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Abstract Absztrakt 

The study presents a system to support safe 

collaboration in a human-robot welding 

environment. The welding parameters 

change dynamically according to the eva-

luation of real-time sensed environmental 

data by an artificial intelligence algorithm. 

The system follows the movement of the 

human working in a collaborative environ-

ment, takes into account the UV danger 

zone and integrates the welding robot's 

operation. Simulations show that the 

system effectively minimises risks without 

compromising weld quality. The algorithm 

developed aims to reduce the risk of hu-

man-robot collaboration in the field of oc-

cupational health and safety by evaluating 

real-time environmental data with AI sup-

port, while meeting the quality require-

ments of welding. Currently, it can't find a 

similar innovation with the presented AI-

supported system in the welding industry.  

 

Az ember-robot hegesztési környezetben 

történő biztonságos együttműködést támo-

gató rendszert mutat be a tanulmány. A he-

gesztési paraméterek dinamikusan változ-

nak a valós időben érzékelt környezeti ada-

tok mesterséges intelligencia algoritmus 

értékelése és szerint. A rendszer követi a 

kollaboratív környezetben dolgozó ember 

mozgását figyelembe veszi az UV veszély-

zónát és ehhez integrálja a hegesztő robot 

működését. Szimulációk igazolják, hogy a 

rendszer hatékonyan minimalizálja a koc-

kázatokat a hegesztés minőség romlása nél-

kül. A kifejlesztett algoritmus a human-ro-

bot együttműködés munkavédelmi kocká-

zatát kívánja csökkenteni a valós idejű kör-

nyezeti adatok AI támogatással történő ér-

tékelése alapján a hegesztés minőségi kö-

vetelményeinek kielégítése mellett. Jelen-

leg a hegesztési ipari gyakorlatban még 

nem található a bemutatott fejlesztéshez 

hasonló AI támogatott rendszer. 
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INTRODUCTION 

The welding robot has control systems that reflect a significant evolution toward 

advanced automation and precision [1]. Traditional control systems relied heavily on pre-

defined trajectories and fixed parameters, limiting their adaptability to variations in welding 

conditions and workpiece geometries [2], [3]. This approach, while functional in controlled 

environments, often fell short when faced with unpredictable factors or complex shapes, 

highlighting the limitations in addressing diverse industrial needs [3], [4]. Consequently, 

the current state of welding technology lacks extensive integration of advanced algorithms 

for optimizing parameters and identifying defects, which is evident from limited accessible 

information and practical implementation gaps [5], [6]. 

However, recent advancements have revolutionized this landscape [7]. Modern 

welding robot control systems incorporate sophisticated sensor technologies such as vision 

systems, laser scanners, and force/torque sensors, enabling real-time feedback and adaptive 

control [8], [9], [10]. These systems leverage advanced algorithms, including machine 

learning and artificial intelligence [11], [12], to optimize welding parameters and tra-

jectories dynamically. Such adaptability ensures that welding processes are not only precise 

but also resilient to variations in environmental and operational conditions [13], [14]. Furt-

hermore, cobots with advanced safety features have emerged as a prominent trend, allowing 

for human-robot collaboration in welding tasks [15], [16], [17]. These cobots are equipped 

with sensors and safety protocols that minimize risks and enhance productivity, making 

them increasingly viable for tasks requiring human oversight or intervention [12]. 

Overall, the current state-of-the-art of welding robot control systems emphasizes 

flexibility, efficiency, and quality, paving the way for increased productivity and competi-

tiveness in industries reliant on welding technology [18]. The integration of adaptive algo-

rithms, real-time feedback, and collaborative capabilities ensures that welding processes are 

not only efficient but also safe and reliable, setting a new standard for automation in this 

domain [19], [20]. 

This paper will outline the simulation environment used, describe the modeling of 

the welding process, and provide an analysis of safety testing. The results from the simu-

lations serve as an initial validation of the control system's performance, offering insights 

into its real-world applicability and identifying areas for further optimization. By providing 

a foundation for testing safety and collaborative workflows, simulation ensures the robust-

ness and reliability of the control system before it is introduced into industrial welding app-

lications. 

