluminum
alloy
nickel-copper 1
alloys
[15,31,42,53,55,56,79,80,84,86,87,94, Laser Welding (14) A fusion welding technique that employs a laser as the heat steel 8
100,108] source to melt and join materials together. stainless steel 3
titanium 2
high-strength steel 1
[54,61,69,74,93,103] Hybrid Laser Arc A method of fusion welding that combines the principles of  steel 3
Welding arc and laser welding. high-strength steel 2
HLAW (6) high-MN steel 1
[18,120,121] Flux-Cored Arc An arc welding process that employs a continuously fed steel 3
Welding tubular electrode containing a flux to produce the weld. This
FCAW (3) flux provides the necessary shielding from atmospheric
contamination, which can sometimes be enhanced with
additional external shielding gas.
[16,34,113] Gas Tungsten Arc Commonly known as Tungsten Inert Gas (TIG) welding, this aluminum 1
Welding particular arc welding technique employs a non- steel 1
GTAW (3) consumable tungsten electrode to generate the weld. In stainless steel 1
order to prevent atmospheric contamination, the weld
region is protected through the use of an inert shielding gas,
often argon or helium.
[6,116] Stud Welding (2) A technique where a metal stud is joined to a metal steel 2
workpiece without the use of a filler material. This process
involves placing the stud in contact with the workpiece and
igniting an arc. The heat from the arc melts the base of the
stud and a portion of the workpiece, allowing them to fuse
together. Upon solidification, a solid bond is created. Stud
welding is often used for attaching fasteners, such as bolts or
pins, to metal sheets in industries.
[14,30] Friction Stir A solid-state joining process in which two workpieces are aluminum 2
Welding fused without melting the base materials. A rotating tool
FSW (2) with a pin and shoulder is plunged into the interface of the
workpieces and traversed along the joint. The frictional heat
generated softens the material, allowing it to be stirred and
bonded together.
[91] Submerged Arc An arc welding process that utilizes a continuously fed steel 1
Welding consumable electrode to produce a weld. The arc and
SAW (1) molten weld zone are submerged beneath a blanket of
granular fusible flux, which protects the weld from
atmospheric contamination and refines its properties. As the
arc moves along the joint, the flux gets melted, and upon
solidification, it forms a protective slag on the weld bead.
SAW is known for its deep weld penetration, high deposition
rates, and ability to produce sound welds, making it ideal for
welding thick plates.
Grand Total 106
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Table 6
Robotic welding types across the method used in the cited articles.

Type of Robot FCAW FSW GMAW GTAW HLAW Laser Weld Stud Weld WAAM Grand Total

ABB (other type) 1 2 6
ABB IRB 140 1

ABB IRB 1410 1 1 1

ABB IRB 1520ID 1
ABB IRB 2400 1 1
ABB IRB 4400 1

ABB IRB 6660 1

Adaptive robotic control 1

Almega OTC AX V6 1
FANUC ARC M-100iC/12 1

FANUC M-10iA 1 1
FANUC M700i B45 1

Kawasaki (other type) 1

Kawasaki FA 06E 2

KUKA (other type) 1 2 3

KUKA KR 120 1

KUKA KR 16 arc HW 1
KUKA KR 16-2 3

KUKA KR 30 HA 2
KUKA KR 60 HA 2

KUKA KR3 R540 1

KUKA KR5 Arc HW 1

KUKA LWR 4+ 2

Motorman HP20D 2
OTC Daihen (Other type)
OTC Daihen FD-B6 1 1
Other 6-axis industrial robot 1

Panasonic TA-1400 1
Prototype 6 axis robot

Prototype Robot

Rail Runner (RRX)

Rail Runner (RRX3)

Rail Runner (RRX4)

Rail Runner (RRXC)

Semi automatic robot

SP-MAG Panasonic

Staubli TX200 robot 1
Universal Robot (UR16e) 1
YASKAWA HP20 1

Grand Total 1 1 33 2 2 13 2 19

=
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Fig. 11. Six axes’ movements of the robotic welding.

welding (GMAW), tungsten inert gas (TIG) welding, laser welding, and friction stir welding, have been applied in various applications
[30,52,61,91]. The selection of the appropriate welding method depends on factors such as the material being welded, the desired
weld quality, and the specific requirements of the application.

Moreover, the optimization of welding parameters, such as welding speed, current, and shielding gas composition, plays a sig-
nificant role in achieving high-quality welds [18,97,113]. Advanced techniques, such as machine learning and genetic algorithms,
have been employed to optimize welding speed and control parameters, ensuring optimal weld quality and reducing defects [34,48,
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74].

3.5. Robotic welding categorization and technological evolution

As presented in Fig. 12, the classification of referenced robotic welding can be categorized into three main groups, which are
determined by the mechanism used to manage the robotic systems. These categories include fully autonomous robots, remotely
controlled robots, and robots operated by an onboard person. The category of fully autonomous robots operates without any human
interference, while the category of remotely controlled robots includes systems that are controlled from a distance. Lastly, the category
of onboard operator robots refers to those that are controlled by a human operator present on the robot itself [125]. The category of
fully autonomous robots received the highest number of citations, with 68 articles accounting for around 64 percent of the total. In
contrast, the categories of remote controlled and onboard operator robots were referred less frequently, with a total of 19 papers, or 18
percent of the citations.

The depiction of robotic welding categories across different time periods is elucidated in Fig. 13. The visual trend portrays the
evolution in the utilization of distinct robot categories as observed in the analyzed research papers. Initially, during the initial eight
years, remote-controlled and onboard-controlled robots emerged as the prevailing choices. However, a noteworthy shift occurred in
the subsequent eight years, as the fully autonomous robot category gained ascendency.

Delving into the specifics, the application of remote-controlled and onboard-controlled robotic welding methods exhibited con-
sistency throughout the entire timeline, with an annual publication rate of one to three papers. In contrast, the ascendancy of the fully
autonomous category within the research sphere became evident starting from the year 2015. This category displayed an initially
fluctuating pattern, marked by three to six annual publications until 2019. The subsequent years saw a remarkable surge in the use of
fully autonomous robotic welding, asserting its dominance with 9, 14, and 25 papers in the final three years, respectively.

Fully autonomous robots have the capability to operate independently, devoid of any human intervention or assistance. The robots
possess sensory capabilities and employ algorithms to comprehend their environment, make autonomous judgements, and perform
tasks without human intervention. For example, Ahmed et al. [118] made an automated welding system for tubular joints that uses
object detection and motion planning algorithms to do welding chores on its own.

In contrast, remotely controlled robots are under the command of human operators who manipulate their motions and behaviors
from a distant site. These robots are commonly outfitted with a variety of sensors and cameras that facilitate the acquisition of data,
enabling the operator to make well-informed decisions and successfully manipulate the robot. In their study, Oh et al. [88] developed a
teaching pendant software specifically tailored for a mobile shipbuilding welding robot. This program allows for remote control and
monitoring of the robot’s movements and welding process through the utilization of a Personal Digital Assistant (PDA).

The control of onboard operator robots is facilitated by an operator who is either physically situated on the robot itself or in close
proximity to it. These robotic systems are frequently employed in scenarios that necessitate human involvement for jobs that cannot be
entirely mechanized. For instance, a mathematical model was developed to describe the spatial configuration of the arc welding gun
equipped with rotational arc sensors in a gas metal arc welding robot [38]. The technology allows for an aboard operator to effectively
manage the robot’s movements and carry out welding duties.

The robotic welding technologies mentioned can be classified into three distinct groups based on their state of development:
implementing, developing, and prototyping (see Fig. 14). The term “implementing category” pertains to technologies that have
reached a state of full maturity and have been successfully employed in real-world construction projects. The developing category
pertains to emerging technologies that, upon reaching a state of maturity, have the potential to significantly expand their applications
within industrial projects. The prototyping group pertains to the ongoing development of robotic technologies, which are currently
faced with various technological obstacles.

In general, the papers reviewed in this study predominantly utilized well-developed robotic welding techniques to conduct their
research. Specifically, researchers in this field were engaged in prototyping and developing robotic welding technologies between
2007 and 2013, resulting in an annual output of one to three papers. In contrast, post-2014 witnessed a substantial growth in the

Fully

autonomous
64%

Fig. 12. Classification of referenced robotic welding based on robotic system control mechanism.
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Fig. 14. Level of development of robotic welding technology across the years.

development of industrial robot welding, leading many researchers to gravitate towards this technology as a solution for a myriad of
research challenges. From 2014 to 2017, a range of two to five articles were identified, all of which applied well-developed robotic
welding methodologies within the research domain. Notably, within the last five years, this trend experienced a significant uptick,
culminating in the publication of 26 papers in 2022. This surge unequivocally underscores the pervasive adoption of industrial robots,
as all recorded papers exclusively employed these advanced robotic systems.

