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Abstract


The last few years have seen a massive transformation of the global industrial landscape, thanks to the emergence of Industry 4.0 and the disruptive technologies it enables, such as Augmented Reality (AR). This paper presents the result of a project with the primary focus on enhancing the operators’ working conditions and the further definition of the most suitable AR for each material handling and motion process. To achieve this, a methodology called Risk Assessment for Ergonomics and Safety in Logistics (RAES-Log) was developed in order to analyse and define AR implementation requirements, in order to mitigate existing risks and improve ergonomic conditions. Utilizing a human-centric approach consistent with Lean Thinking and Industry 5.0 vision, the main aim was to reduce human effort during task performance. Furthermore, the potential for creating waste-free and more efficient workspaces was explored, as well as the possibility of Human Augmentation (HA) to enhance workers’ capabilities and senses. The workers’ opinions and acceptance of the proposed AR solutions resulting from the RAES-Log methodology in a case study were collected and analysed. The overall feedback was positive and it is expected a lower prevalence of work-related Musculoskeletal Disorders (MSD), less lost time days, and lower injury severity, as well as increased process efficiency, operator motivation, well-being and engagement in continuous improvement processes.
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1. Introduction


The fourth industrial revolution, or Industry 4.0, has captured the attention of academics and organizations due to the significant changes in technology and manufacturing processes in recent years [1]. It is being compared with the previous three industrial revolutions that occurred in the last centuries [2] and can be described as a complex technological system that is focused on the creation of smart products and processes, using smart machines and transforming conventional manufacturing systems into smart factories [3].



This new industrial paradigm holds a huge potential and will bring new opportunities to organizations that are moving toward Industry 4.0, having further impacts on the industry, markets, economy, products, and business models and completely changing the current workplace and the work environment [4,5].



Augmented Reality (AR) is one of the disruptive technologies that are also emerging with Industry 4.0, combining the physical world with computer-generated visuals, offering an intuitive interaction experience. It provides real-time interaction between virtual and physical objects, improving work performance and efficiency in manufacturing environments [6,7,8], enabling the combination of digital knowledge into the user’s physical world in many other areas, such as healthcare, education, retail, Information Technology and entertainment [9,10].



Moving toward the Industry 4.0 paradigm and implementing emerging disruptive technologies such as AR will enable new types of interactions between humans and machines, transforming the current industrial workforce and workplace and leading to deep impacts on worker tasks and demands in the work environment [11,12].



To mitigate these impacts, AR tools must be developed with functionalities that allow a user-friendly collaboration between humans and technology, improving performance and awareness in a non-intrusive way to meet industrial requirements, and making people more efficient and effective in their tasks [13]. At the same time, it is important that humans develop such tasks without overburdening or stress or, even, accidents due to workplace unevenness that are considered, normally, symptoms of waste, i.e., all activities that do not add value from the client’s point of view [14].



The main goal of Lean Production is “doing more with less” [14], where less means less human effort, fewer stocks, fewer resources, less space, and less product development time. Lean Production solutions represents a huge potential for current industrial landscape that integrated with automation, Lean Automation, brings several opportunities for the smart factories context [15].



Nevertheless, less attention has been paid to logistic activities in warehouses or supermarkets, particularly, in the manual handling operations, such as loading and unloading of parts on shelves. This continues to be a highly manual activity in many companies, which increases the ergonomics risks and contributes to the development of MSD.



The project described in this paper aimed to evaluate how Industry 4.0 technologies are affecting the HF and workplaces at smart factories, particularly in logistics activities, through the implementation of AR in a Lean industrial environment. The main focus is the improvement of HF, ergonomic conditions and mitigation of Occupational Safety and Health (OSH) risks, studying the potential of Human Augmentation (HA) in logistics activities. HA relies on the use of technologies such as AR to enhance human senses, augmenting their capabilities and cognition.



Thus, the project also aimed to address Industry 5.0 principles, solving emerging societal needs through the introduction of industrial developments, and driving the transition to human-centric, sustainable and resilient systems [16]. By utilizing flexible and adaptable technologies, the Industry 5.0 paradigm promotes the agility and resiliency of systems [17].



The implementation of new technologies must be aligned with workers’ physical and safety conditions. These technologies should promote creativity, responsibility, resilience, and critical thinking [18], promoting the creation of waste-free workplaces supported by Lean Thinking.




2. Literature Review


2.1. Lean Thinking


Lean Production is an organizational approach that resulted from the Toyota Production System (TPS), which main goal is “doing more with less”, where less means less human effort, fewer stocks, fewer resources, less space, and less product development time [14,19]. Additionally, it tries to enable greater production flexibility, while meeting quality standards and deadlines.



This organizational approach aims to increase productivity and reduce costs by eliminating waste [14], which are all the activities that do not add value to the products from a client’s point of view. Ohno [14] classified the wastes into seven categories: (1) overproduction; (2) over processing; (3) transportation; (4) defects; (5) motion; (6) inventory; and (7) waiting. Later on, Liker [20] identified an extra waste, i.e., untapped human potential.



However, successful implementation of Lean principles goes beyond process improvement, since any change in work practices or workstations has deep effects on workers and their performance, affecting their well-being, safety and security [21]. Hence, it can be said that Human Factors (HF) and ergonomics have an impact on a company’s business strategy and competitiveness [22]. Most of the industrial projects implementing lean principles do not always address the ergonomics factors [23], although ergonomics and HF should be included in the lean process from the outset, which is not seen in a lot of organizations that fail to understand the potential of combining and carrying out ergonomic concepts in parallel with lean techniques [24].



Most the organisation are focused on the gains of productivity and process improvement, instead of taking advantage of this field of study to advance organizational effectiveness, business performance and costs [21,25], however, the right combination with lean and ergonomic design concepts will reduce errors, improve productivity and simultaneously improve the working conditions while reducing risk factors that can lead to the development of injuries or MSD [25,26].



It is important to ensure that people develop their tasks without waste (muda, in Japanese) and symptoms of waste. Beyond muda, there are the mura and muri that are considered the symptoms of muda. For instance, within an ergonomic context, mura are the consequences of wastes that result in workplace unevenness or irregularities, such as applying a force that increases the risk of strains and injuries that causes higher fatigue, which leads to reduced work pace and productivity. Muri is the overburden or stress caused by repetitive tasks or weight lifting or, even, accidents that could occur in the workplace due to other symptoms of waste, such as unevenness or irregularity, i.e., mura. Together these three Japanese words are called 3M [20]. Ergonomic design focuses on the creation of efficient and appropriate body postures, reducing the amount of strength required to perform a task, avoiding incorrect postures, repetitive tasks and motions throughout the work shift [21].



