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Abstract

:

Conventional welding techniques for complex structures often rely on human involvement, which can be prone to errors when deviations from the planned process occur. In contrast, robotic welding is highly precise and effective, particularly in the assembly of complex structures such as double-bottom ships. Therefore, this paper presents a comprehensive technical and economic analysis comparing robotic welding to conventional welding in the assembly process of a ship’s block panels. The study aims to evaluate and compare the strategies employed in robotic welding and conventional welding, with a specific focus on the ship double-bottom context. Furthermore, an economic value analysis is conducted to assess the cost effectiveness of each approach. The analysis reveals that robotic welding can achieve a significantly faster welding speed, completing the process approximately 3.85 times quicker compared to conventional methods. Moreover, the ratio of electricity and man-hours between robot welding and conventional welding is 1:2.75. These findings highlight the potential for cost savings by implementing robotic welding processes. The analysis reveals a significant difference in operational costs, highlighting the efficiency and cost effectiveness of robotic welding compared to conventional methods.
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1. Introduction


In modern industry, robots have become widely used in factories, where they have taken over many tasks that were once performed by humans. For example, robots have become the prime movers in the automotive, electronic device, and computer device industries. Robots are used because they are accurate, efficient, and cost-effective. Robots can perform tasks quickly and accurately, and they can do so without getting tired or making mistakes. This can help to improve productivity and save money. In an effort to expand manufacturing capacity, researchers have been studying automated (robot-based) production. This research has led to the development of new technologies, such as innovative product design using topology optimization and additive manufacturing [1], a transportable robotic system for ship structures [2], and an intelligent inspection robot for dangerous and inaccessible sites [3]. Robotic automation has become increasingly common in the Japanese shipbuilding industry, in response to changes such as a decrease in the labor force and wage hikes. This is especially true for arc welding [4]. Some research has been conducted on the use of robots in welding applications. For example, one study found that welding process variables affect the quality of robotic MIG welding of EN24T steel [5]. Another study developed a robotic seam-tracking system using conditional generative adversarial networks and laser vision (CGAN) [6]. Other study of robot welding application was of a robot-assisted MIG/MAG welding system called “MyWelder” which was proposed as an excellent productive, intuitive, and easily customizable technology [7]. In addition, research has been conducted on the design of fully automated fabrication facilities for the shipbuilding sector. One study provided a layout for an automated fabrication workshop [8]. The workshop includes work areas for cutting, rolling, line heating, and loading of products, as well as for registering material plates. Therefore, it is important to analyze the current state of robotic welding technology in ship production technology.



The shipbuilding industry plays a pivotal role in constructing vessels that navigate our seas, and welding is a critical process within this industry. Welding is essential for joining structural components, ensuring the integrity and strength of the ships. The shipbuilding industry faces challenges in achieving efficient and high-quality welding processes. Conventional welding techniques are labor-intensive, prone to human error, and may have limitations in terms of productivity and quality control. On the other hand, robotic welding offers potential solutions by leveraging automation, precision, and consistency in the welding process. Robotic welding systems have the capability to improve productivity, reduce labor costs, and enhance weld quality in shipbuilding applications. However, implementing robotic welding in shipbuilding requires addressing challenges related to the initial investment, programming, flexibility, and maintenance. Addressing these challenges is crucial for enhancing efficiency, weld quality, and cost effectiveness in the shipbuilding industry [9].



In this case, robotic technology can be used to maximize welding work in difficult positions, such as joints in double-bottom construction. From an economic point of view, although the required initial investment is high, robotic welding can be used sustainably over time. Therefore, it is important to compare robotic welding with conventional welding. This article compares robotic welding and conventional welding from technical and financial perspectives, using a complex structure such as a double bottom as an example. The technical aspect of the comparison is related to the time it takes for a welding robot to join a double-bottom structure [10], which is then compared to the time it takes for this using conventional welding. In addition, the economic aspect of the comparison is related to the costs of operation and labor for robotic welding and conventional welding.



A large amount of research has been conducted on the use of robotic welding technology in the manufacturing industry. Some of the most notable studies include those by Zhang et al. [11], Feng et al. [12], Chen [13], Shapovalov et al. [14], and Jr et al. [15]. Other studies have focused on the use of robot welding in shipyards. For example, Feng et al. [16], Rooks [17], Kim et al. [18], and Olschok et al. [19] have all published research on this topic. However, there is no comparison between robotic welding and conventional welding in terms of technical and economic aspects available in the literature. This study focuses on comparing robotic welding and conventional welding in the case of assembling complex ship structures, such as double-bottom structures. This is undertaken by applying the optimal means of assembling complex ship structures [10].