Integrative Control with Operator Interaction and Safety 

The current state of welding technology still lacks significant incorporation of ad-

vanced algorithms for optimizing parameters and detecting defects, as evidenced by the 

limited amount of readily available information [21], [22]. However, recent advancements 

have shown promising progress in harnessing neural networks to automate these processes, 

even though such developments are still in the early stages [23], [24], [25]. These advance-

ments aim to improve the precision and efficiency of welding operations while reducing 

human intervention and error [26]. 

One of the primary goals in this field is to gain a deeper understanding on how 

welding robots operate, especially in scenarios where an object, often a person, accidentally 
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enters the robot's hazardous zone during its work as shown in Figure 1. This understanding 

is essential to ensure both safety and productivity in industrial settings. In typical situations, 

the main risks emerge when humans approach the robot's danger zones while it is actively 

functioning. This underscores the need for a thorough comprehension of the robot’s res-

ponse mechanisms and the application of effective safety protocols to avoid accidents and 

injuries. 

In industrial welding environments, the danger zone is often defined by the spread 

of ultraviolet (UV) radiation emitted during the welding process [27]. This radiation poses 

serious health risks to humans, particularly with prolonged exposure, and can lead to severe 

harm if safety measures are not properly enforced [28], [29]. A critical challenge occurs 

when a person inadvertently enters the robot’s hazardous UV zone during operation. While 

stopping the robot immediately can prevent harm, it may also interrupt vital welding tasks, 

causing production delays or material waste. 

To address this issue, the following study proposes the development of an intelli-

gent control system designed to prioritize human safety while enabling adaptive decision-

making. This system will assess risks in real-time and make decisions that balance the need 

for safety with the demands of the welding process. By integrating advanced technologies 

and algorithms, the solution aims to create safer, more efficient industrial environments that 

can respond dynamically to potential hazards without compromising productivity. 

 
Figure 1. The general implementation of an object approaching to welding robot danger zone. 

The implementation of the safety and quality requirement should pass as the 

flowchart in Figure 2 , where this system starts when a human comes closer to the danger 

zone, the monitoring system shall detect this action and provide an immediate response 

relative to the welding robot control system 
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The proposed system detects human presence in the UV zone of the welding robot, 

assesses the risk associated with the presence, and makes an intelligent decision based on 

the risk level and the stage of the welding process. The general scenario follows these steps: 

• Human Detection: The system detects when a human accidentally enters the 

dangerous UV zone. 

• Risk Assessment: The AI system evaluates the risk to human health: 

- If the risk level is unacceptable, the welding robot is immediately stopped, and 

the human is instructed to exit the zone, and for the next step and because the 

welding status in this case is unknown, it is necessary to relaunch or resume the 

process manually by human-operator who cooperate to evaluate the operated 

sample. 

- If the risk level is acceptable, the system further evaluates the welding process. 

• Welding Process Evaluation:  

- If the robot is working at a normal point in the welding process (where stopping 

the process does not affect the quality), the robot is stopped, and the human is 

instructed to exit, in this case, since the workpiece is in known status, the next 

step, the robot will relaunch or resume the process automatically.  

- If the robot is working at a critical point (where stopping the process could 

damage the sample), the robot continues welding. Simultaneously, warnings 

are issued to the human. 

• Timeout Mechanism: 

If the human exits the UV zone before a preset timeout, the welding continues, and 

the robot moves to the next operation after finishing the current one. 

If the human remains in the zone beyond the timeout, the AI reassesses the risk 

level. If the risk level becomes unacceptable, the robot is stopped. If it remains acceptable, 

the robot continues the welding process. 

The following presented workflow in 2. Figure ensures that safety protocols are 

followed while minimizing downtime or wastage during critical welding operations. The 

behavior of this workflow was modeled using Python. The scenarios outlined in the research 

were implemented as follows: 
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Figure 2. Workflow for Safety Control in Human-Robot Collaborative Welding Environments 

The behavior of this workflow was modeled using Python. The four scenarios out-

lined in the research were implemented as follows: 

1. Scenario 1: The system detects a human, assesses an unacceptable risk level, and 

immediately stops the welding robot. The human is instructed to exit the UV zone, 

and the system waits for manual relaunch. The script is as follows in Figure 3 and 

the result of the simulation appears in Figure 4: 
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Figure 3. Python Script of Scenario 1  

 
Figure 4. Scenario 1 Response Result  
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2. Scenario 2: The system detects a human, assesses an acceptable risk level, and 

detects that the robot is working at a normal point (Figure 5). The robot is stopped, 

and the human is instructed to exit. The system then waits for automatic relaunch 

(Figure 6). 