3.6. Benefits and challenges in the robotic welding application

The utilization of robotic welding has numerous advantages in terms of increased efficiency, improved quality, meeting industrial
criteria, suitability for confined and hazardous environments, and enabling new construction techniques. As depicted in Fig. 15, a
significant proportion of the publications place emphasis on the advantages associated with the utilization of robotic welding in order
to boost efficiency, accounting for 39 percent of the total. A notable proportion of the publications, specifically 26 percent, emphasize
the potential of robotic welding in enhancing product quality. Subsequently, 20 percent of the papers focus on the subject of meeting
industrial criteria. The papers highlight two additional advantages, namely the capacity to operate in confined and dangerous settings
(9 percent) and the facilitation of new construction techniques (6 percent).

Robotic welding offers significant advantages in terms of greater efficiency in marine applications. The use of robotic welding
systems in shipbuilding and other marine industries allows for faster and more efficient welding processes [104]. Robotic systems can
work continuously without the need for breaks, resulting in increased productivity and reduced cycle times [78]. Additionally, they
can be programmed to optimize welding parameters, such as travel speed and wire feed rate, to achieve the desired weld quality and
efficiency [91].

In terms of quality improvement, robotic welding offers several advantages. The use of robotic systems eliminates human errors and
inconsistencies, resulting in more consistent and reliable welds [100]. Additionally, robotic welding enables the use of advanced
welding techniques, such as laser welding and wire arc additive manufacturing (WAAM), which offer improved weld quality and
performance [68,80]. Laser welding provides precise control and high-quality welds [80]. WAAM allows for the fabrication of complex
geometries and customized components, reducing the need for manual welding and assembly [68].

Robotic welding is well-suited for enclosed and hazardous environments. The use of automation technology reduces the need for
human operators to perform activities in hazardous situations such as tight spaces, hot environments, and poisonous substance lo-
cations [12,45,46,64,88,105,107]. This method enhances safety and reduces the likelihood of incidents and injuries [106]. Robotic
welding systems can also be designed to withstand extreme temperatures and corrosive atmospheres, ensuring their dependability and
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Fig. 15. Advantages of robotic welding in marine applications.

endurance [46,47].

The use of robotic welding in marine applications offers significant advantages in terms of fulfilling industrial criteria. Robotic
welding systems can be designed and optimized to meet the specific requirements and standards of the marine industry [65]. They can
be integrated into shipbuilding processes, providing precise and efficient welding solutions that adhere to industry regulations and
specifications [66]. Welding joints manufactured under acceptable conditions meet Non-Destructive Testing (NDT) and mechanical
test requirements as defined in standards [69]. Robotic welding systems can also be programmed, allowing for the generation of
welding programs that meet the desired criteria and quality standards [116]. These techniques can meet the stringent requirements of
marine applications, ensuring the durability and reliability of welded structures [6].

Robotic welding enables the adoption of new construction techniques, such as arc welding and additive manufacturing, in certain
marine structure components [32,33,35,57,109]. Robotic welding systems can be used for wire arc additive manufacturing (WAAM),
which involves depositing metal layers to build up a part [32,33]. Robotic welding systems can also be used for other advanced
welding techniques, such as welding execution in underwater marine systems, which offer improved weld quality and performance
[18].

Despite the benefits, robotic welding in marine applications faces several challenges related to practical data, integrity of structure,
also consistency and controllability reported in 49 articles, as shown in Fig. 16. These challenges can impact the efficiency and
effectiveness of the welding process, as well as the quality and reliability of the welded structures. The most cited challenge is the
availability and accuracy of practical data for robotic welding (35 articles). Robotic welding systems require accurate information
about the geometry and position of the workpiece to perform precise and consistent welds. The integrity of the welded structure is
another critical challenge in robotic welding for marine applications (7 articles). The structural integrity and safety of marine vessels
depend heavily on the strength and quality of the welds. The strength and quality of the welds can be influenced by elements including
welding parameters, welding technique, and material qualities. To produce welds of sufficient strength and excellent quality, it is
crucial to optimize the welding settings and procedures. Consistency and controllability are also significant challenges in robotic
welding for marine applications (7 articles). Consistent welding quality and performance are essential for ensuring the reliability and
durability of welded structures. Robotic welding systems should be capable of maintaining consistent welding parameters, such as arc
voltage, current, and travel speed, throughout the welding process. Advanced control algorithms and sensing techniques can be
employed to achieve consistent and controllable welds.

PRACTICAL DATA

INTEGRITY OF STRUCTURE

CONSISTENCY AND CONTROLLABILITY

| I I
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Fig. 16. The challenges associated with the use of robotic welding in marine applications.
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4. Discussion

Robotic welding has gained significant attention in the marine industry for the production and construction of marine structures.
The review includes a wide range of studies that cover various aspects of robotic welding, including different welding techniques,
materials, categorizations, technological advancements, and the benefits and challenges in their application.

4.1. Robotic welding techniques and treated material types

Extensive investigations have explored the application of arc welding integrated with robotic systems to enhance marine structures
and production processes such as GMAW, FCAW, GTAW, and SAW [16,38,43,91,121]. Additionally, numerous studies have investi-
gated the utilization of laser welding [31,55,56,80], with certain investigations using the integration of arc welding to form the Hybrid
Laser-Arc Welding (HLAW) technique [54,61,69,74,93,103]. However, the integration of wire arc additive manufacturing (WAAM)
techniques with welding processes offers new possibilities for marine structures and production process. Additive manufacturing can
be used to create complex and customized components, while welding is employed for joining and fabricating larger structures. The
combination of these technologies enables efficient production and enhances design flexibility. Research by Tasdemir [75] demon-
strated the integration of AM and welding for shipbuilding industry, showcasing the benefits of combining these processes. The
integration of AM and welding facilitates rapid prototyping, reduces material waste, and opens up new design opportunities in marine
applications.

The variability of materials and joint configurations in marine applications poses a challenge for robotic welding. The cited articles
involve welding of various materials, such as steel [56], aluminum [123], nickel-aluminum bronze [71], stainless steel [78], duplex
stainless steel [85], titanium [84], and nickel-cooper alloys [95] with different properties and thermal conductivities. Joint designs and
configurations may vary significantly, including butt joints [31], fillet joints [115], tubular x-joints [57], and the welding position (e.g.
horizontal and vertical-up) [69]. These variations require adaptability and flexibility in robotic welding systems to adjust welding
parameters and techniques accordingly. Proper process development, parameter optimization, and sensor-based control systems are
necessary to address material and joint variability challenges.

Furthermore, the choice of materials and welding techniques can also influence the sustainability of robotic welding. The appli-
cation of robotic welding in terms of energy efficiency and sustainability can be analyzed through a life cycle assessment (LCA)
approach. LCA is a systematic method used to evaluate the environmental impacts of a product or process throughout its entire life
cycle, from raw material extraction to end-of-life disposal [78,79]. In the context of robotic welding, LCA can provide insights into the
energy consumption, greenhouse gas emissions, and other environmental impacts associated with the manufacturing and operation of
robotic welding systems.

4.2. Categorization of robotic welding and technological advancements

According to robotic welding categorization, each category of robotic control mechanism has its advantages and limitations. Fully
autonomous robots offer the potential for increased efficiency and productivity as they can operate continuously without human
fatigue or limitations [50]. However, they require sophisticated sensing and decision-making capabilities, as well as robust algorithms
to ensure safe and accurate operation [46]. Remotely controlled robots provide the flexibility of human decision-making and inter-
vention, allowing for adaptability to changing conditions and complex tasks [47]. Onboard operator robots offer the advantage of
direct human control and physical presence, which can be beneficial for tasks that require dexterity and fine motor skills [115]. The
choice of control mechanism depends on the specific requirements of the task and the desired level of human intervention. Further
research and development in these areas can lead to advancements in robotic systems and their applications in various industries,
including shipbuilding, welding, and manufacturing.

Regarding technological evolution, robotic welding plays a crucial role in research, encompassing various stages from prototyping
to technology development and industrial implementation. In the prototyping stage, researchers focus on designing the automatic
robotic welding process and introducing advanced algorithms and sensors. Sanders et al. [65] introduced a corner-finding algorithm to
help recognize shipbuilding parts, improving the automatic robotic welding process in shipbuilding. Park et al. [62] developed a
precise 3D lug pose detection sensor using a structured-light vision system for automatic robot welding, contributing to the accuracy
and efficiency of robotic welding systems. Kang et al. [104] developed a multi-welding robot system for sub-assembly in shipbuilding,
demonstrating the practical implementation of robotic welding in the shipbuilding industry.