The technical and economic aspects of shipbuilding are increasingly intertwined, with the optimization of the production process and reduction in costs being critical factors in maintaining competitiveness in the industry [20,21,22,23,24,25]. In this study, the use of robotic welding for a ship’s double-bottom assembly was simulated and analyzed in terms of both technical and economic performance. The goal was to identify opportunities for process optimization and cost reduction.




2. Methods


In this paper, a comparison is made between robotic welding and conventional welding in the assembly of a ship’s block panels. The simulation focuses on a ship’s double-bottom structures, which are explained in the following section.



2.1. Ship’s Double-Bottom Construction


The double-bottom structure of the ship, as depicted in Figure 1, is one of its most crucial components. It is designed to withstand the hydrostatic forces that act on the bottom of the hull, as well as the weight of the freight.



The ship’s hull is essentially formed of bent plates that are joined by welding. If these plates are not stiffened, the bending moments caused by the loads may lead to more stress than the amount of stress that the material can withstand, which can then lead to failure. Stiffeners make the plates stiffer, which helps to prevent failure (or increases their section modulus).



The shipbuilding process has two phases: design and construction. The design phase involves converting the owner’s requirements into a ship design that can be used to build the ship. The ship’s double bottom is built by assembling individual parts into panels, blocks, and then the entire structure, as shown in Figure 2 [26]. The process of assembling a hull structure is similar to the process of assembling other floating structures, such as a floating dock [27]. The sub-assembly stage involves joining the parts that were fabricated in the previous stage. A component block is created by combining the products of the cutting and shaping conducted by the fabrication workshop, including brackets, plate flooring, and face plates. At this stage, fitting, welding, and grinding are all part of the process.



Welding procedures utilizing the unit panel method are commonly employed in the construction of large ships, as this approach offers improved work efficiency compared to traditional methods. In this method, panels with longitudinal stiffeners are first prepared and welded to the skin material through submerged arc welding [28]. The assembly process consists of several steps, as shown in Figure 2.



Initially, a bottom plate that has precisely the same form as that of the top plate is fabricated. Afterward, various transverse web floors and girders are joined onto the inner bottom plate. In the second step, the prepared unit panels, with longitudinal stiffeners, are placed on the open block in their correct locations [10]. Finally, the unit panels are welded to the open block along the stiffeners, ensuring a secure fit.



After the unit panels are welded to the open block, the solid block is welded. The welding must be carried out from inside the solid block, along the edges where the inner bottom panel and the bottom panel meet. The unit panel method makes the construction process more efficient, especially for large ships.




2.2. Robotic Welding Specifications Used for Simulation


Robotic welding has become an increasingly popular technology in manufacturing and production processes due to its ability to increase productivity, quality, and efficiency while reducing costs [4]. Robotic welding is particularly effective for repetitive welding of parts with similar structures and simple parts with high volume, and joining piece parts that require a high degree of physical effort from welders. Furthermore, it is well-suited to welding common structures or standard parts that are used in many different ships, making it a cost-effective solution for shipbuilding.



In the production of a double-bottom ship, a robotic welding machine must be able to move in various directions to reach all necessary welding points. Therefore, the robot arm specifications used must have six degrees of freedom, as shown in Figure 3. In this simulation, the specifications of the Kawasaki RS015X robot arm are utilized to analyze the welding reach for panel assembly. The robot’s six degrees of freedom allow it to move in a variety of ways, including arm rotation, arm out–in, arm up–down, wrist swivel, wrist bend, and wrist twist, providing the necessary flexibility and precision to perform a wide range of welding tasks. The high level of precision and accuracy provided by the robot’s six axes of movement make it well-suited for tasks that require a high degree of accuracy and repeatability [28].



The robot has six axes of movement, each of which has a wide range of motion and high speeds, as shown in Figure 4. On the first axis, known as arm rotation (JT 1), the robot can rotate up to ±180 degrees and move at a speed of 180 degrees per second. On the second axis, arm out-in (JT 2), the robot has a range of +140 degrees to −105 degrees and a speed of 180 degrees per second. The third axis, arm up-down (JT 3), has a range of +135 degrees to −155 degrees and a speed of 200 degrees per second. On the fourth axis, wrist swivel (JT 4), the robot can swivel up to ±360 degrees and move at a speed of 410 degrees per second. On the fifth axis, wrist bend (JT 5), the robot has a range of ±145 degrees and a speed of 360 degrees per second. On the sixth and final axis, wrist twist (JT 6), the robot can twist up to ±360 degrees and move at a speed of 610 degrees per second.




2.3. Robotic Welding Procedure


The initial step in the robotic welding procedure involves joining the outer plates, which have been fabricated based on the cutting plan design, with longitudinal stiffeners, using submerged arc welding (SAW). This process forms the inner bottom panel. To achieve an efficient welding speed, the robotic welding travel speed of 1.5 m/min or 25 mm/s is combined with the arm speed, following the high-speed one-side submerged arc welding process [29]. To calculate the welding time, the length required to weld 8 longitudinal stiffeners, each measuring 12 m, is analyzed.



