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[bookmark: _Hlk495475023]With the integration of robotics and advanced technologies in 4.0 manufacturing processes, it becomes essential to predict and prefigure a proper design of the human-machine/robot interaction, optimizing the communication and the interchange between users and technology in accordance with national and international occupational safety and health (OSH) regulations and compliance with ergonomic principles. Therefore, new technologies applied to workplaces create challenges and opportunities for user safety and health. This change generates new challenges that increase the cognitive overload of operators who must acquire new skills. The identification of risks through reactive monitoring is a currently common approach in the industrial scenario, and the possibilities offered by the introduction of new "augmented security" technologies, which enable real-time data exchanges, can contribute to improve work activities. In this context, the importance of integrating the analysis and assessment of operators' psycho-physical states into task definition and work environment design emerges. The paper reviews literature and databases to provide an overview of workplace accident statistics and examines updated national and international safety regulations. It aims to design a framework identifying key priorities and actions to improve worker health and safety. This includes establishing main requirements, safe operating standards, and best practices for designing effective human-robot interactions, considering physical, functional, and perceptual aspects.
Introduction
Industrialization introduced tools and machines into everyday life and workplaces (Giugliano et al., 2023); only in the mid-twentieth Century the role of the operator gained more attention in the design process of work systems, leading to changes in design paradigms in the direction of user-centered design (Buono & Capece, 2016). National and international occupational safety regulations establish that prevention planning must integrate the analysis of work patterns and the correct design of environments and workstations by respecting ergonomic principles and adapting machines and tools to human capabilities, limitations, and anatomy. Automation and complex work processes require specific levels of training and skills, which can result in high levels of physical and mental stress (Sauer et al., 2019) leading to production errors and injuries. The analysis of statistical data highlights that occupational accidents are mainly due to poor work organization, inadequate operator training, complex system interfaces, and monotonous, repetitive tasks that lower attention thresholds. Key strategies for reducing accidents include enhancing training and information, as well as implementing Operator 4.0 monitoring and tracking systems. The study investigates the updated national and international regulatory plan for occupational safety to identify the key priorities and actions required to improve worker health and safety in the upcoming years. The study analyzed European workplace risks and injuries databases, EU-OSHA reports, and main European regulations, focusing on human-machine interaction. It also reviewed the International Organisation for Standardization (ISO) 2024, aiming to establish a framework with important specifications, safe operating guidelines, and recommended practices for designing physical, functional, and perceptual human-robot interactions. This approach will help ensure good practices and prevent workplace hazards.
Worker welfare and protection from a European perspective
The fifth industrial revolution - Industry 5.0 - prioritizes users in production systems, fostering innovative workplaces (Nahavandi, 2019), with an emphasis on technology benefiting users and addressing personalized needs (Javaid et al., 2020). The integration of advanced technologies like collaborative robotics and AI creates challenges and opportunities for occupational safety and health (OSH) (EU-OSHA, 2022a). The European Agency for Safety and Health at Work (EU-OSHA) provides guidance and tools to guide employers at all stages of the risk assessment process. In EU-OSHA reports, including the third European Survey of Enterprises on New and Emerging Risks (ESENER-3) (EU-OSHA, 2019), in 2021, just under 90 thousand injuries occurred in the manufacturing sector, of which 208 were fatal. The number of deaths decreased by 40 cases over the same period, but deaths related to occupational SARS-CoV-2 infection weighed much more in 2020 than in 2021; on the other hand, compared to the previous three-year period, the number of deaths is that of 2018 and still in line with the average for the period.  Harmonized data from EU member states are provided in the overview of accidents compiled by safety inspectors from across Europe-"Labor inspectors' insights into perceived high-risk occupations and sectors in Europe", first released by EU-OSHA in 2023., Ranking the risk factors according to a sectoral approach, the sector with the highest not fatal accidents is Manufacturing (13,94 %). In the case of the manufacturing industry, several sub-sectors were reported, such as Metal Products Industry (excluding machinery and equipment), Base Metal Industry, and Wood and Cork Products Industry (Figure 1).