Developing the technology involves improving and optimizing the platform for portable robotic welding in large-scale structures.
Dharmawan et al. [7] conducted a survey of platform designs for portable robotic welding in large-scale structures, exploring different
design considerations and proposing solutions to improve the portability and flexibility of robotic welding systems. Lee et al. [77]
optimized a mobile welding robot by through examination of its workspace utilizing a 3P3R serial manipulator.

Implementing robotic welding in industrial settings requires addressing specific challenges and optimizing the welding process. For
example, Kumar et al. [80] conducted a comparative study of pulsed Nd: YAG laser welding of AISI 304 and AISI 316 stainless steels,
providing insights into the welding parameters and material composition for optimal weld quality. Furthermore, the use of advanced
technologies such as laser penetration welding and wire arc additive manufacturing (WAAM) has been explored in shipbuilding. Rong
et al. [56] investigated laser penetration welding of ship steel EH36 and its application in predicting residual stress. Bekker & Ver-
linden [78] conducted a life cycle assessment of wire + arc additive manufacturing compared to other manufacturing processes in
stainless steel, highlighting the environmental benefits of this technology.
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4.3. Applications of robotic welding: advantages and challenges

Robotic welding offers several benefits in terms of efficiency, improved quality, meeting industrial criteria, suitability for confined
and hazardous environments, and enabling new construction techniques. These advantages make robotic welding a valuable tool in
various industries, including shipbuilding, manufacturing, and construction. However, robotic welding in marine applications faces
challenges related to practical data, integrity of structure, consistency, and controllability. These challenges can be addressed through
the use of advanced technologies, such as object detection and motion planning, laser vision sensing, optimization of welding pa-
rameters, and adaptive control algorithms. Yet, high initial investment and maintenance costs are significant barriers to the adoption
of these technologies, especially for small and medium enterprises [96]. Therefore, cost-effective solutions and governmental support
could be vital in facilitating the widespread use of robotic welding in the marine industry. Future research should focus on developing
cost-effective, reliable, and durable robotic welding systems, especially for marine structures and production processes.

The use of 6-axis robotic welding in shipbuilding and other industries offers numerous benefits, including increased productivity,
improved welding quality, and enhanced worker safety. However, challenges such as the need for accurate path planning, control of
heat input, and mitigation of residual stresses and deformations still need to be addressed [72,86,114]. In addition, its ability to
perform complex welding tasks, reach difficult-to-access areas, and integrate with advanced technologies makes it a valuable tool for
improving productivity and weld quality. Future research and development efforts can be addressing these challenges and further
improving the capabilities and performance of 6-axis robotic welding systems.

Addressing these challenges and limitations in implementing robotic welding in marine applications requires a comprehensive
approach that includes technological advancements, careful cost analysis, skill development, and effective process planning. Over-
coming these hurdles will enable shipbuilders to harness the full potential of robotic welding and optimize marine structures and
production processes.

5. Conclusion

The systematic literature review conducted in this study has comprehensively explored the realm of robotic welding techniques
within the context of marine structures and production processes. Through a rigorous analysis of 106 studies that demonstrate rigor,
credibility, and relevance, this review has shed light on the significant potential and evolving role that robotic welding holds in the
marine industry. This conclusion delineates contributions in recognizing research trends and outlines potential avenues for future
research.

5.1. Contribution

This review significantly contributes to the existing literature by offering a comprehensive overview and mapping the expanding
body of research on robotic welding in the maritime context. The dominance of peer-reviewed journal publications among the cited
research articles underscores the scholarly authority of this study. This contribution not only clarifies existing findings but also
identifies trends and gaps, providing valuable insights for researchers and industry professionals.

The global landscape of research in this field is elucidated by the prominent contributions from key countries such as China, Korea,
India, the United Kingdom, and Singapore. In this context, Korea stands out as a pioneer, devoting efforts to the investigation of robotic
welding techniques for marine production processes. Conversely, China assumes a leading role in observing the structural and me-
chanical properties, as well as parametric advancements facilitated by robotic welding. The yearly distribution of research reveals a
noticeable upward trend in the popularity of studies pertaining to this topic. This trend mirrors the increasing interest and recognition
of the manifold benefits that robotic welding imparts to marine structures and production processes. Notable among the keyword
occurrences in the cited articles is the rising popularity of wire arc additive manufacturing. This highlights the growing interest in this
emerging technology, which has the potential to transform marine manufacturing processes. Additionally, the microstructure and
mechanical properties of materials subject to robotic welding have garnered considerable attention, followed closely by the optimi-
zation of the welding process parameters.

5.2. Potential areas for future research

Welding techniques have demonstrated their instrumental role in shaping the trajectory of robotic welding technology. Notably,
Gas Metal Arc Welding (GMAW) has been pivotal in advancing the domain of robotic welding. Wire arc additive manufacturing
(WAAM) has had a significant increase in popularity, highlighting its potential to bring about dramatic changes in maritime
manufacturing processes. The selection of welding techniques assumes significance beyond technical considerations, influencing the
sustainability of robotic welding applications. Insightful studies employing a life cycle assessment approach underscore the energy
consumption, greenhouse gas emissions, and broader environmental impacts linked to the operation and manufacturing of robotic
welding systems. Moving forward, future research should focus on developing energy-efficient welding processes, such as the inte-
gration of renewable energy sources and waste heat recovery systems. Additionally, the environmental impact of robotic welding,
including emissions and waste management, should be addressed to promote sustainable marine industry practices.

A notable observation made in the evaluation relates to the materials processed by robotic welding. Conventional materials, such as
steel, continue to dominate the landscape, while sophisticated materials remain underrepresented. Given the increasing adoption of
high-strength alloys and other advanced materials within the maritime sector, future research must investigate welding challenges and
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optimization strategies to ensure compatibility with robotic welding techniques.

In the sphere of technology, 6-axis robotic welding is a versatile and potent instrument that has revolutionized the welding pro-
cesses in a variety of marine industries. Recent implementations of fully autonomous systems underscore the growing utility of this
technology. The tangible advantages of robotic welding — heightened efficiency, superior weld quality, alignment with industrial
standards, enhanced safety, and reduced production time — resonate deeply in the marine construction domain. Nevertheless, the
adoption of these advanced technologies is not without challenges.

Foremost among these challenges is consistency and controllability in achieving uniform weld quality and performance. Ampli-
fying sensor technologies to enable real-time monitoring of welding parameters, joint tracking, and adaptive control holds the po-
tential to enhance the reliability and durability of welded marine structures. To this end, the integration of advanced sensors, artificial
intelligence, and machine learning is poised to enable real-time process optimization and defect detection.

The integrity of marine structures introduces another layer of complexity. Given their diverse geometries, intricate joint config-
urations, and varying thicknesses, robotic welding confronts challenges. In this vein, future research should concentrate on engi-
neering designs that synergize seamlessly with robotic welding technology to tackle these intricate configurations effectively.

As robotic welding technology evolves, the interaction between humans and robots in welding operations assumes a pivotal role.
Facilitating human-robot collaboration is an emerging frontier, pivotal in driving productivity while ensuring worker safety. This
research underscores the imperative of developing collaborative systems that are not only safe but also enhance productivity, offering
potential avenues for further exploration.

The analysis of challenges notably highlights the need for more practical data. The reliance on laboratory-scale experiments un-
derscores the lack of real-world validation. The formidable initial investment and ongoing maintenance costs stand as substantial
barriers to technology adoption. Consequently, future research must investigate cost-effectiveness and the long-term return on in-
vestment associated with integrating robotic welding systems within marine construction. Cost-benefit analyses and economic models
specific to the marine industry would provide valuable insights for decision-makers. By addressing the challenges posed by several of
these research gaps, it is expected that the utilization of robotic welding can be widely implemented and become a reliable and feasible
technology for the advancement of the global maritime industry.

CRediT authorship contribution statement

Sufian Imam Wahidi: Conceptualization, Investigation, Methodology, Visualization, Writing — original draft. Selda Oterkus:
Conceptualization, Methodology, Supervision, Writing — review & editing. Erkan Oterkus: Conceptualization, Methodology, Su-
pervision, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgment

The authors would like to extend their gratitude to the Indonesia Endowment Fund for Education (LPDP), the Ministry of Finance,
Republic of Indonesia, for generously providing the financial support for this research project in the form of a doctorate fellowship. The
authors express their gratitude to several entities that made valuable contributions to the execution and assessment of this study.