After decades, enhancing Lean Production solutions represent a huge potential for the current industrial landscape and the cutting-edge technologies enabled by Industry 4.0 paradigm bring several opportunities under the smart factories context to improve organisations competitiveness and working conditions [15].




2.2. Industry 4.0 and Industry 5.0


In recent years, the industrial landscape has been dramatically altered due to technological advancements and new manufacturing processes. This has sparked conversations between academics and organisations around a new concept called Industry 4.0, also referred to as the Fourth Industrial Revolution. This has allowed companies to benefit from emerging technologies that integrate digital and physical systems and enable more efficient, automated, and interconnected production [4,27].



Industry 4.0 is being compared with the previous three industrial revolutions that occurred in the last centuries. After steam power, electricity and the advent of computers, the emerging fourth industrial revolution will bring together the digital and physical worlds, embracing successive innovations and disruptive developments, mostly regarding digital technology and manufacturing [2].



Industry 4.0 has been highly discussed and studied, with a considerable impact on the industrial landscape by introducing disruptive changes with the advent of smart and future factories. This concept is a broad term encompassing the future of industrial developments, such as Cyber-Physical Systems, the Internet of Things, the Internet of Systems, Robotics, Big Data, Cloud Manufacturing, and AR, which will revolutionize both products and processes. Companies that make use of these technologies will increase their efficiency and productivity, transforming the current work environment and workplaces and bringing new ways of operating [5].



After a decade of discussion surrounding Industry 4.0, visionaries are now predicting the next revolution—Industry 5.0. During this time, Industry 4.0 has concentrated more on digitalisation and the use of disruptive technologies for greater efficiency and flexibility. In contrast, Industry 5.0 will emphasize the importance of a human-centric industry and its service to humanity. This will involve a renewed focus on social aspects, enabling companies to be more ethical and socially responsible in their practices [16,28,29].



Industry 5.0 complements and extends the Industry 4.0 paradigm. Merging between real and virtual worlds is crucial to gather and generate useful data to create solutions to face the challenges, enhancing the safety, security, and comfort conditions of people [30,31,32]. Thus, Industry 5.0 is a strategy that has resulted from a forward-looking exercise to help frame how industrial developments and emerging societal trends and needs can co-exist, driving the transition to human-centric, sustainable and resilient systems [16].



The human-centric approach puts people’s needs and goals at the forefront, leveraging technology implementation to suit human interests. Consequently, the primary focus is on humans and employees. Additionally, Industry 5.0 is directed towards building sustainable systems, creating circular processes and cutting down energy usage in order to protect the environment. Furthermore, resilience refers to the construction of systems endowed with exceptional robustness, flexible processes and adaptable production capacity to accommodate the changing market requirements [16].



In addition, the concept of Industry 5.0 is related to the one of Society 5.0. Both of them are focused on a shift of society, economy and industry towards a new paradigm aimed at creating a people-centric society [16,33,34]. Society 5.0 concept was presented in 2016 [35] and its aim is to stimulate economic growth while solving societal and environmental problems, enhancing the quality of life and creating a society that attends to the different needs of people, regardless of region, age, sex, language or disabilities [36].



Therefore, the paradigms of Industry 4.0 and 5.0 can create synergies to promote the elimination of wastes (3M) within the workplaces and foster healthy work environments.




2.3. Lean Thinking, Industry 4.0 and Industry 5.0


In the past few years, the relationship between Industry 4.0 technologies and lean practices has been studied, and the potential of combining the two areas and the benefits associated with this union. This integration of the two domains has been initially referred to as Lean Automation [15]. Enhancing Lean Production solutions using new technologies represents a huge potential for the current industrial landscape and brings several opportunities for the smart factories’ context [15,37].



The emerging technologies associated with Industry 4.0 can provide numerous benefits when integrated with Lean Thinking principles [38]. However, it is important to evaluate how effective each technology is in a particular context to make the most of this symbiosis. Many mistakes have been made over the years and emerging technologies should be implemented only after a thorough cost-benefit analysis determined by an issue that cannot be resolved in any other way. This is significant because these technologies require a considerable investment and skillset, which may not be accessible for companies [39].



The most frequent advantages that come from the fourth industrial revolution technologies employed in lean are often related to data collection, communication between different productive actors, data analysis capability, and data display. When these technologies are combined with lean principles and concepts, they can effectively reduce non-value-adding activities in businesses, improving employee satisfaction. Moreover, it was concluded that AR technology can effectively promote ongoing improvement and eliminate waste, as well as support problem-solving and decision-making, enhance HF, and facilitate communication and data sharing [38].



In fact, each Industry 4.0 technology has an important role in supporting the implementation of each one of the Lean Thinking principles. By applying the correct Industry 4.0 technologies, organizations will be more aware of the value for the client and will map properly value streams to eliminate wastes and to have flow. At the same time, production will be pulled by the client using Industry 4.0 technologies available and a continuous improvement process will be possible. Implications of these result in a sustainable, human-centric and resilient production system, as required by Industry 5.0 [18].




2.4. Ergonomics and Human Factors


The ability of humans to work is directly related to their well-being and health, being extremely important to provide people with favourable working conditions, maximizing their well-being and promoting their safety. Moreover, the technological developments enabled by Industry 4.0 could play a crucial role in creating waste-free workplaces that address Industry 5.0 pillars. According to Hancock and Diaz [40], technology is the most powerful shaping force on the planet and its individual impact is most evident in human factors. Therefore, ergonomics can mediate these synergies between operators and technology, enhancing the work environment and the design of healthy workplaces.



Unfavourable work environments and conditions, as well as the exposure of workers to risk factors, can lead to the emergence of physical disabilities. Once the disability restricts the worker’s physical aptitude to undertake the tasks as usual, preventing them from lifting weights or moving, it is said that the worker is enduring a work-related MSD [41].



Work-related MSDs that are caused by repetitive tasks and high demanding working conditions remain to be one of the most significant problems in industrialized countries and one of the biggest concerns of corporations [42]. It has a massive effect on the labour market and significantly influences the health and well-being of the work force, escalating the number of health-related absences and decreasing productivity in organisations [43].



Logistics activities in warehouses and supermarkets, where the ergonomic conditions are, most of the time, not suitable for workers and the manual tasks, such as loading and unloading, represent a high risk of developing MSD [44,45]. Manual material handling highly increases the rate of MSD in workers, being one of the most difficult and physically demanding tasks due to repetitive movements, awkward postures of limbs or forceful exertion [46].