To optimize the movement and speed of the robot arm, the area for welding the inner bottom panel is divided based on the specified range and speed of the robot, as outlined in the specifications. The panel consists of plates measuring 12 m × 1.5 m with a thickness of 12 mm, and is supported by 12 m long longitudinal stiffeners. This division enables determination of the robot’s optimal movement and arm speed during the welding process.



In the subsequent stage, a simulation is performed to analyze the robot welding process for the double-bottom stiffeners. This simulation focuses on assessing the reachability of the robot arm within the specific conditions of the baseline robot, positioned at the height of the double-bottom structure. Given the complexity of the structure’s design, a comprehensive 3D simulation is utilized to accurately identify the areas accessible by the robot arm. The robotic welding travel speed of 1500 mm/min or 25 mm/s, as specified by the A7 MAG Welder’s 350/450 specifications, incorporates the arm speed.



Subsequently, the total time required to join the ship’s double bottom is utilized for an economic analysis, comparing the costs of conventional welding and robotic welding. The economic aspect primarily focuses on comparing operational costs and direct labor expenses between the two welding methods.





3. Results and Discussion


In this section, the utilization of robotic welding for a ship’s double-bottom assembly is simulated and analyzed, considering both technical and economic performance. The results derived from the technical and economic analysis are presented and discussed.



3.1. Technical Analysis


Welding quality is crucial for hull strength and ship safety. When initial cracks occur in the main structure, the critical applied torque is sharply reduced [30]. According to Hong et al. [31], fillet welded connections perform worse under fatigue as the length of the unwelded zone increases. Consequently, to avoid stress concentration and fatigue cracks, the welding junction must be executed perfectly, with a precise bead shape. The effectiveness of automatic welding techniques should be carefully considered by considering factors such as welding quality, the working environment, and cost efficiency, which includes both initial investments and operational costs. Due to the scope and complexity of the bottom structure, using the positioning system is essential for the successful implementation of robot welding. In this study, the positioning system is divided into two categories: outer panel joining and stiffener joining.



3.1.1. Outer Panel Joining


The outer plates are joined with longitudinal stiffeners using submerged arc welding (SAW) to form the inner bottom panel. The plates are fabricated according to the cutting plan design. The welding time calculation is conducted by first analyzing the welding length required to weld eight longitudinal stiffeners, each measuring 12 m. A 5% welding margin is added to the total welding length, resulting in a length of 403,200 mm. The total welding time is calculated by multiplying the welding length by the welding travel speed (1.5 m/min) based on the high-speed one-side submerged arc welding process [29] and applying an 80% safety factor, resulting in 15,372.7 s. Finally, the plates that have been equipped with longitudinal stiffeners are joined to form the inner bottom panel.



The area for welding the inner bottom panels is divided based on the range and speed of movement of the robot. This is done to optimize the welding process. The division is carried out to determine the optimal movement of the robot and the speed of the robot arm during the welding process. Figure 5a shows a three-dimensional visualization of the base plate welding process using robotic welding on the welding line. In Figure 5a, the silver color represents the initial position of the robotic welding, where the robot performs the farthest welding range in red and the closest range in orange.



Figure 5b shows the top view of the robot welding process on the inner bottom panel for the portside section with position 1A based on the coverage area of JT 1. The panel consists of plates measuring 12 m × 1.5 m with a thickness of 12 mm and is supported by longitudinal stiffeners, each measuring 12 m long. In that position, the robotic arm can weld 1A2 with a welding length of 2774.03 mm, as indicated by the blue line.



Figure 5c shows the side view of the movement of the welding robot arm with the coverage area of JT 2 and JT 3. The angle of arm movement is determined by the limitations of arm reach and robot arm length. This is necessary to reach the welding area. Position 1A2-I is the farthest point that the robot arm can reach in the welding groove, while 1A2-II is the closest point that the robot arm can reach in the welding groove. The speed of arm movement is determined based on the angle of arm motion. This allows the robot arm to reach positions 1A2-I and 1A2-II. According to the analysis of the movement and range of the robot, it was found that the robot moved 16 times for the port side and starboard side, as shown in Figure 6.



According to the maximum reach of the robot arm, the robot welding is transferred from the first to the eighth position, as shown in Figure 6. The transfer is supported by a railway to ensure optimal productivity and quality. The railway serves as a track for the robot arm to move along, providing stability and reducing the risk of damage to the workpiece. This allows the robot to move seamlessly from one position to another, without the need for additional setup or repositioning. Additionally, using a railway system can also help to optimize the robot’s trajectory, reducing the likelihood of collisions or other issues during the transfer process.