References

[1] Muhuri PK, Shukla AK, Abraham A. Industry 4.0: a bibliometric analysis and detailed overview. Eng Appl Artif Intell Feb. 2019;78:218-35. https://doi.org/
10.1016/J.ENGAPPAI.2018.11.007.

[2] Javaid M, Haleem A, Singh RP, Suman R. Substantial capabilities of robotics in enhancing industry 4.0 implementation. Cogn Robot Jan. 2021;1:58-75.
https://doi.org/10.1016/J.COGR.2021.06.001.

[3] Kah P, Shrestha M, Hiltunen E, Martikainen J. Robotic arc welding sensors and programming in industrial applications. Int J Mech Mater Eng 2015;10(1).
https://doi.org/10.1186/5s40712-015-0042-y.

[4] Loukas C, et al. A cost-function driven adaptive welding framework for multi-pass robotic welding. J Manuf Process Jul. 2021;67:545-61. https://doi.org/
10.1016/j.jmapro.2021.05.004.

[5] Yang L, Wang H, Huo B, Li F, Liu Y. An automatic welding defect location algorithm based on deep learning. NDT E Int Jun. 2021;120:102435. https://doi.

org/10.1016/J.NDTEINT.2021.102435.

Andersen RS, Bogh S, Moeslund TB, Madsen O. Task space HRI for cooperative mobile robots in fit-out operations inside ship superstructures. In: 25th IEEE

international symposium on robot and human interactive communication. RO-MAN; 2016. p. 880-7. https://doi.org/10.1109/ROMAN.2016.7745223. Nov.

2016.

[7] Dharmawan AG, Vibhute AA, Foong S, Soh GS, Otto K. A survey of platform designs for portable robotic welding in large scale structures. In: 2014 13th
international conference on control automation robotics and vision, ICARCV, vol. 2014; 2014. p. 1683-8. https://doi.org/10.1109/ICARCV.2014.7064569.

[8] Wahidi SI, Oterkus S, Oterkus E. Simulation of a ship’s block panel assembly process: optimizing production processes and costs through welding robots. J Mar
Sci Eng Jul. 2023;11(8):1506. https://doi.org/10.3390/JMSE11081506.

[6

=

19


https://doi.org/10.1016/J.ENGAPPAI.2018.11.007
https://doi.org/10.1016/J.ENGAPPAI.2018.11.007
https://doi.org/10.1016/J.COGR.2021.06.001
https://doi.org/10.1186/s40712-015-0042-y
https://doi.org/10.1016/j.jmapro.2021.05.004
https://doi.org/10.1016/j.jmapro.2021.05.004
https://doi.org/10.1016/J.NDTEINT.2021.102435
https://doi.org/10.1016/J.NDTEINT.2021.102435
https://doi.org/10.1109/ROMAN.2016.7745223
https://doi.org/10.1109/ICARCV.2014.7064569
https://doi.org/10.3390/JMSE11081506

S.I. Wahidi et al. Marine Structures 95 (2024) 103608

[91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]
[25]

[26]
[27]
[28]
[29]
[301]
[31]
[32]
[33]
[34]
[35]
[36]
[371
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]

[48]

Rajkumar V, Vishnukumar M, Sowrirajan M, Rajesh Kannan A. Microstructure, mechanical properties and corrosion behaviour of Incoloy 825 manufactured
using wire arc additive manufacturing. Vacuum Sep. 2022;203:111324. https://doi.org/10.1016/j.vacuum.2022.111324.

Ravi G, Murugan N, Arulmani R. Microstructure and mechanical properties of Inconel-625 slab component fabricated by wire arc additive manufacturing.
Mater Sci Technol Nov. 2020;36(16):1785-95. https://doi.org/10.1080/02670836.2020.1836737.

Sales A, Kotousov A, Perilli E, Yin L. Improvement of the fatigue resistance of super duplex stainless-steel (SDSS) components fabricated by wire arc additive
manufacturing (WAAM). Metals Sep. 2022;12(9):1548. https://doi.org/10.3390/met12091548.

Lee D, et al. Development of a mobile robotic system for working in the double-hulled structure of a ship. Robot Comput Integrated Manuf 2010;26(1):13-23.
https://doi.org/10.1016/j.rcim.2009.01.003.

Wahidi SI, Pribadi TW, Rajasa WS, Arif MS. Virtual reality based application for safety training at shipyards. IOP Conf Ser Earth Environ Sci 2022;972(1).
https://doi.org/10.1088/1755-1315/972/1/012025.

Gurdal O, Rae B, Zonuzi A, Ozturk E. Vision-assisted robotic finishing of friction stir-welded corner joints. Procedia Manuf Jan. 2019;40:70-6. https://doi.org/
10.1016/j.promfg.2020.02.013.

Lai WJ, Ganguly S, Suder W. Study on effect of laser keyhole weld termination regimes and material composition on weld overlap start-stop defects. J Manuf
Process Oct. 2020;58:416-28. https://doi.org/10.1016/j.jmapro.2020.08.012.

Vasilev M, et al. Sensor-enabled multi-robot system for automated welding and in-process ultrasonic nde. Sensors Jul. 2021;21(15):5077. https://doi.org/
10.3390/521155077.

Ali S, Agrawal AP, Ahamad N, Singh T, Wahid A. Robotic MIG welding process parameter optimization of steel EN24T. Mater Today Proc 2022;62:239-44.
https://doi.org/10.1016/j.matpr.2022.03.091.

Oikonomou AG, Aggidis GA. Determination of optimum welding parameters for the welding execution of steels used in underwater marine systems (including
the submerged parts of Wave Energy Converters). Mater Today: Proceedings, Jan. 2019;18:455-61. https://doi.org/10.1016/j.matpr.2019.06.211.

Wu QQ, Lee JP, Park MH, Park CK, Kim IS. A study on development of optimal noise filter algorithm for laser vision system in GMA welding. Procedia Eng Jan.
2014;97:819-27. https://doi.org/10.1016/j.proeng.2014.12.356.

Chalkiadakis C, Drakou EG, Kraak MJ. Ecosystem service flows: a systematic literature review of marine systems. Ecosyst Serv 2022;54(May 2021):101412.
https://doi.org/10.1016/j.ecoser.2022.101412.

Ozturk U, Cicek K. Individual collision risk assessment in ship navigation: a systematic literature review. Ocean Eng 2019;180(March):130-43. https://doi.
org/10.1016/j.oceaneng.2019.03.042.

Gharbia M, Chang-Richards A, Lu Y, Zhong RY, Li H. Robotic technologies for on-site building construction: a systematic review. J Build Eng 2020;32(August):
101584. https://doi.org/10.1016/j.jobe.2020.101584.

Bottani E, Bigliardi B, Franchi B. Process optimization in the hospital environment: a systematic review of the literature and results’ analysis. Procedia Comput
Sci 2022;200:1674-84. https://doi.org/10.1016/j.procs.2022.01.368.

Page MJ, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372. https://doi.org/10.1136/bmj.n71.
Martin-Martin A, Orduna-Malea E, Thelwall M, Delgado Lépez-Cézar E. Google Scholar, Web of Science, and Scopus: a systematic comparison of citations in
252 subject categories. J Informetr Nov. 2018;12(4):1160-77. https://doi.org/10.1016/J.J01.2018.09.002.

Mobher D, et al. Preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Rev Espanola Nutr Humana Dietética
Jan. 2016;20(2):148-60. https://doi.org/10.1186/2046-4053-4-1/TABLES/4.

Munn Z, Stern C, Aromataris E, Lockwood C, Jordan Z. What kind of systematic review should i conduct? A proposed typology and guidance for systematic
reviewers in the medical and health sciences. BMC Med Res Methodol 2018;18(1). https://doi.org/10.1186/512874-017-0468-4.

Haddaway NR, Page MJ, Pritchard CC, McGuinness LA. PRISMA2020: an R package and Shiny app for producing PRISMA 2020-compliant flow diagrams, with
interactivity for optimised digital transparency and Open Synthesis. Campbell Syst Rev Jun. 2022;18(2):e1230. https://doi.org/10.1002/cl2.1230.

Kelly J, Sadeghieh T, Adeli K, Biochemistry C. Peer review in scientific publications: benefits, critiques, & A survival guide. EJIFCC Oct. 2014;25(3):227
[Online]. Available:/pmc/articles/PMC4975196/, . [Accessed 24 August 2023].

Gibson BT, et al. Friction stir welding: process, automation, and control. J Manuf Process Jan. 2014;16(1):56-73. https://doi.org/10.1016/j.

jmapro.2013.04.002.

Zhang K, Li D, Gui H, Li Z. Adaptive control for laser welding with filler wire of marine high strength steel with tight butt joints for large structures. J Manuf
Process Dec. 2018;36:434—41. https://doi.org/10.1016/j.jmapro.2018.10.042.