However, logistics plays a vital role in supply chain management, ensuring the delivery of products at the right time, in a safe and effective way. Despite the emergence of the new and essential concept of Logistic 4.0, which comprises the implementation of Industry 4.0 technologies in logistic activities, the primary discussion is mostly regarding efficiency, enhanced tracking and delivery to the customer [47]. Less importance has been given to HF in logistics and operator overload, overburden, stress and safety in the logistics field and how industry 4.0 technologies, AR in particular, can overcome these issues [48].




2.5. Augmented Reality and Human Augmentation


AR is one of the disruptive technologies that are emerging with Industry 4.0 and intends to combine the physical word with computer generated texts and images or animations, providing an intuitive interaction experience to the users [49]. AR can be defined as a real-time direct or indirect view of an enhanced or augmented real-world environment, combining real and virtual objects that interact in real-time, which allows the improvement of work performance and efficiency in a manufacturing environment [6,7]. In other words, AR is used to supplement and enhance the physical environment, overlaying digital computer-generated information such as images, sound, video and graphics [50].



Nevertheless, AR applications should take into account all human senses [51] and aspects such as touch and haptic sensations can be employed to enhance the perception of the actual environment [52]. The goal is to enable organizations to join together processes and visualizations [50], which simplifies the user’s experience by incorporating virtual de-tails and reinforcing their understanding and involvement with the real world, augmenting the sense of reality in real-time [6].



In the last years, the way of providing information to operators has been changing [49,53,54,55]. AR technology offers a range of chances for the manufacturing sector [56], since it can give operators access to data that cannot be obtained with their regular senses. What is more, this data is supplied in the pertinent context and when it is necessary [57].



AR has traditionally been primarily visual, enhancing sight sense. However, human perceptual capabilities are frequently shared by every sense, thus auditory and tactile senses are often enhanced as well within this context. In addition, AR can be used to enhance physical capabilities in order to reduce physical workload and improve ergonomic conditions and mitigate risks through the use of systems such as exoskeletons [58]. In sum, AR can be used to augment human senses, cognitive abilities and physical capabilities.



The hardware used by AR technology can be divided into several categories: Head-Mounted Displays (HMD); Hand-Held Displays (HHD), Wrist-Worn Displays (WWD) and Spatial Augmented Reality (SAR) [59]. Moreover, Augmented Audio Reality (AAR) allows the augmentation of hearing sense, in order to perceive virtual sounds as an extension to the natural ones, creating a hybrid augmented environment [60], while the creation of super-strong humans in an industrial environment can be enabled by the use of wearable, lightweight, flexible and mobile exoskeletons [61]. Figure 1 shows the different types of AR, categorized into six different applications.



AR technology has the potential to augment all human senses, providing virtual data to workers and extending, for example, their sight or hearing functions. Nevertheless, the prospects with regard to the utilization of this technology in industrial surroundings are not just restricted to sensory improvement, it is also possible to augment human beings in terms of their intellectual or cognitive abilities [62], as well as enhance their physical capabilities using exoskeletons in order to improve ergonomic conditions [63], allowing new forms of human actions [64].



AR application in the industrial environment holds a huge potential to augment human capabilities, specifically within the logistics area, allowing the improved of performance and efficiency, enhancing cognitive capabilities and reducing inequalities within workplaces [59].



Superimposing computer-generated information in the real world, in order to give relevant data that is not accessible within the real world, such as work instructions, directions or safety instructions, is one of the most promising possibilities of AR technology in a human-based environment [62]. This emerging technology has enabled the move from traditional paper-instructions to the utilization of 3D visualization procedures in recent years, which carries a significant potential regarding the elimination of waste caused by delays and human errors [65,66], as well as the reduction in training and operating times and the fostering of working conditions, quality, productivity and efficiency [67,68].



A recent review of the literature on this topic [69] summarizes 36 cases of AR technology applications in in-house logistics that are using superimposed virtual information in order to provide information to workers and enhance their sight sense, mostly using HMD and HHD. Furthermore, WWD equipped with barcode and QR code scanning technology are commonly used for order- picking and can reduce the operation times and the amount of equipment needed to perform these tasks, freeing the workers’ hands and speeding package scanning and inventory control, when compared with HHD [70]. Additionally, when it comes to AR wearable devices, it’s important to consider the ergonomic conditions and understand if it is comfortable and safe for workers that will use it during the working day [71]. WWD and AAR enable a hands-free operation that allows the employee to relieve the physical workload and manipulate the packages with both hands [72].



The implementation of new techniques and the instruction of workers on the necessary skills can be time-consuming and may impede the effectiveness of logistics operations. However, the use of AR technology during the training period can result in employees with the necessary knowledge to complete complex and challenging tasks, and this can boost productivity and shorten their learning curve [73].



Moreover, AR has the potential to enhance workers’ cognitive capabilities, provide feedback and data for safety measures, or even alert the operators regarding an immediate hazardous situation or danger in real-time [74].



AR solutions can also improve the quality of life for individuals with disabilities and the elderly, making the workforce more inclusive and sustainable., These solutions help to reduce disparities in the workplace [64], holding a set of benefits to assist workers with disabilities [75] In addition, they enhance physical capabilities, through the usage of exoskeletons to improve working conditions and allow operators to perform their tasks longer and lift heavier weights, while reducing the physical workload, injuries, accidents and risk factors [58].



Human augmentation techniques rely on the use of technologies that are able to augment human actions, senses, capabilities and cognition, allowing humans to perceive the real environment in a new and enhanced way. Based on augmenting technologies, relevant information is provided to operators, in order to enhance human life and allow new Human-Machine Interface solutions [64]. This approach is centred on the AR users and based on a human-centered real world merged with an information world [62].



Operator 4.0 is a concept that has emerged in Industry 4.0 context and can be understood as an Augmented Operator that performs collaborative work with machines and robots, being enabled by CPS and advanced technologies [76]. AR is a critical enabling technology for improving information transfer between the digital world and smart operators in the physical world [77]. The term Operator 4.0 refers to smart and skilled operators, assisted and augmented by systems that enable a reduced physical and cognitive workload during task performance, allowing them to be more creative and innovative, fostering continuous improvement without compromising productivity [76]. Therefore, the Augmented Operator paradigm is enabling the engagement and empowerment of workers [78], giving people more time to learn, think and innovate.