Based on the analysis of the movement of the robot arm, the total motion time is obtained, as shown in Table 1. The grey column shows the specification of the robot arm used in this study. The total motion time for each robot movement is obtained by adding up the total angles achieved by joining, as shown in Figure 6. From these scenarios, the length of the weld performed in each scenario of the robot arm movement can also be calculated, as shown in Table 2.



In order to comprehensively analyze the factors impacting welding quality, it is crucial to consider the welding position factors, as delineated in Table 2. These position factors are integral to the welding process, as they encompass varying levels of difficulty and directly influence the overall quality and strength of the welds. Some common welding positions are down hand (or flat position) and vertical positions, each of which presents unique challenges to the welder. The down hand position typically allows for easier manipulation of the welding torch or electrode, resulting in a more consistent weld bead and fewer defects. In contrast, the vertical position demands a higher level of skill and precision from the welder, as the molten weld pool is subject to gravitational forces that can affect the weld’s integrity. Consequently, recognizing and accounting for these position factors is essential to understand the factors that contribute to welding quality and develop strategies to optimize welding processes in various applications.



Furthermore, the speed of the arm is added to the robotic welding travel speed of 1.5 m/min, or 25 mm/s, based on the high speed one-side submerged arc welding process [29]. The total welding time is obtained by adding a margin and safety factor. This is shown in Table 2.




3.1.2. Stiffener Joining


In the subsequent stage of the research, a simulation is conducted to analyze the robot welding process for the double-bottom structure. This simulation focuses on determining the reachability of the robot arm based on its range and the specific conditions of the baseline robot positioned at the height of the double-bottom structure. The complex design of structure required a comprehensive 3D simulation to precisely identify the areas that the robot arm could reach.



The 3D simulation was used to carefully examine the welding area and determine the specific piece parts that fall within the range of the robot arm. The simulation took into account the spatial constraints and dimensions of the structure, enabling an accurate assessment of the areas where the robot arm can effectively perform the welding operation.



The welding zones were divided into outer and inner zones based on the reach of the robot arm. This was done for both the port and starboard sides of the double-bottom structure. This division allowed for a systematic and efficient approach to the welding process. Figure 7 visually represents the simulation results, showcasing the optimal areas for welding. The outer 1 (O1) area is depicted in green, indicating the region that is successfully reached and welded by the robot arm. Similarly, the inner 1 (I1) area is represented in blue, signifying the portion accessible for welding. The magenta-colored outer 2 (O2) area represents another region within the reach of the robot arm, while the red-colored inner 2 (I2) area designates an additional accessible section.



In addition, the arm speed is incorporated into the robotic welding travel speed of 1500 mm/min or 25 mm/s, as specified by the A7 MAG Welder’s 350/450 specifications using carbon steel filler material. The total welding time for each piece is determined by considering the margin and applying a safety factor. Table 3 provides an example of the outer and inner calculation. Subsequently, the same calculation procedure can be applied to all joining piece parts up to the fifth outer and inner zones for both the starboard and port sides.



The welding area is divided into different zones based on the reach of the robot’s arm, specifically JT1, JT2, and JT3. The baseline position for the robot is set at the height of the double bottom, as shown in Figure 8. This helps to optimize the reach and movement of the robot. The length and angle of the welding area are then measured in the outer and inner zones (O1/I1–O5/I5), based on the reach of the robot arm. This analysis identifies 20 optimal positions for welding in the construction of the double bottom.



Furthermore, to ensure the robot arm can effectively reach the welding area of various construction components, such as side girders and brackets, the angle of the arm is measured using motions JT2 and JT3. This information enables the determination of the robot arm’s movement speed. Figure 9 provides a visualization of the arm reach simulation specifically for stiffener welding.



The simulation helps to optimize the welding process for the double-bottom structure by systematically dividing the welding area, measuring the optimal positions, and assessing the arm movement. The simulation outcomes provide valuable insights into the feasibility and effectiveness of the robot welding process for the double-bottom structure. The simulation helps to streamline the welding operations by accurately identifying the optimal areas for welding. This ensures that the robot arm can efficiently carry out the required tasks within the specified zones.



The welding time for a double-bottom block from a general cargo ship measuring 12 m in length, 15 m in breadth, and 1.1 m in depth is determined to be 17.42 h, based on the analysis of the results and considering the welding robot displacement scenario, as shown in Table 4. In comparison to conventional welders, the assembly process of the double-bottom panel is carried out by certified welders specialized in the field of shipbuilding, with minimum qualifications of 1G (Flat), 2G (Horizontal), 3G (Vertical), and 4G (Overhead) positions. When employing conventional Flux Cored Arc Welding (FCAW) using carbon steel filler material with a welding speed of 6.7 mm/s [32], the welding time is estimated to be 67.12 h. This calculation is obtained by multiplying the welding length achieved using the conventional welding speed for FCAW.