He T, Yu S, Shi Y, Huang A. Forming and mechanical properties of wire arc additive manufacture for marine propeller bracket. J Manuf Process Apr. 2020;52:
96-105. https://doi.org/10.1016/j.jmapro.2020.01.053.

Tianying H, Shengfu Y, Anguo H, Guozhi Y. Path planning and forming of wire multi-arc additive collaborative manufacture for marine propeller bracket.
J Manuf Process Aug. 2021;68:1191-201. https://doi.org/10.1016/j.jmapro.2021.06.028.

Kershaw J, Yu R, Zhang YM, Wang P. Hybrid machine learning-enabled adaptive welding speed control. J Manuf Process Nov. 2021;71:374-83. https://doi.
org/10.1016/j.jmapro.2021.09.023.

Chen C, He H, Zhou J, Lian G, Huang X, Feng M. A profile transformation based recursive multi-bead overlapping model for robotic wire and arc additive
manufacturing (WAAM). J Manuf Process Dec. 2022;84:886-901. https://doi.org/10.1016/j.jmapro.2022.10.042.

Liu W, et al. Sensing and characterization of backside weld geometry in surface tension transfer welding of X65 pipeline. J Manuf Process Jun. 2022;78:
120-30. https://doi.org/10.1016/j.jmapro.2022.04.011.

Kazasidis ME, Pantelis DI. The effect of the heat input energy on the tensile properties of the AH-40 fatigue crack arrester steel, welded by the use of the robotic
metal-cored arc welding technique. Int J Adv Manuf Technol Dec. 2017;93(9-12):3967-80. https://doi.org/10.1007/s00170-017-0761-8.

Le J, Zhang H, Chen X, Liu C. Identification of the space posture of arc welding guns with rotational arc sensors in GMAW. Int J Adv Manuf Technol Oct. 2017;
92(9-12):3447-59. https://doi.org/10.1007/s00170-017-0416-9.

Zhang Y, Lv X, Xu L, Jing H, Han Y. A segmentation planning method based on the change rate of cross-sectional area of single V-groove for robotic multi-pass
welding in intersecting pipe-pipe joint. Int J Adv Manuf Technol Mar. 2019;101(1-4):23-38. https://doi.org/10.1007/s00170-018-2932-7.

Kazasidis M, et al. Dissimilar welding between conventional and high strength low alloy naval steels with the use of robotic metal cored arc welding. Int J Adv
Manuf Technol Apr. 2021;113(9-10):2895-907. https://doi.org/10.1007/500170-021-06819-8.

Tran TA, Lobov A, Kaasa TH, Bjelland M, Midling OT. CAD integrated automatic recognition of weld paths. Int J Adv Manuf Technol Aug. 2021;115(7-8):
2145-59. https://doi.org/10.1007/s00170-021-07186-0.

Wang L, et al. Effect of collapse and hump on thermomechanical behavior in high-power laser welding of 16-mm marine steel EH40. Int J Adv Manuf Technol
May 2022;120(3-4). https://doi.org/10.1007/s00170-022-08872-3. 2003-2013.

Ahmad SN, et al. Numerical modelling and experimental analysis on angular strain induced by bead-on-plate SS316L. GMAW using inherent strain and
thermomechanical methods. Int J Adv Manuf Technol May 2022;120(1-2):627—44. https://doi.org/10.1007/500170-022-08684-5.

Liao H, et al. Effect of pulse current on droplet transfer behavior and weld formation of 304 stainless steel in local dry underwater pulse MIG welding. Int J Adv
Manuf Technol Sep. 2022;122(2):869-79. https://doi.org/10.1007/s00170-022-09938-y.

Lee D, Ku N, Kim TW, Kim J, Lee KY, Son YS. Development and application of an intelligent welding robot system for shipbuilding. Robot Comput Integrated
Manuf 2011;27(2):377-88. https://doi.org/10.1016/j.rcim.2010.08.006.

Chang D, et al. A new seam-tracking algorithm through characteristic-point detection for a portable welding robot. Robot Comput Integrated Manuf Feb. 2012;
28(1):1-13. https://doi.org/10.1016/j.rcim.2011.06.001.

Lee D. Development of modularized airtight controller for mobile welding robot working in harsh environments. Robot Comput Integrated Manuf Oct. 2013;29
(5):410-7. https://doi.org/10.1016/j.rcim.2013.03.004.

Chen X, Dharmawan AG, Foong S, Soh GS. Seam tracking of large pipe structures for an agile robotic welding system mounted on scaffold structures. Robot
Comput Integrated Manuf Apr. 2018;50:242-55. https://doi.org/10.1016/j.rcim.2017.09.018.

20


https://doi.org/10.1016/j.vacuum.2022.111324
https://doi.org/10.1080/02670836.2020.1836737
https://doi.org/10.3390/met12091548
https://doi.org/10.1016/j.rcim.2009.01.003
https://doi.org/10.1088/1755-1315/972/1/012025
https://doi.org/10.1016/j.promfg.2020.02.013
https://doi.org/10.1016/j.promfg.2020.02.013
https://doi.org/10.1016/j.jmapro.2020.08.012
https://doi.org/10.3390/s21155077
https://doi.org/10.3390/s21155077
https://doi.org/10.1016/j.matpr.2022.03.091
https://doi.org/10.1016/j.matpr.2019.06.211
https://doi.org/10.1016/j.proeng.2014.12.356
https://doi.org/10.1016/j.ecoser.2022.101412
https://doi.org/10.1016/j.oceaneng.2019.03.042
https://doi.org/10.1016/j.oceaneng.2019.03.042
https://doi.org/10.1016/j.jobe.2020.101584
https://doi.org/10.1016/j.procs.2022.01.368
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/J.JOI.2018.09.002
https://doi.org/10.1186/2046-4053-4-1/TABLES/4
https://doi.org/10.1186/s12874-017-0468-4
https://doi.org/10.1002/cl2.1230
http://refhub.elsevier.com/S0951-8339(24)00036-4/sref29
http://refhub.elsevier.com/S0951-8339(24)00036-4/sref29
https://doi.org/10.1016/j.jmapro.2013.04.002
https://doi.org/10.1016/j.jmapro.2013.04.002
https://doi.org/10.1016/j.jmapro.2018.10.042
https://doi.org/10.1016/j.jmapro.2020.01.053
https://doi.org/10.1016/j.jmapro.2021.06.028
https://doi.org/10.1016/j.jmapro.2021.09.023
https://doi.org/10.1016/j.jmapro.2021.09.023
https://doi.org/10.1016/j.jmapro.2022.10.042
https://doi.org/10.1016/j.jmapro.2022.04.011
https://doi.org/10.1007/s00170-017-0761-8
https://doi.org/10.1007/s00170-017-0416-9
https://doi.org/10.1007/s00170-018-2932-7
https://doi.org/10.1007/s00170-021-06819-8
https://doi.org/10.1007/s00170-021-07186-0
https://doi.org/10.1007/s00170-022-08872-3
https://doi.org/10.1007/s00170-022-08684-5
https://doi.org/10.1007/s00170-022-09938-y
https://doi.org/10.1016/j.rcim.2010.08.006
https://doi.org/10.1016/j.rcim.2011.06.001
https://doi.org/10.1016/j.rcim.2013.03.004
https://doi.org/10.1016/j.rcim.2017.09.018

S.I. Wahidi et al. Marine Structures 95 (2024) 103608

[49]
[50]
[51]
[52]
[53]

[54]
[55]

[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]

[71]

[72]
[73]
[74]
[75]
[76]
[77]
[78]
[791
[80]
[81]
[82]
[83]
[84]
[85]
[86]

[87]

Zheng C, et al. Knowledge-based program generation approach for robotic manufacturing systems. Robot Comput Integrated Manuf Feb. 2022;73:102242.
https://doi.org/10.1016/j.rcim.2021.102242.

Zheng C, et al. Hybrid offline programming method for robotic welding systems. Robot Comput Integrated Manuf Feb. 2022;73:102238. https://doi.org/
10.1016/j.rcim.2021.102238.

Kim J, Kim J, Pyo C. Comparison of mechanical properties of ni-al-bronze alloy fabricated through wire arc additive manufacturing with ni-al-bronze alloy
fabricated through casting. Metals Aug. 2020;10(9):1-15. https://doi.org/10.3390/met10091164.

Liu S, et al. Evaluation of arc signals, microstructure and mechanical properties in ultrasonic-frequency pulse underwater wet welding process with Q345 steel.
Metals Dec. 2022;12(12):2119. https://doi.org/10.3390/met12122119.