To take advantage of what Industry 4.0 has to offer and successfully utilize emerging technologies such as AR, businesses must develop human-centred production systems that put the needs of workers first. This technology will have a direct impact on operators and their work areas, creating a new interaction between humans and machines. This connection between the real and digital worlds will merge digital and physical worlds, resulting in a socio-technical transformation in smart factories and a novel Human-Machine Interface approach, resulting in the elimination of wastes in the workplace, non-value-added activities and hazards. Additionally, it will reduce the amount of effort required of workers during task performance, promoting good health within the organizations and providing equality for all, no matter their capabilities or disabilities, and creating a safe and secure working environment.




2.6. Critical Analysis


In an industrial context, AR technology holds great potential, allowing higher work performance and efficiency in workplaces that results from HA, which consists of the creation of operators with augmented or enhanced physical, sensorial and cognitive capabilities.



Operators should be the main focus of every production system. For this reason, it is essential to ensure that they develop their tasks without symptoms of waste, such as overburdening, stress or accidents that could occur due to the workplace unevenness.



AR application in an industrial context allows the enhancement of HF, reducing operation times and human efforts and improving ergonomic conditions, as well as, mitigating the risks and eliminating human errors in workplaces. Furthermore, in achieving this, wastes are reduced which is one of the main issues in Lean contexts.



Lean Thinking is a philosophy that embraces every area from industry and services, helping organisations to continuously improve and fostering their competitiveness, in order to face current and future challenges. This project focuses on three main domains of Lean Thinking: (1) Lean Ergonomics; (2) Lean Logistics; and (3) Lean Automation.



The first one addresses the combination of lean, safety and ergonomic aspects within a workstation, while the second domain regards to the application of lean to supply chain and warehouse management. Lastly, Lean Automation refers to the synergies between industry 4.0 and lean. Hence, the integration of these three above-mentioned lean domains is a novel approach, which constitutes the focus of the project reported in this paper, as shown in Figure 2.



This project intended to address the identified literature gaps and foster the creation of human-centric systems, proposing a methodology for analysing the requirements for implementing AR within logistic areas, through the assessment of risks within these areas and the proposal of mitigation measures using AR technology.





3. Research Methodology


3.1. Research Questions and Research Methodology Framework


In order to understand the relationship between AR technology, Lean, and HF, the main research question of the project presented in this paper (RQ1) has been raised and addressed. This general question forms the basis of the project and was further divided into two sub-questions (RQ 1.1 and RQ 1.2), which were the main focus of this research. These questions, depicted in Table 1, seek to understand the ways in which this technology can be used to improve processes and create synergies between industry 5.0 and Lean.



Following the definition of capabilities and senses in order to augment, the second research question (RQ 2) seeks to identify the most suitable AR solutions that best suit logistic processes. This question also aims to define the use cases of each technology to augment the capabilities and senses identified in the previous questions.



In order to achieve the above-mentioned research questions, a research methodology framework was designed that consisted of the accomplishment of four main phases, namely:




	
Literature review;



	
Case study analysis;



	
Methodology definition;



	
Analysis and discussion.









3.2. Research Design and Strategy


The research questions raised in the previous section have determined the most suitable research design and strategy, the most suitable collection techniques and analysis procedures, as well as the time horizon over which the project is undertaken.



Therefore, this research reflects the philosophy of positivism, since the data collection process is strongly based on observable reality and the analysis and conclusions will result in law-like generalisations [79], while an inductive approach has been used during data collection and analysis, since this research has started without a predetermined theory or conceptual framework [80,81].



The most appropriate research strategy to answer the research questions and address the objectives of this project was the case study, since it consisted of an in-depth analysis of an observable phenomenon within its real-life context. A single case study was considered, since it was deployed within a single organisation, with an embedded case that allows the analysis of multiple relevant units within that organisation [81].



Regarding research choices, there are several data collection techniques that can be used in case studies [82]. Mixed methods, both qualitative and quantitative have been applied during the deployment of this case study, including several research methods which have been used, such as meetings, unstructured interviews, company visits and observation, gemba walks, and video recording and analysis. Furthermore, a cross-sectional study has been developed on the questions under investigation, since it studies a particular phenomenon at a particular time as well as its incidence to explain how factors are related [81].



Consequently, in order to answer the research questions, the focus was on the deployment of the case study which consisted of the development of a methodology to assess risks within logistic workplaces. Then, it was proposed mitigation measures based on AR, followed by the analysis of theories and results and, lastly, conclusions drawn.





4. Case Study Presentation


This study focuses on a tier-one supplier in the automotive industry, located in Portugal. Founded in 1990, this company is specialized in the manufacturing and development of multimedia systems, electronic equipment, primarily navigation systems and automotive instrumentation. With around 4000 staff members, the company based its management model on the TPS and Lean principles in order to increase competitiveness and eliminate waste from existing processes.



The logistics department was the focus of this work and the case study was deployed within Material Flow and Physical Logistics section, which is responsible for the internal storage, warehouses management, supply materials to production areas and transportation operations and comprises four main logistics areas (Figure 3):




	
Incoming;



	
Internal logistics for final assembly;



	
Internal logistics for Surface-Mount Device (SMD) assembly;



	
Shipping.








The logistic processes within this section were analysed from an ergonomic and safety point of view, with a special focus on activities that represent greater human effort or where more work-related accidents or incidents occur.



A rigorous analysis and process mapping were carried out within these areas, with a special focus on the following tasks:




	
Incoming tasks;



	
Warehousing tasks;



	
Repacking tasks;



	
Final and SMD assembly supermarkets tasks;



	
Lines supply tasks;



	
Shipping and dispatch tasks.








The flow of information is ensured in real time, through the use of internal software tools that are integrated with the company’s Enterprise Resource planning system.



The conclusions drawn and the opportunities for improving working conditions were used for the developed methodology.



It is important to emphasize that the company has several employees who work to improve ergonomic and safety conditions. The factory has an Ergonomist, responsible for evaluating the working conditions within the workplace and implementing solutions to enhance ergonomic conditions and reduce the risk of MSD. Furthermore, there is a Safety Specialist in the logistics department that is responsible for analysing the occurrences in this department. At the same time, this specialist promotes the best practices and implements correction and mitigation actions in order to eliminate risks. In the safety area, the company also has a Technician for Health and Safety at Work that is responsible for the risk evaluation in every area within the plant, identifying the risks, prioritizing and scoring them based on their frequency and severity.



Therefore, these three professionals can join forces to ensure workers’ well-being in the workplace, reducing the risk of accidents, incidents, and MSD, while establishing safer work environments with improved ergonomic conditions. However, in the past, collaboration between them was not always the case, and their efforts were not always integrated with all stakeholders. Each professional used their own methods, and the results of their work were not shared among each other in a standardized way.