 
Figure 5. Python Script of Scenario 2  

 
Figure 6. Scenario 2 Response Result 
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3. Scenario 3: The system detects a human, assesses an acceptable risk level, and de-

tects that the robot is working at a critical point (Figure 7). The robot continues 

working while warning the human. If the human exits the zone before the timeout, 

the robot continues welding (Figure 8). 

 
Figure 7. Python Script of Scenario 3  

 
Figure 8. Scenario 3 Response Result 
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4. Scenario 4: The system detects a human, assesses an acceptable risk level, and de-

tects that the robot is working at a critical point. Human do not exist before the 

timeout (Figure 9), triggering a reassessment of the risk. If the risk becomes unac-

ceptable, the robot is stopped; otherwise, it continues welding (Figure 10). 

 
Figure 9. Python Script of Scenario 4  

 
Figure 10. Scenario 4 Response Result  
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The Python code for each scenario handles the decision-making logic using condi-

tional checks, simulating the workflow discussed above. The system’s operations depend 

on the real-time input from sensors (simulated in code) and the intelligent assessment by 

the AI module. Below is a brief explanation of the key components: 

• detect_human_entry(): Simulates the sensor detecting a human entering the UV 

zone. 

• assess_risk() / reassess_risk(): Simulates the AI evaluating the risk level based on 

various factors such as distance and exposure. 

• determine_welding_point(): Identifies if the welding operation is at a critical or nor-

mal stage. 

• does_human_exit_before_timeout(): Simulates the system waiting for the human 

to exit the dangerous zone. 

• continue_welding() / send_stop_signal() / instruct_human_to_exit(): Functions 

that simulate the actual responses of the system based on the situation. 

This simulation code ensures that all the potential scenarios are covered, where 

either the system stops the robot for safety reasons or continues the welding process when 

it is safe to do so. 

Results 

The safety control system successfully demonstrates a flexible and robust decision-

making process that guarantees human safety without significantly hindering the welding 

process. The integration of AI-based risk assessment with real-time monitoring provides an 

efficient solution to collaborative human-robot environments in welding applications.  

Key Outcomes 

• Safety First: The system prioritizes human safety in all scenarios, whether the risk 

is initially acceptable or not. The system ensures that if the risk level is unaccep-

table, the robot is immediately stopped. 

• Efficiency in Critical Processes: For critical welding points where stopping would 

result in damage or waste, the system intelligently allows the robot to continue 

working while issuing warnings to humans. 

• Adaptive Response: The system adapts based on real-time inputs and reassess-

ments. If a human stays in the hazardous zone too long, the system re-evaluates the 

risk dynamically, ensuring continuous safety monitoring. 

• Manual Control: After a safety stop, the robot can only be relaunched manually 

because the human operator decides whether the workpiece can be resumed or if it 

is already wasted where they need to launch another new operation. 

• Automatic Control: After an efficiency stop, the current welding sample is at a 

normal stage, where there is no need for human interaction to make the decision, 

instead the robot relaunches the process by itself. 

CONCLUSION 

In this research, we developed a safety-first control system for collaborative human-

robot work environments in welding applications, integrating Artificial Intelligence (AI) 
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with real-time monitoring and decision-making processes. The system prioritizes human 

safety while maintaining operational efficiency, particularly in scenarios involving unex-

pected human intrusions into hazardous zones like the UV area generated by a welding 

robot. The aim was to strike a balance between safety, quality, and production rate without 

compromising the welding process. The control system design incorporates AI-driven de-

cision-making, real-time monitoring, and robust safety protocols, with a Python imple-

mentation successfully simulating various workflow scenarios and demonstrating the 

system's adaptability to different risk situations. Future advancements could involve integ-

rating more advanced sensor technologies and AI models to further enhance risk prediction 

accuracy and overall system reliability. 
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