Ben Q, Zhang Y, Sun L, Wang L, Wang Y, Zhan X. Wear and corrosion resistance of FeCoCrxNiAl high-entropy alloy coatings fabricated by laser cladding on
Q345 welded joint. Metals Aug. 2022;12(9):1428. https://doi.org/10.3390/met12091428.

Zhang H, et al. Arc characteristics and welding process of laser K-TIG hybrid welding. Metals Jul. 2022;12(7):1139. https://doi.org/10.3390/met12071139.
Zhang P, Cheng Y, Liu J, Wang C, Hou H, Li Y. Experimental and numerical investigations on laser-welded corrugated-core sandwich panels subjected to air
blast loading. Mar Struct Jan. 2015;40:225-46. https://doi.org/10.1016/j.marstruc.2014.11.007.

Rong Y, Mi G, Xu J, Huang Y, Wang C. Laser penetration welding of ship steel EH36: a new heat source and application to predict residual stress considering
martensite phase transformation. Mar Struct Sep. 2018;61:256-67. https://doi.org/10.1016/j.marstruc.2018.06.003.

Papatheocharis T, Sarvanis GC, Perdikaris PC, Karamanos SA, Zervaki AD. Fatigue resistance of welded steel tubular X-joints. Mar Struct Nov. 2020;74:
102809. https://doi.org/10.1016/j.marstruc.2020.102809.

Pradhan R, Joshi AP, Sunny MR, Sarkar A. Performance of predictive models to determine weld bead shape parameters for shielded gas metal arc welded T-
joints. Mar Struct Nov. 2022;86:103290. https://doi.org/10.1016/j.marstruc.2022.103290.

Woo D, Kitamura M. Numerical prediction of welding distortion considering gravity force on general ship grillage structure by elastic finite element method
using inherent strain. J Mar Sci Eng Jun. 2020;8(6):454. https://doi.org/10.3390/JMSE8060454.

Wu Q, Mao Y, Chen J, Wang C. Application research of digital twin-driven ship intelligent manufacturing system: pipe machining production line. J Mar Sci
Eng Mar. 2021;9(3):338. https://doi.org/10.3390/jmse9030338.

Kim DS, Lee HK, Seong WJ, Lee KH, Bang HS. Experimental study on laser-mig hybrid welding of thick high-mn steel plate for cryogenic tank production.
J Mar Sci Eng 2021;9(6). https://doi.org/10.3390/jmse9060604.

Park JB, Lee SH, Lee J. Precise 3D lug pose detection sensor for automatic robot welding using a structured-light vision system. Sensors Sep. 2009;9(9):
7550-65. https://doi.org/10.3390/590907550.

Hong B, Jia A, Hong Y, Li X, Gao J, Qu Y. Online extraction of pose information of 3d zigzag-line welding seams for welding seam tracking. Sensors Jan. 2021;
21(2):1-19. https://doi.org/10.3390/521020375.

Ryu LH, Kim TW, Oh MJ, Ku NK, Lee KY. Workspace analysis to generate a collision-free torch path for a ship welding robot. J Mar Sci Technol Sep. 2009;14
(3):345-58. https://doi.org/10.1007/s00773-009-0054-5.

Sanders D, Tewkesbury G, Ndzi D, Gegov A, Gremont B, Little A. Improving automatic robotic welding in shipbuilding through the introduction of a corner-
finding algorithm to help recognise shipbuilding parts. J Mar Sci Technol Jun. 2012;17(2):231-8. https://doi.org/10.1007/500773-011-0154-x.

Lezzi F, Costa L. The development of conventional welding processes in naval construction. Weld Int Oct. 2013;27(10):786-97. https://doi.org/10.1080/
09507116.2012.753256.

Cabral T dos S, de Magalhaes Braga E, Augusto Maciel Mendonca E, Scott A. Influence of procedures and transfer modes in MAG welding in the reduction of
deformations on marine structure panels. Weld Int Dec. 2015;29(12):928-36. https://doi.org/10.1080/09507116.2014.932993.

Queguineur A, Riickert G, Cortial F, Hascoét JY. Evaluation of wire arc additive manufacturing for large-sized components in naval applications. Weld World
Mar. 2018;62(2):259-66. https://doi.org/10.1007/540194-017-0536-8.

Uemura T, Gotoh K, Uchino 1. Expansion of laser-arc hybrid welding to horizontal and vertical-up welding. Weld World 2022;66(3):495-506. https://doi.org/
10.1007/s40194-021-01236-7.

Shen C, et al. The influence of post-production heat treatment on the multi-directional properties of nickel-aluminum bronze alloy fabricated using wire-arc
additive manufacturing process. Addit Manuf Oct. 2018;23:411-21. https://doi.org/10.1016/j.addma.2018.08.008.

Dharmendra C, Hadadzadeh A, Amirkhiz BS, Janaki Ram GD, Mohammadi M. Microstructural evolution and mechanical behavior of nickel aluminum bronze
Cu-9Al-4Fe-4Ni-1Mn fabricated through wire-arc additive manufacturing. Addit Manuf Dec. 2019;30:100872. https://doi.org/10.1016/j.
addma.2019.100872.

Ding D, Pan Z, van Duin S, Li H, Shen C. Fabricating superior NiAl bronze components through wire arc additive manufacturing. Materials Aug. 2016;9(8):652.
https://doi.org/10.3390/ma9080652.

Swierczyriska A, Landowski M. Plasticity of bead-on-plate welds made with the use of stored flux-cored wires for offshore applications. Materials Sep. 2020;13
(17):3888. https://doi.org/10.3390/mal3173888.

Hashemzadeh M, Garbatov Y, Guedes Soares C. Hybrid-laser welding-induced distortions and residual stresses analysis of large-scale stiffener panel. Ocean Eng
Feb. 2022;245:110411. https://doi.org/10.1016/j.oceaneng.2021.110411.

Tasdemir A, Nohut S. An overview of wire arc additive manufacturing (WAAM) in shipbuilding industry,” Ships and Offshore Structures. Taylor & Francis; 2020.
p. 1-18. https://doi.org/10.1080/17445302.2020.1786232.

Zhou X, Wang X, Gu X. Welding robot path planning problem based on discrete MOEA/D with hybrid environment selection. Neural Comput Appl Oct. 2021;
33(19):12881-903. https://doi.org/10.1007/500521-021-05939-2.

Lee D, Seo T, Kim J. Optimal design and workspace analysis of a mobile welding robot with a 3P3R serial manipulator. Robot Autonom Syst Oct. 2011;59(10):
813-26. https://doi.org/10.1016/j.robot.2011.06.004.

Bekker ACM, Verlinden JC. Life cycle assessment of wire + arc additive manufacturing compared to green sand casting and CNC milling in stainless steel.
J Clean Prod Mar. 2018;177:438-47. https://doi.org/10.1016/j.jclepro.2017.12.148.

Pittner A, Rethmeier M. Life cycle assessment of fusion welding processes—a case study of resistance spot welding versus laser beam welding. Adv Eng Mater
Jun. 2022;24(6):2101343. https://doi.org/10.1002/adem.202101343.

Kumar N, Mukherjee M, Bandyopadhyay A. Comparative study of pulsed Nd:YAG laser welding of AISI 304 and AISI 316 stainless steels. Opt Laser Technol
Feb. 2017;88:24-39. https://doi.org/10.1016/j.optlastec.2016.08.018.

Dorrie R, et al. Combined additive manufacturing techniques for adaptive coastline protection structures. Buildings Oct. 2022;12(11):1806. https://doi.org/
10.3390/buildings12111806.

Long J, Wang M, Zhao W, Zhang X, Wei Y, Ou W. High-power wire arc additive manufacturing of stainless steel with active heat management. Sci Technol
Weld Join 2022;27(4):256-64. https://doi.org/10.1080/13621718.2022.2045127.

Sasikumar R, et al. Wire arc additive manufacturing of functionally graded material with SS 316L and IN625: microstructural and mechanical perspectives.
CIRP J Manuf Sci Technol Aug. 2022;38:230-42. https://doi.org/10.1016/j.cirpj.2022.05.005.

Long J, Zhang LJ, Ning J, Na SJ. Dynamic behavior of plasma and molten pool of pure titanium during hyperbaric laser welding. Infrared Phys Technol Jun.
2021;115:103686. https://doi.org/10.1016/j.infrared.2021.103686.

Qi K, et al. Forming appearance analysis of 2205 duplex stainless steel fabricated by cold metal transfer (CMT) based wire and arc additive manufacture
(WAAM) process. J Mater Eng Perform Jun. 2022;31(6):4631-41. https://doi.org/10.1007/511665-022-06587-w.