The goal of this project was the combination of ergonomic, health, and safety functions into one unified methodology. This involves creating a risk assessment methodology for the logistics area that promotes standard work and helps evaluate risks faced by logistics operators. The methodology involves proposing mitigation measures based on Augmented Reality technology to reduce the risks. The development of this methodology is outlined in the following chapter.




5. Methodology for Risk Assessment for Ergonomics and Safety in Logistics


The Risk Assessment for Ergonomics and Safety in Logistics (RAES-Log) methodology developed in this intends to identify the critical logistic areas and processes in order to assess and evaluate the risks regarding safety and ergonomics during task execution in order to propose mitigation measures based on AR.



In order to improve working conditions and mitigate risks to address Lean and Industry 5.0 principles, it is necessary to identify and evaluate safety and ergonomic risks within workplaces, as well as determine which human senses and capabilities should be augmented. This will lead to the definition of the requirements for the successful implementation of AR.



Although this project focuses on the use of AR, the methodology presented can be used to analyse the requirements of any disruptive technology that has the potential to offer solutions to ergonomic risks and safety issues in workplaces. This can improve working conditions, promote workers’ well-being, and reduce the chances of developing MSD.



This methodology deployment was divided into three main phases and 13 steps, four for the first phase, five for the second and four for the third phase, as depicted in Figure 4. The main phases of RAES-Log are:




	
Occurrence analysis;



	
OSH risk evaluation and mitigation measures;



	
Ergonomic assessment and mitigation measures.








5.1. Occurrence Analysis (Phase 1)


The first phase of this methodology is the occurrence analysis, based on the number of work-related accidents and incidents within logistic workplaces over the last years. This phase consists of the identification of the most critical logistic areas and processes, based on the frequency of occurrences.



Afterward, the most common consequences of occurrences are identified, through the analysis of the most injured parts of the body and the types of injury. This analysis will allow drawing some conclusions regarding the occurrences’ incidence, frequency, and severity, as well as the improvement potential identification, which is the last step of the first phase.



Some outputs of the occurrence analysis will be crucial to deploy the next phases of this methodology, such as the identified most critical logistic areas, whose hazards and risk factors will be further analysed during the OSH risk assessment (phase 2). Furthermore, the frequency (or probability) of the occurrence of a certain risk and its severity (estimated based on the most common consequences and type of injuries) will be necessary during the risk assessment.



Finally, the identification of the processes with the highest prevalence of MSD-related injuries will be useful to select the processes that will be analysed during the third and last phase of this methodology, which consists of the ergonomic risk assessment of the most critical logistic processes regarding ergonomic issues.



Table 2 provides an overview of the first phase regarding the required information to perform each step or input, the methods applied during each process and the expected outputs or results. In the next sections, more details about each step that comprises the occurrence analysis phase will be given.




5.2. OSH Risk Evaluation and Mitigation Measures (Phase 2)


During the second phase of RAES-Log methodology—OSH risk evaluation and mitigation measures—the previously identified most critical logistic areas are analysed in order to identify the main hazards associated to each task performance, followed by the identification and categorisation of each OSH risk factor.



Subsequently, each risk is assessed and scored based on its frequency or probability of occurrence (determined during the occurrence analysis) and its severity (related to the consequences of occurrences), which allows the identification of the activities with the highest criticality for ergonomic risk factors.



After this assessment, the human senses and capabilities that should be augmented in order to mitigate OSH risks are identified and, lastly, mitigation measures using AR solutions are proposed.



Table 3 provides an overview of the second phase of this methodology, presenting the required information to perform each step (inputs), as well as the methods applied during each process and the expected outputs or results.




5.3. Ergonomic Assessment and Mitigation Measures (Phase 3)


Finally, the third phase of this methodology consists of the ergonomic assessment and mitigation measures. The first step consists of the analysis of the current situation for the processes with the highest prevalence of MSD-related injuries (identified during phase 1) and the activities with the highest scores regarding ergonomic risks (determined during phase 2), in order to identify the processes that involve ergonomic issues. Thus, the processes previously considered critical from an ergonomic point of view are studied and observed and the extreme postures are further identified during the next step. Afterwards, the most suitable quantitative ergonomic analysis method is applied, based on the nature of performed tasks, in order to assess the ergonomic risks associated with task performance. Lastly, based on the results of this quantitative ergonomic analysis, mitigation measures using AR technology are proposed, in order to reduce the risk of developing MSD and enhance worker’s physical capabilities.



Table 4 provides an overview of the third phase of this methodology, presenting the required information to perform each process, as well as the methods applied during each step and the expected outputs or results.




5.4. Methodology Overview


An overview of the proposed methodology for RAES-Log, as well as, the main phases, each step and the main outputs and results are presented in Table 5.



This summary shows the main outputs and conclusions drawn during the application of each step of the proposed methodology for this specific case study and analysed processes, as well as the proposed AR solutions to mitigate risks within logistic workplaces.



It is important to consider that these outputs concern the application of this methodology to a specific case study. For different case studies, different outputs will be expected. However, the phases and steps of the methodology must be followed in the same way.



Moreover, as previously mentioned, the RAES-Log methodology can be used to evaluate the application of other technologies within workplaces, as long as they have the potential to improve working conditions and reduce ergonomic risks in order to improve workers’ safety.



Moreover, in order to analyse the improvement potential associated with the implementation of these methodologies and study the worker’s opinions and acceptance, an analysis involving logistic workers in case study has been carried out and presented in the next chapter. Furthermore, this analysis intended to validate the conclusions made during the three phases of the RAES-Log methodology.





6. Analysis and Discussion


6.1. Identified Improvements Potential


It is fundamental to assess the current risks in workspaces and the possible effects of AR technology implementation and acceptance. To do this, a questionnaire was designed and administered to collect worker’s opinions on the implementation of these solutions in their workspaces. This questionnaire aims to analyse and evaluate the potential for improvement that comes with the implementation of the AR solutions presented in the previous section, in order to reduce risks and improve ergonomic conditions at workplaces.



The designed questionnaire was based on the Nordic Musculoskeletal Questionnaire (NMQ) [83], which consists in a standardized methodology that allows the comparison between complaints regarding different parts of the body [84]. In the context of this study, the NMQ has been used as a structured interview, following a systematic approach where logistic workers are asked the same predetermined questions in the same order. Moreover, each question is rated following a standardized scoring system.



The questionnaire was applied to workers from the most critical logistic areas, defined in step 1.1 of the proposed methodology:




	
Incoming and raw materials warehouse;



	
Internal logistics.