The results of the study show that robotic welding is approximately 3.85 times faster than conventional welding. These results emphasize the significant time-saving advantage offered by robotic welding in comparison to the conventional approach.





3.2. Cost Comparison


In this section, an economic analysis is conducted to compare the costs of conventional welding and robotic welding. The discussion focuses on the cost of the components used in conventional welding for ship production. Subsequently, the costs of joining the double bottom through robotic welding are calculated. The estimations from both approaches are analyzed and compared to determine which method is more cost-effective.



The robotic welding equipment is 3.85 times faster than a conventional welder when joining the ship’s double bottom, according to the technical analysis. Consequently, the operational cost calculation is conducted by considering four instances of conventional welding and comparing them with a single instance of robotic welding equipment.



The incorporation of the total time required to join the ship’s double bottom as a determining factor in the calculation of electricity costs and man-hour costs has been recognized as a critical aspect of the research [33]. This integration provides a more accurate and comprehensive assessment of the overall costs associated with the shipbuilding process, and it also allows for a deeper understanding of the relationship between time and cost optimization.



In the analysis, various stages involved in the joining process have been carefully considered, taking into account the duration and complexity of each step. An accurate estimation of the resources required for the process can be achieved, including the electricity consumed during the welding and assembly stages, as well as the man-hours needed, by incorporating these factors into the calculations.



Moreover, the inclusion of time as a determining factor enabled the identification of potential bottlenecks and inefficiencies within the process. This led to the development of strategies for optimizing both time and cost, which ultimately led to a more efficient and cost-effective shipbuilding process.



3.2.1. Comparison of the Use of Electricity Costs


The operational costs incurred when using welding machines vary significantly between robot welding machines and conventional welding machines. This difference is due to the fact that robot welding machines consume more power than conventional welding machines. Specifically, the power specifications of the welding machines play a significant role. The conventional welding machine used in this study consumes 3000 watts of power, while the robot welding machine consumes 4500 watts of power.



The estimated electricity costs for robot welding machines and conventional welding machines are presented in Table 5 and Table 6, respectively. Table 5 shows that the total electricity cost for constructing a double-bottom block using a single robot unit is GBP 37.81. Conversely, if four units of conventional welding machines are used, the electricity cost is GBP 100.82. The analysis reveals that the utilization of a robotic welding machine can result in a substantial savings in electricity costs of 63% compared to conventional welding machines.




3.2.2. Comparison of Direct Labor Costs


Labor costs are costs associated with labor needs during the production process. Direct labor costs are the costs associated with the salaries or wages of the workers who are directly involved in the production of a product. In this research, the man-hour cost is based on the average welder’s salary per hour in the United Kingdom as reported in [34].



The direct labor cost for robotic welding in joining the double bottom panels is GBP 696.78, which includes the salaries of one robot operator, one fitter, and one helper, as shown in Table 7. In contrast, conventional welding is more expensive, with a total cost of GBP 1916.15, including the salaries of four welders, two fitters, and two helpers, as shown in Table 8. The analysis shows that using a robotic welding machine can save GBP 1219.37, or approximately 64% of the total man-hour costs incurred by conventional welding methods, as shown in Table 7 and Table 8.




3.2.3. Cost Recapitulation


The results of calculations are presented in Table 9, which summarizes the costs of electricity and man-hours for conventional welding and robotic welding. Table 9 shows that the total cost of electricity and man-hours for conventional welding is GBP 2016.97, while the total cost for robotic welding is GBP 734.59. This results in a cost ratio of 1:2.75. This comparison clearly demonstrates that the utilization of robotic welding can significantly reduce operational costs.



The findings of this study demonstrate the potential cost savings when using robotic welding techniques. The significant difference in costs highlights the efficiency and economic benefits of using robots for welding tasks. The lower cost of electricity and man-hours in robotic welding results in significant savings for the overall welding process. Companies can optimize their operations, improve cost effectiveness, and enhance their competitive edge in the industry by adopting robotic welding.






4. Conclusions


The manufacturing process of double-bottom ships, which are intricate structures, can benefit greatly from the implementation of robotic welding. Therefore, this study conducts technical and economic analyses of robotic welding and conventional methods for ship double-bottom construction. According to the findings of the technical analysis and the welding robot displacement scenario, it would take 17.42 h to weld a double-bottom block of a general cargo ship that is 12 m long, 15 m wide, and 1.1 m deep. Conversely, a welding duration of 67.12 h is obtained when utilizing standard FCAW welding with a welding speed of 6.7 mm/s. Based on these findings, robotic welding is 3.85 times faster than conventional welding for double-bottom welding tasks, meaning that it takes 3.85 times less time to weld a double-bottom block using a robotic welder than using a conventional welder.