Although employees play a key role in the development of psychosocial risk prevention measures, the operator's psychological and physical well-being and training are still secondary. Nowadays, only 48.6 % of the industries consider employees as a key role in developing measures to prevent psychosocial risks. In this scenario, extrapolating statistical data from EU-OSHA's Open Data platform, the most encountered emerging risk issues in industrial plants (Figure 2) were the lack of continuous training (74.6%), repetitive movements (70.7%) and risk of accidents with machinery (73.2%). Even so, considering the categories of workers (in terms of labor relations) exposed to risks, temporary workers (55.82 %) often lack adequate training on both the proper execution of tasks and workspaces. From the summary of Open Data available by the EU-OSHA barometer database, among those who complain of work-related health problems, 17.8 % report at least two. Of those suffering from health problems, 65.0 % experience a bone, joint or muscle problem; instead of psychological problems such as stress, depression, and anxiety are felt by 13.7 % of those suffering from health problems. While psychosocial and ergonomic factors also related to human-machine interaction have led to critical issues, mechanization and digitization play an important role in mitigating these risks.
In particular, the introduction and use of digital technologies such as wearable devices and artificial intelligence prove to be an opportunity to support production processes and occupational safety (Körner et al., 2019). EU-OSHA states that the integration of new technologies such as artificial intelligence, new forms of employment as well as new and emerging risks may require special consideration by labor inspectorates, which must be prepared to meet the anticipated challenges. Important aspects to consider in workplaces are training, development of new inspection tools and methods, and promotion of a preventive culture involving all stakeholders.
Therefore, from the EU-OSHA-SLIC survey (EU-OSHA, 2023a), it appears that in today's production lines there is a need for continuous training to keep skills up-to-date, the presence of tasks that require repetitive movements, and there are high rates of accidents with machinery (Irastorza X, 2019).
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Figure 1: (a) Safety and health workplace in Europe, (EU-OSHA, 2023b); (b) Sector and sub-sectors with higher health and safety risks (EU-OSHA, 2023a), graphic freely interpreted by the authors.
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Figure 2: Physical, environmental and emerging risks for the manufacturing sector.

With the development of personal support technologies for Operator 4.0, the integration of different technologies could benefit workers and system performance (Torres Y., 2021). Such technologies, to date, are not widely used in industrial plants in Europe, and this is confirmed by statistical data: only 4.1% of companies in the industry use wearable devices with projection of other sensors, and only 10.4% use work performance monitoring systems.
Smart devices can enable monitoring of operators, speed up the delivery of task instructions, and monitor their mental and physical state to prevent workplace accidents by measuring breathing, heart rate, posture, and possible exposure to toxic gases. Access to this information contributes to overall process optimization. In addition, it is important to manage "alerts" about failures, errors in executed tasks, and problems on machines and systems. Receiving a notification when a machine stops working or when safety devices go off more often than usual can be valuable information. An 'appropriate design of the human-machine interface enables operators to respond quickly to changes or difficulties, thus improving efficiency by reducing downtime.
The role of smart technologies and European standards and Frameworks
Because of rapid changes in the work environment, preventive healthcare should focus on monitoring work capacity and promoting well-being throughout working life (Briggs et al., 2018; Russo et al., 2020). Management of psychosocial and organizational factors should cooperate with biomechanical, ergonomic, and medical aspects, effectively involving organizational and community stakeholders. 
There have been many updates to the regulatory framework (Figure 3), especially regarding interaction-related ergonomic principles and the most recent standard - EN 17558:2023 - Ergonomics of PPE ensembles - on the ergonomic design and evaluation of PPE assemblies. It also proposed to revise the Machinery Directive, which addresses risks from digitization and the use of machinery that are also relevant to workers' health and safety. It also proposes the first legal framework on AI, which addresses the risks of certain AI systems used in the world of work, in the management of workers and in access to self-employment. Significant technological developments, particularly about display screen equipment and workplaces, and the changing needs and capabilities of an aging workforce, however, require further legislative updates.