Furthermore, within the abovementioned critical areas, special attention has been given to the tasks with the highest criticality regarding the HSE risk assessment carried out during step 2.3. Thus, workers that perform logistic tasks that comprise risk factors categorised with medium, high or extreme criticality during this assessment have participated in the questionnaire in order to evaluate the mitigation measures proposed during step 2.5 of the developed methodology. These critical tasks are presented in Table 6.



Moreover, during phase 3 of the RAES-Log methodology, lifting and lowering loads operations within the incoming area and picking operations within supermarkets have been analysed in order to assess the risk factors regarding ergonomic conditions. Special attention was given to the workers performing these two operations, and they were invited to take part in the study to evaluate the AR solutions proposed in step 3.4 of the methodology.



From a population of 188 workers within the two most critical logistic areas, a sample of 50 workers has been defined to make inferences on the population. This calculation considers 10% of the margin of error, 90% of the confidence level and 50% of the response distribution. Therefore, 50 workers, who participated voluntarily, were interviewed during the course of their workday while doing their tasks. The questions were posed in the form of an interview and noted down, with explanations given as needed.



The questionnaire summary, structure and used instruments are presented in Table 7.



Therefore, this study pursued four specific objectives:




	
Characterise the workers’ sample with demographic data;



	
Analyse wellbeing and discomfort of workers;



	
Assess physical exertion perceived by the workers and identify the most demanding tasks;



	
Assess proposed AR solutions acceptance indicators based on the workers’ opinion.








For this purpose, the results of each category are detailed in the next section. The full questionnaire is presented in Appendix A—Questionnaire.




6.2. Results


This research found that the prevalence of MSD among logistic workers in this case study is high, with 56% of participants reporting at least, one issue. The most commonly reported regions were shoulders (66%), lumbar region (66%) and neck (46%), according to the NMQ.



When asked about physical effort, 78% mentioned handling heavy loads as the leading complaint. Additionally, processes such as the picking cycle in supermarkets (36%), tasks that require the worker to reach lower levels (20%) and repalletization in the incoming area (14%) presented a high physical demand for the workers.



The highest levels of perceived strain were reported for activities involving heavy lifting, repeated movements, uncomfortable body positions, and material stored in hard-to-reach places. Furthermore, the cognitive effort was also a problem, due to workers having to find products and materials in a timely manner while being aware of any risks in their environment.



When it came to the AR solutions proposed to lessen the risks identified in the RAES-Log methodology, the majority of workers had a favourable opinion and felt confident that they would be able to improve their working conditions and mitigate existing risks. In particular, they had trust in technologies such as exoskeleton technology (90%) and WWD (82%), which are likely to reduce physical strain and decrease the risk of work-related MSD.



Regarding solutions for reducing cognitive workload, such as AAR and HMD, workers also felt that AR solutions could aid by reducing their mental strain throughout the working day. However, these technologies were seen as less important than those designed to decrease physical exertion, with acceptance ratings of 80% and 68%, respectively. Therefore, workers are generally optimistic that AAR and HMD can help to reduce their cognitive effort and contribute to better working conditions.



The global worker’s opinion regarding the proposed AR solution is expressed in Figure 5, where is possible to understand that, for all the solutions, the majority of workers showed a positive judgment about these technologies to mitigate risks within their workplaces.



Workers have the highest confidence in exoskeleton technology, which they feel can reduce the physical strain associated with handling heavy materials, a common complaint in the logistics industry. They also have a high level of trust in WWD, particularly in SMD supermarkets where workers carry heavy devices to scan the barcodes throughout the day. AR solutions such as AAR and HMD were seen as less important, but still provide an essential role in reducing cognitive workload and improving working conditions.



Overall, workers were positive about the AR solutions put forth, showing enthusiasm and optimism about their potential to improve safety in their workplaces. It is important to recognize that the input of workers was key in this process, as they actively participated in the study, providing their opinions about the changes and solutions being proposed. Anonymity enabled them to be honest about their concerns and complaints as well as what is working well on their workstations. With the right implementation of these technologies, their working conditions can be improved, with a decreased risk of MSD and both physical and cognitive workload.





7. Conclusions


This work was focused on the creation of a symbiosis between Industry 4.0 and Industry 5.0 paradigms. The project addresses Industry 4.0 philosophies, through the study of the potential of implementation of a disruptive technology, namely AR, and Industry 5.0 principles, driving the transition to human-centric, sustainable and resilient systems.



Operators should be the main focus of every production system and they were the main motivation of this work. For this reason, this paper presents a methodology named RAES-Log that intended to analyse and define AR implementation requirements within logistic workplaces in order to mitigate the existing risks and study the potential enhancement of working conditions through the implementation of AR technology.



The project presented in this paper was only possible due to the context lived in the company that for a long time been trying to implement Lean Thinking. Aware of the difficulties they have been facing in implementing this organizational philosophy, company ergonomic specialists recognized the importance of this methodology to improve work conditions in the logistics area. The lean mindset was fundamental to develop in this company the feeling of everything could be improved and Industry 4.0 technologies bring advantages that were inexistent before. By doing this, the company is on a good track to accomplish the Industry 5.0 pillars.



7.1. Research Limitations


The work reported in this paper has been developed having one of the major international flagships in the automotive electronics industry as the case study. Thus, in some situations, this company has strict organizational data policies, holding a huge amount of confidential business information. Therefore, the collection of the required data can be seen as the major limitation of this project, since essential data for the development of the project could not be obtained in some cases. Furthermore, the available data was, in some situations, incomplete or not registered in the correct order or with the correct date and containing errors related to manual interactions, which made the quantitative analysis processes more difficult. Hence, with this lack of data consistency, the obtained results may not be as accurate as expected.



Furthermore, the project was a single case study analysis, liable to be subjective when applied to other companies. However, these issues were avoided through the in-depth study of the processes, which are transversal to most industries, and the detailed construction of a methodology that can be applied in various contexts, taking into account data that, despite being qualitative and with a certain degree of subjectivity, have been validated by various levels within the organisation, from management to direct operators.




7.2. Future Work


Despite the good achieve results, there is still a place for future research directions. A suggestion to enhance this solution is to extend it to more companies, from different activity sectors and countries, in order to obtain results statistically significant. In addition, it is extremely important that companies keep an up-to-date record of occurrences at workplaces, as well as, the prevalence of MSD on workers and data on absenteeism, in order to guarantee the accuracy of the analysis.