The analysis of electricity and man-hour costs indicates that robot welding offers substantial cost savings compared to conventional welding. The total cost for conventional welding is GBP 2016.97, while the total cost of robotic welding is only GBP 734.59. This significant cost difference highlights that robotic welding is more efficient and cost-effective than conventional welding. When comparing the values of electricity and man-hours, the ratio between robot welding and conventional welding is 1:2.75. These findings show that robotic welding can reduce costs, which could lead to increased profits for companies. Companies can improve their operations, become more cost-effective, and gain a competitive advantage in the industry by using robotic welding technology.
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Figure 1. Ship double-bottom structure. 
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Figure 2. Ship double-bottom production stages. 
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Figure 3. Six axes’ movements of the robotic welding. 
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Figure 4. The range of the robotic welding arm. 
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Figure 5. (a) Three-dimensional view of the arm range simulation; (b) top view of the arm range; (c) side view of the arm range. 
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Figure 6. Robot transfer simulation. 
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Figure 7. Simulation of robot arm reach when welding the double-bottom structure. 
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Figure 8. Positioning of the robot welding in the double-bottom assembly process. 
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Figure 9. Simulation of robot welding movement on the double bottom. 
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Table 1. Motion time of the robotic arm required to join the inner bottom panel.






Table 1. Motion time of the robotic arm required to join the inner bottom panel.





	
Part

	
Code

	
JT 1

	
JT 2

	
JT 3

	
JT 1

	
JT 2

	
JT 3

	
JT 4

	
JT 5

	
JT 6

	
JT 1

	
JT 2

	
JT 3

	
Total Motion Time




	
Arm Angle (Degree)

	
Robot Speed (Degree/s)

	
Movement Time (s)

	
s






	
Inner Bottom Panel

	
1A

	
682

	
416

	
272

	
180

	
180

	
200

	
410

	
360

	
610

	
3.8

	
2.3

	
1.4

	
7.46




	
2A

	
786

	
487

	
250

	
180

	
180

	
200

	
410

	
360

	
610

	
4.4

	
2.7

	
1.3

	
8.32




	
3A

	
786

	
648

	
245

	
180

	
180

	
200

	
410

	
360

	
610

	
4.4

	
3.6

	
1.2

	
9.19




	
4A

	
786

	
648

	
245

	
180

	
180

	
200

	
410

	
360

	
610

	
4.4

	
3.6

	
1.2

	
9.19




	
5A

	
786

	
648

	
245

	
180

	
180

	
200

	
410

	
360

	
610

	
4.4

	
3.6

	
1.2

	
9.19




	
6A

	
757

	
648

	
329

	
180

	
180

	
200

	
410

	
360

	
610

	
4.2

	
3.6

	
1.6

	
9.45




	
7A

	
916

	
691

	
254

	
180

	
180

	
200

	
410

	
360

	
610

	
5.1

	
3.8

	
1.3

	
10.20




	
8A

	
368

	
408

	
116

	
180

	
180

	
200

	
410

	
360

	
610

	
2

	
2.3

	
0.6

	
4.89











[image: Table] 





Table 2. Total time taken to join the inner bottom panel using robot welding.
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Part

	
Code

	
Total Motion Time

	
Weld Length

	
Both Side

	
Symmetric

	
Weld Layer

	
Total Weld Length

	
Total (+Margin 5%)

	
Welding Time

	
Welding Position

	
Total Time




	
(s)

	
(mm)

	
(mm)

	
(mm)

	
(s)

	
(s)






	
Inner Bottom Panel

	
1A

	
7.46

	
7571.56

	
2

	
2

	
1

	
30,286.24

	
31,800.55

	
1211.4

	
Down hand

	
1218.9




	
2A

	
8.32

	
7029.16

	
2

	
2

	
1

	
28,116.64

	
29,522.47

	
1124.7

	
Down hand

	
1133.0




	
3A

	
9.19

	
8562.32

	
2

	
2

	
1

	
34,249.28

	
35,961.74

	
1370.0

	
Down hand

	
1379.2




	
4A

	
9.19

	
8562.32

	
2

	
2

	
1

	
34,249.28

	
35,961.74

	
1370.0

	
Down hand

	
1379.2




	
5A

	
9.19

	
8562.32

	
2

	
2

	
1

	
34,249.28

	
35,961.74

	
1370.0

	
Down hand

	
1379.2




	
6A

	
9.45

	
10,302.32

	
2

	
2

	
1

	
41,209.28

	
43,269.74

	
1648.4

	
Down hand

	
1657.8




	
7A

	
10.20

	
7204.53

	
2

	
2

	
1

	
28,818.12

	
30,259.03

	
1152.7

	
Down hand

	
1162.9




	
8A

	
4.89

	
1671.84

	
2

	
2

	
1

	
6687.36

	
7021.73

	
267.5

	
Down hand

	
272.4
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Table 3. Outer and inner calculations for assembling the stiffeners by robotic welding.
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Piece Part