Directive 90/270/EEC emphasizes the importance of a thorough analysis of workplaces "to determine the health and safety conditions of workers, with particular attention to eye hazards and problems of physical and mental fatigue." This directive anticipates technological developments, especially in displays and workplaces, and considers the needs of an aging workforce. Since the 2000s, the European Commission has focused on preventing emerging risks to workers by integrating well-being at work into worker protection. The European strategies for occupational health and safety (2014, 2020 and 2021-2027) recognize psychosocial risks as occupational aspects that can increase the risk of musculoskeletal disorders (Lu et al., 2012). However, they emphasize the need to coordinate interventions and actions within organizations to address these risks. The EU-OSHA 2020-2022 Healthy Workplaces Campaign focuses on psychosocial risks and the impact of new technologies on work organization. Work-related stress has long been a research priority, but considerable efforts have been made in recent years to bridge the gap between research and practice (Leka et al., 2015).
The European Framework Directive 89/391/CEE requires employers to assess and manage risks, including psychosocial risks, in advance. Neuroergonomic design principles in Industrial 4.0 environments need further development to improve operator safety and health.
Figure 3: National and International standards framework
[image: ]Current legislation does not adequately study and regulate aspects related to human reliability, fatigue, and physical/cognitive stress during machine use. ISO 10075-3:2005 outlines the assessment and measurement of mental workload, stress, and its effects on workers. Updating standards for cognitive load analysis and assessment is necessary to align with technological advancements and Factory of the Future 5.0 work environments. This will improve work-life balance and support OSH implementation through accessible tools, awareness campaigns, and more efficient inspections. Robotization, the use of artificial intelligence, and the increased prevalence of remote work reduce the risks associated with hazardous tasks. However, new technologies also pose several challenges due to (i) increasing irregularity with respect to when and where work is done; and (ii) risks associated with new tools and machinery. 
Discussion
Increased automation in human-computer interaction can lead to increased workload, frustration, and drowsiness among employees. Factors such as technical problems, usability, situational awareness, and qualification requirements can impact performance, job satisfaction, workload, and stress (Lombardi et al., 2022; Lai et al., 2014). The quality of interaction also impacts psychosocial working conditions. The evaluation of machine interaction and workplace safety can be done using two approaches: empirical, involving user samples, and analytical, involving analysts evaluating the machine and task environment using theoretical models (Lu et al., 2022). The creation of intelligent adaptive systems, which in turn can help reduce the detrimental effects of human error during the execution of complicated tasks, depends on sensitive and accurate collection of metrics to identify among various levels of mental effort and psychological stress in real time (Parent et al., 2019). Combining measurements of brain and physiological parameters is particularly useful for studies of mental state and emotions (Balconi & Molteni, 2015), as it provides a method for examining the theoretical process of fatigue, uncontaminated by technical interference because both detection methods are based on different operating principles. Work-related problems are not solely linked to ergonomic design of tools and workspace, workspace organization, user training, and new technologies. Digital OSH monitoring systems can significantly improve worker safety, health awareness, task allocation, injury prevention, well-being, and decision-making control. European workplaces often use these systems, especially in hazardous environments, but their deployment remains slow and limited, according to EU-OSHA's "Smart Digital Monitoring Systems for Occupational Safety and Health" (2023).