Moreover, this methodology constitutes a solution that is difficult to implement, in case the user does not know the techniques used, as is the case of the ergonomic assessment methods, which require extensive knowledge about the area. In order to overcome these difficulties, a possible solution is the integration of the RAES-Log methodology in a software tool, where users would follow the instructions about the data to be collected and the information on variables and parameters necessary to provide the tool.



Therefore, the main opportunity for future research directions regards the integration of this methodology in order to understand its impact on improving KPI related to ergonomic and safety conditions, such as the lost time days, injury severity and prevalence of MSD. Moreover, it is critical to determine how effective this methodology and MSD prevention process is in economic terms, through the determination of worker’s compensation costs due to work-related MSD development. Additionally, the proposed AR solutions involve high investments in technology. Hence, it is important to evaluate and track the Return on Investment (ROI) over time, in order to understand whether it is worth reinvesting in these solutions to enhance ergonomic conditions, eliminate risks and prevent MSD within workplaces.



Furthermore, the operators and their well-being are the focus of this project and this methodology. For this purpose, it is imperative to promote workers’ involvement in continuous improvement processes, including them and their opinions when changing their workplaces. Therefore, it is important to register their complaints and consult them in order to collect opportunities for improvement, since they are the ones who deal with their jobs on a daily basis, as well as the risks associated with carrying out their tasks.
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Appendix A. Questionnaire


	
Category A. Worker’s Characterization






1. Age:



○ less than 20



○ 20–29



○ 30–39



○ 40–49



○ 50–59



○ 60 or more



2. Gender:



○ M



○ F



3. Height (cm): ____



4. Logistic area:



☐ Incoming



☐ Internal logistics for final assembly



☐ Internal logistics for SMD assembly



5. Tasks performed:



☐ Manual materials handling



☐ Transportation



☐ Picking



☐ Lines supply



☐ Other: _________________



6. Seniority in the current activity: _________________



7. If you answered less than 1 year to the previous question:



a. Indicate your previous place of work:



☐ Incoming



☐ Internal logistics for final assembly



☐ Internal logistics for SMD assembly



☐ Shipping



☐ Another department from the same company



☐ Another company



b. Indicate the tasks performed previously:



☐ Manual materials handling



☐ Transportation



☐ Picking



☐ Lines supply



☐ Other: _________________



	
Category B. Musculoskeletal Symptomatology






1. Do you have previously diagnosed musculoskeletal injuries related to the tasks you perform?



○ Yes. Which? _____________________________



○ No



2. Have you ever had an accident or incident at work?



○ Yes



○ No



3. If you answered yes to the previous question:



a. Indicate the type of occurrence:



☐ Accident



☐ Incident



b. Indicate the year of occurrence:



☐ 2020 or later



☐ 2016–2019



☐ 2015 or before



c. Indicate the area of occurrence:



☐ Incoming



☐ Internal logistics for final assembly



☐ Internal logistics for SMD assembly



☐ Shipping



☐ Other: _________________



d. Indicate the tasks performed during the occurrence:



☐ Manual materials handling



☐ Transportation



☐ Picking



☐ Lines supply



☐ Other: _________________



4. To answer the following questions, consider the body regions, as shown in Figure A1:



a. Considering the last 12 months, have you had any problems in the following regions?











	
	Yes
	No



	Neck
	○
	○



	Shoulders
	○
	○



	Elbows
	○
	○



	Wrists and hands
	○
	○



	Chest region
	○
	○



	Lumbar region
	○
	○



	Hips and thighs
	○
	○



	Knees
	○
	○



	Ankles and feet
	○
	○








b. Considering the last 12 months, have you been conditioned in your normal life due to any problems in the following regions?











	
	Yes
	No



	Neck
	○
	○



	Shoulders
	○
	○



	Elbows
	○
	○



	Wrists and hands
	○
	○



	Chest region
	○
	○



	Lumbar region
	○
	○



	Hips and thighs
	○
	○



	Knees
	○
	○



	Ankles and feet
	○
	○








c. Considering the last 7 days, have you had any problems in the following regions?











	
	Yes
	No



	Neck
	○
	○



	Shoulders
	○
	○



	Elbows
	○
	○



	Wrists and hands
	○
	○



	Chest region
	○
	○



	Lumbar region
	○
	○



	Hips and thighs
	○
	○



	Knees
	○
	○



	Ankles and feet
	○
	○








d. Considering your discomfort resulting from a problem in the following regions, select a value from 0 to 10, with 0 representing no pain and 10 referring to maximum pain.




















	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10



	Neck
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Shoulders
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Elbows
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Wrists and hands
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Chest region
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Lumbar region
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Hips and thighs
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Knees
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Ankles and feet
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○








5. If you answered yes to any of the above questions, please indicate:



a. In the past 12 months, how many days of work have you lost due to pain or discomfort? ____________



b. If you find it convenient, make a brief comment on the reasons that, in your opinion, triggered your problem: __________________________________________________________________________



	
Category C. Perception of Exertion






1. Which tasks performed at your workplace do you consider the most physically demanding?



_______________________________________________________________________________________



2. Which tasks performed at your workplace do you consider the most mentally and cognitively demanding?



_______________________________________________________________________________________



3. Considering your effort (physical or cognitive) in performing the tasks, select a value from 0 to 10, where 0 represents the absence of effort and 10 refers to the maximum effort.





















	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	N/A



	Manual handling of heavy loads
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Pushing or pulling heavy loads
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Utensils too heavy (e.g., PDA)
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Repetitive movements
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Inappropriate trunk working postures
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Inappropriate upper limb working postures
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Inappropriate working postures of the lower limbs
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Workstations, shelves or material too high
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Workstations, shelves or material too low;
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	High distances covered;
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Too much information to assimilate;
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Hard to memorize work instructions;
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Find the fastest route (for picking, put-away or lines supply);
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Pay attention to all existing risks at the workplace;
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Too much product information to check;
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Quickly find product locations;
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Know all the tasks to perform;
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Detect errors or failures in processes;
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Know the specifications of each product (e.g., box type, packaging, location, etc.);
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Knowledge and compliance with all safety instructions
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○



	Other: _________________________________
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○








	
Category D. AR Solutions: Workers’ Opinion and Acceptance






Considering your opinion regarding the AR solutions and the statements presented below, select a value from 0 to 5, where 0 represents “No opinion”, 1 “Strongly disagree”, 2 “Disagree”, 3 “Neither agree nor disagree”, 4 “Agree” and 5 “Strongly agree”.



1. This equipment is an exoskeleton (Figure A2). This model, in particular, weighs 3 kg and allows the lifting of loads up to 10 times heavier without effort, helping to prevent musculoskeletal injuries.