	
Code

	
Total Weld Length

	
Total (+Margin 5%)

	
Welding Time

	
Welding Position

	
Welding Position Factor

	
Total Time




	
(mm)

	
(mm)

	
(s)

	
(s)






	
Bilge Floor—Plate

	
O1

	
22,728.00

	
23,864.40

	
909.1

	
Down hand

	
1

	
921.9




	
Bilge Floor—Side Girder

	
29,700.00

	
31,185.00

	
1188.0

	
Vertical

	
1.5

	
1200.7




	
Side Girder—Plate

	
13,070.48

	
13,724.00

	
522.8

	
Down hand

	
1

	
535.5




	
Side Girder Stiff.—Side Girder

	
8800.00

	
9240.00

	
352.0

	
Vertical

	
1.5

	
364.7




	
Centre Bracket—Plate

	
I1

	
7200.00

	
7560.00

	
288.0

	
Down hand

	
1

	
300.7




	
Centre Bracket—Centre Girder

	
13,200.00

	
13,860.00

	
528.0

	
Vertical

	
1.5

	
540.7




	
Side Girder—Plate

	
13,070.48

	
13,724.00

	
522.8

	
Down hand

	
1

	
535.5




	
Side Girder Stiff.—Side Girder

	
8800.00

	
9240.00

	
352.0

	
Vertical

	
1.5

	
364.7




	
Centre Girder—Plate

	
3267.62

	
3431.00

	
130.7

	
Down hand

	
1

	
143.4




	
Long. Stiff—Watertight Floor

	
O2

	
3420.00

	
3591.00

	
136.8

	
Down hand

	
1

	
149.5




	
Long. Stiff—Solid Floor

	
3420.00

	
3591.00

	
136.8

	
Down hand

	
1

	
149.5




	
Bilge Floor—Plate

	
22,728.00

	
23,864.40

	
909.1

	
Down hand

	
1

	
921.9




	
Bilge Floor—Side Girder

	
19,800.00

	
20,790.00

	
792.0

	
Vertical

	
1.5

	
804.7




	
Side Girder—Plate

	
22,468.40

	
23,591.82

	
898.7

	
Down hand

	
1

	
911.5




	
Side Girder—Side Girder Stiff.

	
8800.00

	
9240.00

	
352.0

	
Vertical

	
1

	
364.7




	
Side Girder—Floor

	
8800.00

	
9240.00

	
352.0

	
Vertical

	
1.5

	
364.7




	
Side Girder—Watertight Floor

	
8800.00

	
9240.00

	
352.0

	
Vertical

	
1.5

	
364.7




	
Solid Floor—Plate

	
18,810.20

	
19,750.71

	
752.4

	
Down hand

	
1

	
765.1




	
Watertight Floor—Plate

	
18,810.20

	
19,750.71

	
752.4

	
Down hand

	
1

	
765.1




	
Long. Stiff—Watertight Floor

	
I2

	
4560.00

	
4788.00

	
182.4

	
Down hand

	
1

	
195.1




	
Long. Stiff—Solid Floor

	
4560.00

	
4788.00

	
182.4

	
Down hand

	
1

	
195.1




	
Centre Bracket—Plate

	
7200.00

	
7560.00

	
288.0

	
Down hand

	
1

	
300.7




	
Centre Bracket—Centre Girder

	
13,200.00

	
13,860.00

	
528.0

	
Vertical

	
1.5

	
540.7




	
Side Girder—Plate

	
22,468.40

	
23,591.82

	
898.7

	
Down hand

	
1

	
911.5




	
Side Girder—Side Girder Stiff.

	
8800.00

	
9240.00

	
352.0

	
Vertical

	
1.5

	
364.7




	
Side Girder—Floor

	
8800.00

	
9240.00

	
352.0

	
Vertical

	
1.5

	
364.7




	
Side Girder—Watertight Floor

	
8800.00

	
9240.00

	
352.0

	
Vertical

	
1.5

	
364.7




	
Centre Girder—Plate

	
5617.10

	
5897.96

	
224.7

	
Down hand

	
1

	
237.4




	
Solid Floor—Plate

	
16,057.60

	
16,860.48

	
642.3

	
Down hand

	
1

	
655.0




	
Watertight Floor

	
16,057.60

	
16,860.48

	
642.3

	
Down hand

	
1

	
655.0
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Table 4. Total time of the double-bottom block welding process.
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Part

	
Weld Length

	
Weld Length (+Margin 5%)

	
Welding Time

	
Total Welding Time




	
(mm)

	
(mm)