Rong Y, Lei T, Xu J, Huang Y, Wang C. Residual stress modelling in laser welding marine steel EH36 considering a thermodynamics-based solid phase
transformation. Int J Mech Sci Oct. 2018;146(147):180-90. https://doi.org/10.1016/j.ijmecsci.2018.07.046.

Rong Y, Xu J, Lei T, Huang Y, Shao X, Wang C. Magnetism aided mitigation of deformation and residual stress in dissimilar joint 316L with EH36. J Mater
Process Technol Sep. 2018;259:23-32. https://doi.org/10.1016/j.jmatprotec.2018.04.022.

21


https://doi.org/10.1016/j.rcim.2021.102242
https://doi.org/10.1016/j.rcim.2021.102238
https://doi.org/10.1016/j.rcim.2021.102238
https://doi.org/10.3390/met10091164
https://doi.org/10.3390/met12122119
https://doi.org/10.3390/met12091428
https://doi.org/10.3390/met12071139
https://doi.org/10.1016/j.marstruc.2014.11.007
https://doi.org/10.1016/j.marstruc.2018.06.003
https://doi.org/10.1016/j.marstruc.2020.102809
https://doi.org/10.1016/j.marstruc.2022.103290
https://doi.org/10.3390/JMSE8060454
https://doi.org/10.3390/jmse9030338
https://doi.org/10.3390/jmse9060604
https://doi.org/10.3390/s90907550
https://doi.org/10.3390/s21020375
https://doi.org/10.1007/s00773-009-0054-5
https://doi.org/10.1007/s00773-011-0154-x
https://doi.org/10.1080/09507116.2012.753256
https://doi.org/10.1080/09507116.2012.753256
https://doi.org/10.1080/09507116.2014.932993
https://doi.org/10.1007/s40194-017-0536-8
https://doi.org/10.1007/s40194-021-01236-7
https://doi.org/10.1007/s40194-021-01236-7
https://doi.org/10.1016/j.addma.2018.08.008
https://doi.org/10.1016/j.addma.2019.100872
https://doi.org/10.1016/j.addma.2019.100872
https://doi.org/10.3390/ma9080652
https://doi.org/10.3390/ma13173888
https://doi.org/10.1016/j.oceaneng.2021.110411
https://doi.org/10.1080/17445302.2020.1786232
https://doi.org/10.1007/s00521-021-05939-2
https://doi.org/10.1016/j.robot.2011.06.004
https://doi.org/10.1016/j.jclepro.2017.12.148
https://doi.org/10.1002/adem.202101343
https://doi.org/10.1016/j.optlastec.2016.08.018
https://doi.org/10.3390/buildings12111806
https://doi.org/10.3390/buildings12111806
https://doi.org/10.1080/13621718.2022.2045127
https://doi.org/10.1016/j.cirpj.2022.05.005
https://doi.org/10.1016/j.infrared.2021.103686
https://doi.org/10.1007/s11665-022-06587-w
https://doi.org/10.1016/j.ijmecsci.2018.07.046
https://doi.org/10.1016/j.jmatprotec.2018.04.022

S.1. Wahidi et al. Marine Structures 95 (2024) 103608

[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
(971
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]

[114]

[115]
[116]
[117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]

[125]

jae Oh M, Lee SM, wan Kim T, Lee KY, Kim J. Design of a teaching pendant program for a mobile shipbuilding welding robot using a PDA. CAD Comput Aided
Des Mar. 2010;42(3):173-82. https://doi.org/10.1016/j.cad.2009.09.005.

Pravin Kumar N, et al. Microstructure and electrochemical evaluation of ER-308L weld overlays on AISI 321 stainless steel for repair applications. Proc Inst
Mech Eng Part E J Process Mech Eng, Dec 2022. https://doi.org/10.1177/09544089221145497.

Lee HK, Kim J, Pyo C, Kim J. Evaluation of bead geometry for aluminum parts fabricated using additive manufacturing-based wire-arc welding. Processes Sep.
2020;8(10):1-14. https://doi.org/10.3390/pr8101211.

Choudhary A, Kumar M, Unune DR. Experimental investigation and optimization of weld bead characteristics during submerged arc welding of AISI 1023
steel. Def Technol Feb. 2019;15(1):72-82. https://doi.org/10.1016/1.dt.2018.08.004.

Ermakova A, Ganguly S, Razavi N, Berto F, Mehmanparast A. Corrosion-fatigue crack growth behaviour of wire arc additively manufactured ER70S-6 steel
parts in marine environments. Eur J Mech Solid Nov. 2022;96:104739. https://doi.org/10.1016/j.euromechsol.2022.104739.

xing Yin F, chen Li X, xin Chen C, Zhao L, Peng Y, ling Tian Z. Microstructure and mechanical properties of weld metal in laser and gas metal arc hybrid
welding of 440-MPa-grade high-strength steel. J Iron Steel Res Int Jul. 2021;28(7):853-61. https://doi.org/10.1007/s42243-020-00503-z.

Xin J, et al. Analysis of the fracture mechanism at cryogenic temperatures of thick 316LN laser welded joints. Fusion Eng Des Nov. 2019;148:111277. https://
doi.org/10.1016/j.fusengdes.2019.111277.

Kannan AR, Kumar SM, Pramod R, Shanmugam NS, Vishnukumar M, Channabasavanna SG. Microstructure and corrosion resistance of Ni-Cu alloy fabricated
through wire arc additive manufacturing. Mater Lett Feb. 2022;308:131262. https://doi.org/10.1016/j.matlet.2021.131262.

Epping K, Zhang H. A sustainable decision-making framework for transitioning to robotic welding for small and medium manufacturers. Sustain Times Oct.
2018;10(10):3651. https://doi.org/10.3390/sul0103651.

Juri¢ I, Garasi¢ I, Busi¢ M, Kozuh Z. Influence of shielding gas composition on structure and mechanical properties of wire and arc additive manufactured
Inconel 625. JOM Feb. 2019;71(2):703-8. https://doi.org/10.1007/s11837-018-3151-2.

Xia S, Pang CK, Al Mamun A, Wong FS, Chew CM. Robotic welding for filling shape-varying geometry using weld profile control with data-driven fast input
allocation. Mechatronics Nov. 2021;79:102657. https://doi.org/10.1016/j.mechatronics.2021.102657.

Pravin Kumar N, Siva Shanmugam N. Some studies on nickel based Inconel 625 hard overlays on AISI 316L plate by gas metal arc welding based hardfacing
process. Wear Sep. 2020;456(457):203394. https://doi.org/10.1016/j.wear.2020.203394.

Wang L, et al. Effect of welding parameters on the geometry, microstructure, and corrosion resistance of laser welded 16 mm EH40 joints. Metall Mater Trans B
Process Metall Mater Process Sci Dec. 2021;52(6):3930-7. https://doi.org/10.1007/511663-021-02306-3.

Kim K, et al. Development of the end-effector measurement system for a 6-axis welding robot. Int J Precis Eng Manuf Aug. 2010;11(4):519-26. https://doi.org/
10.1007/512541-010-0060-x.

Ermakova A, Ganguly S, Razavi J, Berto F, Mehmanparast A. Corrosion-fatigue crack growth behaviour of wire arc additively manufactured ER100S-1 steel
specimens. Eng Fail Anal Aug. 2022;138:106362. https://doi.org/10.1016/j.engfailanal.2022.106362.

Sun GF, Wang ZD, Lu Y, Zhou R, Ni ZH. Investigation on microstructure and mechanical properties of NV E690 steel joint by laser-MIG hybrid welding. Mater
Des Aug. 2017;127:297-310. https://doi.org/10.1016/j.matdes.2017.04.054.

Kang SW, et al. Development of multi welding robot system for sub assembly in shipbuilding. IFAC Proc Jan. 2008;41(2):5273-8. https://doi.org/10.3182/
20080706-5-kr-1001.00885.

Kim T-W, Lee K-Y, Kim J, Oh M-J, Lee JH. Wireless teaching pendant for mobile welding robot in shipyard. IFAC Proc Jan. 2008;41(2):4304-9. https://doi.
org/10.3182/20080706-5-KR-1001.00724.

Lee K-Y, et al. Modularized control architecture of an embedded controller for mobile welding robot in the shipyard. IFAC Proc Jan. 2008;41(2):4298-303.
https://doi.org/10.3182/20080706-5-kr-1001.00723.

Kim J, et al. Rail running mobile welding robot ‘RRX3’ for double hull ship structure. IFAC Proc Jan. 2008;41(2):4292-7. https://doi.org/10.3182/20080706-
5-kr-1001.00722.