Modern industrial work often leads to high cognitive load due to environmental characteristics, task complexity, and work organization. While modern technologies reduce physical labor and increase flexibility, they also present stressors like technical problems, interruptions, and poor system usability. Operators struggle to develop or maintain awareness due to system complexity, inadequate visualization, lack of experience, inadequate training, and inadequate workstation design, resulting in musculoskeletal disorders (Lu et al., 2012; Greco et al., 2020). Therefore, the design of work activities and workstations should consider the cognitive and anthropometric load of the operator and, most of all, his involvement in risk assessment and interaction to improve safety in the workplace. In addition, it is crucial to improve Operator 4.0 training; technique and preparation must advance hand in hand so that the user is not subjected to high cognitive stress due to a lack of awareness of how to use the machine, ensuring optimal health and safety conditions.

There is a need to draw up an operational protocol for training, use and maintenance of machinery, and it becomes necessary to outline an integrated "augmented safety" instrument that allows the operator to be assisted at all stages of the production process and that reports psychophysical monitoring of the operator and any machine errors. European data on digital OSH monitoring systems also suggest that although these systems are becoming more prevalent in workplaces, their adoption continues to be relatively slow and limited.
According to the report "Smart digital monitoring systems for occupational safety and health: optimizing the uptake (2023)," digital monitoring systems for occupational safety and health are still in their infancy in some cases. Increased awareness of occupational safety and health needs, coupled with better opportunities provided by technology, has led to an increased adoption of these systems.
There are three main themes, which can be both drivers and obstacles in the adoption of digital OSH monitoring systems: technological progress, legislation and standardization, social and organizational factors. Current legislation does not specifically address the implications of technical changes in OSH monitoring, thus creating a grey area in terms of policy and practice. In terms of standardization aspects, the European Union plays a significant role in creating new markets and promoting interoperability between technologies from different manufacturers adopting different standards or lacking them. In line with the "zero victims" approach to work-related deaths in the European Union, the importance of making every effort to reduce such tragedies is emphasized. The Healthy Workplaces Campaign for 2023-2025 aims to raise awareness of the impact of new digital technologies on workplaces, addressing the challenges and exploiting the opportunities in terms of occupational health and safety. This will be pursued using specific and updated guidelines, as well as the implementation of smart "augmented safety" tools to ensure high protection for workers and sustainable solutions in the work environment.
It is important to systematize, on the one hand, the international regulatory framework and, on the other hand, new methods and approaches for the assessment of psychophysical overload. 
Conclusion
The Industry 5.0 paradigm redefines production processes by focusing on human needs and integrating advanced technologies. Since the 2000s, the European Commission has focused on the prevention of emerging risks for workers, integrating well-being at work into worker protection, but statistics clearly show that the industrial sector still has a high accident rate, second only to the construction sector. In 2021, almost 90,000 accidents were recorded in the manufacturing sector, of which 208 were fatal. Those factors underline the importance of advanced safety measures and continuous updating of regulations.
The European regulatory framework, represented by directives such as the Framework Directive 89/391/EEC and Directive 90/270/EEC, requires employers to assess and manage risks, including psychosocial risks. However, technological developments require constant updating of the regulations. The integration of digital solutions and wearable devices can significantly improve the safety and health of workers. Digital monitoring systems offer opportunities to reduce accidents, improve safety awareness and optimise production processes. However, there is evidence that the uptake of these technologies is still limited. It is therefore essential to develop operational protocols that include ongoing training, machine use and maintenance, and 'enhanced safety' tools to support operators at all stages of the production process.
Despite technological advances, significant challenges remain. The high complexity of systems, lack of adequate training, poor usability of systems and repetitive movements contribute to psychological stress. Operators are often exposed to high cognitive load due to environmental characteristics, task complexity and work organisation. Addressing these challenges requires an integrated approach that considers the complex dynamics between individuals, technologies and the environmental context, and yet only 48.6% of industries consider employees to play a key role in the development of psychosocial risk prevention measures.
Industry 5.0 not only redefines production processes, but also promotes a holistic approach that considers the complex interactions between people, technologies and the environment. It is essential to adopt the principles of neuroergonomics to ensure the psychophysical well-being of operators, integrating international standards and guidelines with good ergonomic practices. This is the only way to ensure a safe, efficient and satisfying working environment.
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