	
(s)

	
(s)






	
Long. Stiff—Plate

	
384,000.00

	
403,200.00

	
15,360.0

	
15,372.7




	
Inner bottom panel

	
237,865.48

	
249,758.75

	
9514.6

	
9582.5




	
Zone O1

	
74,298.48

	
78,013.40

	
2971.9

	
3022.9




	
Zone I1

	
45,538.10

	
47,815.01

	
1821.5

	
1885.2




	
Zone O2

	
135,856.80

	
142,649.64

	
5434.3

	
5561.6




	
Zone I2

	
116,120.70

	
121,926.74

	
4644.8

	
4784.9




	
Zone O3

	
94,086.08

	
98,790.38

	
3763.4

	
3852.6




	
Zone I3

	
82,606.90

	
86,737.25

	
3304.3

	
3406.1




	
Zone O4

	
90,261.12

	
94,774.18

	
3610.4

	
3699.6




	
Zone I4

	
80,065.20

	
84,068.46

	
3202.6

	
3304.5




	
Zone O5

	
106,287.40

	
111,601.77

	
4251.5

	
4340.6




	
Zone I5

	
94,887.10

	
99,631.46

	
3795.5

	
3897.3




	
Total Weld Length

	
1,618,967.03

	
mm




	
1618.97

	
m




	
Total Welding Time (+safety factor robot 80%)

	
62,710.36

	
s




	
1045.17

	
min




	
17.42

	
h
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Table 5. Electricity cost per double bottom for robotic welding.
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	Items
	Value
	Unit





	Welding robot operating hours per day
	8
	h



	Duty cycle
	60
	%



	The current used (information based on a survey of welding wire products)
	320–500
	Amps



	Welding robot device power
	4500
	Watt



	Power consumption of electricity for welding robot
	36
	kWh



	Number of welding robot operators
	1
	Person



	Number of welding robots
	1
	Unit



	Cost of electricity per kWh (based on UK tariff)
	0.32
	GBP



	Operation costs (Electricity consumption × Electricity cost per kWh)
	11.58
	GBP



	Overhead cost per day (20%)
	2.32
	GBP



	Margin (30%)
	3.47
	GBP



	Electricity cost per operating hours per day (8 h)
	17.36
	GBP



	Electricity cost per hours
	2.17
	GBP



	Welding time
	17.42
	h



	Electricity cost for a double bottom
	37.81
	GBP
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Table 6. Electricity cost per double bottom for manual welding.
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	Items
	Value
	Unit





	Welder operating hours per day
	6
	h



	Duty cycle
	45
	%



	The current used (information based on a survey of welding wire products)
	300–350
	Amps



	Welding machine power
	3000
	Watt



	Power consumption of electricity for welding machines per day
	18
	kWh



	Number of welders
	4
	People



	Number of welding machines
	4
	Unit



	Cost of electricity per kWh (based on UK tariff 2022)
	0.32
	GBP



	Operation costs (Electricity consumption * Electricity cost per kWh)
	23.15
	GBP



	Overhead cost per day (20%)
	4.63
	GBP



	Margin (30%)
	6.95
	GBP



	Electricity cost per operating hours per day (6 h)
	34.73
	GBP



	Electricity cost per hours
	5.79
	GBP



	Welding time (with 4 welders)
	17.42
	h



	Electricity cost for a double bottom
	100.82
	GBP
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Table 7. Man-hour cost for robotic welding (GBP).
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No

	
Worker

	
Qty

	
Fee/h

	
Fee/a Double-Bottom Block






	
1

	
Operator Robot

	
1

	
15.00

	
261.29




	
2

	
Fitter

	
1

	
15.00

	
261.29




	
3

	
Helper

	
1

	
10.00

	
174.20




	
SUM

	
3

	
40.00

	
696.78
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Table 8. Man-hour cost for manual welding (GBP).






Table 8. Man-hour cost for manual welding (GBP).





	
No

	
Worker

	
Qty

	
Fee/h

	
Fee/a Double-Bottom Block






	
1

	
Welder

	
4

	
15.00

	
1045.17




	
2

	
Fitter

	
2

	
15.00

	
522.59




	
3

	
Helper

	
2

	
10.00

	
348.39




	
SUM

	
8

	
40.00

	
1916.15
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Table 9. Comparison of the conventional and robot welding costs for a double-bottom block.






Table 9. Comparison of the conventional and robot welding costs for a double-bottom block.





	
No

	
Items

	
Cost (GBP)

	
Note




	
Conventional

	
Robot






	
1

	
Electricity

	
100.82

	
37.81

	
Per Double-Bottom Block




	
2

	
Man-Hours (MH)

	
1916.15

	
696.78

	
Per Double-Bottom Block




	
Total

	
2016.97

	
734.59
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