Rautio T, Hamada A, Makikangas J, Jaskari M, Jarvenpaa A. Laser welding of selective laser melted Ti6Al4V: microstructure and mechanical properties. Mater
Today: Proceedings, Jan. 2019;28:907-11. https://doi.org/10.1016/j.matpr.2019.12.322.

Gufran M, Mishra A, Kumar Singh R, Kumar Sharma A, Dixit A, Shah A. Dependence of process planning strategy on deposition ratio in wire arc additive
manufacturing. Mater Today Proc Jan. 2022;62:3468-72. https://doi.org/10.1016/j.matpr.2022.04.290.

Srikanth T, Surendran S, Balaganesan G, Manjunath GL. Response of CMT welded aluminum AA5086-H111 to AA6061-T6 plate with AA4043 filler for ballistic.
Procedia Eng Jan. 2017;194:522-8. https://doi.org/10.1016/j.proeng.2017.08.180.

Ferreira LA, Figueira YL, Iglesias IF, Souto MA. Offline CAD-based robot programming and welding parametrization of a flexible and adaptive robotic cell using
enriched CAD/CAM system for shipbuilding. Procedia Manuf Jan. 2017;11:215-23. https://doi.org/10.1016/j.promfg.2017.07.228.

Ahmad A. Refurbishing damaged surfaces of nickel-aluminum bronze propellers: a robotic approach using gas metal arc welding and friction stir processing.
AIP Conf Proc Jul. 2021;2347(1):20156. https://doi.org/10.1063/5.0053484.

Narenthiran B, Vignesh R, Das AD, Subramani N. Parametric evaluation of AA6063 TIG welded samples using taguchi method. AIP Conf Proc Nov. 2022;2446
(1):40006. https://doi.org/10.1063/5.0108212.

Romero-Hdz J, Toledo-Ramirez G, Saha B. Deformation and residual stress based multi-objective genetic algorithm for welding sequence optimization. In:
Proceedings of a special session - 15th Mexican international conference on artificial intelligence: advances in artificial intelligence, vol. 2016. MICAIL; 2016.
p. 80-91. https://doi.org/10.1109/MICAI-2016.2016.00021.

Mao ZW, Pan JL, Zhang H. Mobile welding robot system based on rotating arc sensor applied for large fillet welding seam tracking. In: Proceedings - 2010 6th
international conference on natural computation, ICNC, vol. 1; 2010. p. 394-7. https://doi.org/10.1109/ICNC.2010.5583304. 2010.

Andersen RS, Bggh S, Moeslund TB, Madsen O. Intuitive task programming of stud welding robots for ship construction. In: Proceedings of the IEEE
international conference on industrial technology, 2015-June; Jun. 2015. p. 3302-7. https://doi.org/10.1109/ICIT.2015.7125587. June.

Morgado-Estevez A, et al. Towards automated welding in big shipbuilding assisted by programed robotic arm using a measuring arm. In: Advances in
intelligent systems and computing, vol. 694; 2018. p. 53-63. https://doi.org/10.1007/978-3-319-70836-2_5.

Ahmed SM, Tan YZ, Lee GH, Chew CM, Pang CK. Object detection and motion planning for automated welding of tubular joints. In: IEEE international
Conference on intelligent Robots and systems, nov., 2016-Novem; 2016. p. 2610-5. https://doi.org/10.1109/IR0S.2016.7759406.

Shi YH, Wang GR, Li GJ. Adaptive robotic welding system using laser vision sensing for underwater engineering. In: 2007 IEEE international conference on
control and automation. ICCA; 2007. p. 1213-8. https://doi.org/10.1109/ICCA.2007.4376553.

Wu'Y, Go JZM, Ahmed SM, Lu WF, Chew CM, Pang CK. Automated bead layout methodology for robotic multi-pass welding. In: IEEE international conference
on emerging technologies and factory automation, 2015. ETFA; Oct. 2015. https://doi.org/10.1109/ETFA.2015.7301590. Octob.

Xia S, Tan YZ, Pang CK, Chew CM. Design of feedforward filling control for joining thick materials using robotic welding systems. In: 2016 IEEE 14th
international workshop on advanced motion control, AMC, vol. 2016; Jun. 2016. p. 239-44. https://doi.org/10.1109/AMC.2016.7496357.

Gao F, Chen Q, Guo L. Study on arc welding robot weld seam touch sensing location method for structural parts of hull. In: Iccais 2015 - 4th international
conference on control. Nov: Automation and Information Sciences; 2015. p. 42-6. https://doi.org/10.1109/ICCAIS.2015.7338704.

Sales A, Ricketts NJ. Effect of scandium on wire arc additive manufacturing of 5 series aluminium alloys. In: Minerals, metals and materials series; 2019.
p. 1455-61. https://doi.org/10.1007,/978-3-030-05864-7_182.

Markscheffel B, Schroter F. Comparison of two science mapping tools based on software technical evaluation and bibliometric case studies. COLLNET J Sci Inf
Manag Jul. 2021;15(2):365-96. https://doi.org/10.1080/09737766.2021.1960220.

Saidi KS, Bock T, Georgoulas C. Robotics in construction. in Springer Handbooks, Springer Science and Business Media Deutschland GmbH; 2016. p. 1493-520.
https://doi.org/10.1007/978-3-319-32552-1_57.

22


https://doi.org/10.1016/j.cad.2009.09.005
https://doi.org/10.1177/09544089221145497
https://doi.org/10.3390/pr8101211
https://doi.org/10.1016/j.dt.2018.08.004
https://doi.org/10.1016/j.euromechsol.2022.104739
https://doi.org/10.1007/s42243-020-00503-z
https://doi.org/10.1016/j.fusengdes.2019.111277
https://doi.org/10.1016/j.fusengdes.2019.111277
https://doi.org/10.1016/j.matlet.2021.131262
https://doi.org/10.3390/su10103651
https://doi.org/10.1007/s11837-018-3151-2
https://doi.org/10.1016/j.mechatronics.2021.102657
https://doi.org/10.1016/j.wear.2020.203394
https://doi.org/10.1007/s11663-021-02306-3
https://doi.org/10.1007/s12541-010-0060-x
https://doi.org/10.1007/s12541-010-0060-x
https://doi.org/10.1016/j.engfailanal.2022.106362
https://doi.org/10.1016/j.matdes.2017.04.054
https://doi.org/10.3182/20080706-5-kr-1001.00885
https://doi.org/10.3182/20080706-5-kr-1001.00885
https://doi.org/10.3182/20080706-5-KR-1001.00724
https://doi.org/10.3182/20080706-5-KR-1001.00724
https://doi.org/10.3182/20080706-5-kr-1001.00723
https://doi.org/10.3182/20080706-5-kr-1001.00722
https://doi.org/10.3182/20080706-5-kr-1001.00722
https://doi.org/10.1016/j.matpr.2019.12.322
https://doi.org/10.1016/j.matpr.2022.04.290
https://doi.org/10.1016/j.proeng.2017.08.180
https://doi.org/10.1016/j.promfg.2017.07.228
https://doi.org/10.1063/5.0053484
https://doi.org/10.1063/5.0108212
https://doi.org/10.1109/MICAI-2016.2016.00021
https://doi.org/10.1109/ICNC.2010.5583304
https://doi.org/10.1109/ICIT.2015.7125587
https://doi.org/10.1007/978-3-319-70836-2_5
https://doi.org/10.1109/IROS.2016.7759406
https://doi.org/10.1109/ICCA.2007.4376553
https://doi.org/10.1109/ETFA.2015.7301590
https://doi.org/10.1109/AMC.2016.7496357
https://doi.org/10.1109/ICCAIS.2015.7338704
https://doi.org/10.1007/978-3-030-05864-7_182
https://doi.org/10.1080/09737766.2021.1960220
https://doi.org/10.1007/978-3-319-32552-1_57

	Robotic welding techniques in marine structures and production processes: A systematic literature review
	1 Introduction
	2 Methodology
	2.1 Overview of the search strategy
	2.2 Detailed selection process

	3 Results
	3.1 Summary of selected articles
	3.2 The network, overlay and density visualization of keywords co-occurrence
	3.3 Types of robotic welding technologies and the processed materials
	3.4 Robotic welding types from the cited research experiments
	3.5 Robotic welding categorization and technological evolution
	3.6 Benefits and challenges in the robotic welding application

	4 Discussion
	4.1 Robotic welding techniques and treated material types
	4.2 Categorization of robotic welding and technological advancements
	4.3 Applications of robotic welding: advantages and challenges

	5 Conclusion
	5.1 Contribution
	5.2 Potential areas for future research

	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