	
	0
	1
	2
	3
	4
	5



	The equipment would make my tasks easier
	○
	○
	○
	○
	○
	○



	The equipment could lighten my physical load
	○
	○
	○
	○
	○
	○



	The equipment could reduce my physical effort
	○
	○
	○
	○
	○
	○



	The equipment could reduce my discomfort
	○
	○
	○
	○
	○
	○



	I would take less risk using the equipment
	○
	○
	○
	○
	○
	○



	My job would improve with this equipment
	○
	○
	○
	○
	○
	○



	I would use the equipment if the company made it available
	○
	○
	○
	○
	○
	○








Comments: ____________________________________________________________________________



2. These devices are portable barcode scanners (Figure A3). They weigh about 40 g and would replace the PDA, which weighs 400 g.















	
	0
	1
	2
	3
	4
	5



	The equipment would make my tasks easier
	○
	○
	○
	○
	○
	○



	The equipment could lighten my physical load
	○
	○
	○
	○
	○
	○



	The equipment could reduce my physical effort
	○
	○
	○
	○
	○
	○



	The equipment could reduce my discomfort
	○
	○
	○
	○
	○
	○



	I would take less risk using the equipment
	○
	○
	○
	○
	○
	○



	My job would improve with this equipment
	○
	○
	○
	○
	○
	○



	I would use the equipment if the company made it available
	○
	○
	○
	○
	○
	○








Comments: ____________________________________________________________________________



3. This equipment is a wireless headset (Figure A4). It weighs about 180 g and provides information on imminent safety hazards, material locations, work instructions, safety instructions, fastest routes, tasks to be performed, workplace hazard alerts and other relevant information about the products and tasks.















	
	0
	1
	2
	3
	4
	5



	The equipment could lighten my cognitive load
	○
	○
	○
	○
	○
	○



	The equipment could reduce my cognitive effort
	○
	○
	○
	○
	○
	○



	The equipment could reduce my discomfort
	○
	○
	○
	○
	○
	○



	I would take less risk using the equipment
	○
	○
	○
	○
	○
	○



	My job would improve with this equipment
	○
	○
	○
	○
	○
	○



	I would use the equipment if the company made it available
	○
	○
	○
	○
	○
	○








Comments: ____________________________________________________________________________



4. This equipment is AR glasses (Figure A5). It weighs around 560 g and provides access to information about work instructions, fastest routes, tasks to be performed, safety instructions, workplace hazard alerts and other relevant information about products and tasks.















	
	0
	1
	2
	3
	4
	5



	The equipment would make my tasks easier
	○
	○
	○
	○
	○
	○



	The equipment could lighten my cognitive load
	○
	○
	○
	○
	○
	○



	The equipment could reduce my cognitive effort
	○
	○
	○
	○
	○
	○



	The equipment could reduce my discomfort
	○
	○
	○
	○
	○
	○



	I would take less risk using the equipment
	○
	○
	○
	○
	○
	○



	My job would improve with this equipment
	○
	○
	○
	○
	○
	○



	I would use the equipment if the company made it available
	○
	○
	○
	○
	○
	○








Comments: ____________________________________________________________________________
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Figure 1. Types of AR [59]. 
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Figure 2. Integration of three lean domains [59]. 
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Figure 3. Areas of Material Flow and Physical Logistics section [59]. 
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Figure 4. Overview of RAES-Log and detailed phases and steps [59]. 
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Figure 5. Global worker’s opinion about the impact of proposed AR solutions [59]. 
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Figure A1. Body map. 
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Figure A2. Example of an exoskeleton [88]. 
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Figure A3. Example of WWD [89,90]. 
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Figure A4. Example of AAR [91]. 
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Figure A5. Example of HMD [92]. 
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Table 1. Research questions.
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	RQ#
	Research Question





	RQ 1
	How can AR enhance human capabilities and senses in lean workplaces?



	RQ 1.1
	How can AR enhance human capabilities and senses in order to mitigate risks?



	RQ 1.2
	How can AR enhance human capabilities and senses in order to improve ergonomic conditions?



	RQ 2
	Which AR solutions are more suitable for logistic processes?










 





Table 2. Overview of inputs, methods and outputs of each step of occurrence analysis [59].
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	Steps of Phase 1
	Inputs
	Methods
	Outputs





	1.1. Identification of the most critical logistic areas
	
	
Statistics of work-related accidents and incidents by logistic area





	
	
Quantitative analysis





	
	
Critical logistic areas








	1.2. Identification of the most critical processes
	
	
Statistics of work-related accidents and incidents by logistic process





	
	
Quantitative analysis





	
	
Critical logistic processes



	
Frequency of occurrences








	1.3. Identification of the most common consequences
	
	
Statistics of work-related accidents and incidents by type of injury



	
Statistics of work-related accidents and incidents by part of body injured





	
	
Quantitative analysis





	
	
Common consequences of occurrences



	
Severity of occurrences



	
Critical logistic process with highest prevalence of MSD-related injuries








	1.4. Conclusions and identification of improvement potential
	
	
Critical logistic areas (step 1.1)



	
Critical logistic processes (step 1.2)



	
Common consequences of occurrences (step 1.3)





	
	
Quantitative analysis



	
Qualitative analysis





	
	
Improvement potential















 





Table 3. Overview of inputs, methods and outputs of each step of OSH risk evaluation and mitigation measures [59].
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	Steps of Phase 1
	Inputs
	Methods
	Outputs





	2.1. Identification of hazards associated with each task performance
	
	
Critical logistic areas (step 1.1)



	
Critical logistic processes (step 1.2)





	
	
Qualitative analysis





	
	
Hazards associated with each task performance








	2.2. Identification and categorisation of each OSH risk factor
	
	
Hazards associated with each task performance (step 2.1)





	
	
Qualitative analysis





	
	
OSH risk factors








	2.3. Assessment of each risk based on their severity and frequency
	
	
Ergonomic risk factors (step 2.2)



	
Physical safety risk factors (step 2.2)



	
Frequency of occurrences (step 1.2)



	
Severity of occurrences (step 1.3)





	
	
Quantitative analysis



	
Qualitative analysis





	
	
Activities with highest criticality for physical safety and ergonomic risk factors








	2.4. Identification of human senses and capabilities to be augmented
	
	
Senses and capabilities that must be augmented to mitigate OSH risk factors





	
	
Qualitative analysis



	
Literature review





	
	
Human senses and capabilities to be augmented








	2.5. Definition of mitigation measures using AR
	
	
Human senses and capabilities to be augmented to mitigate physical safety risk factors (step 2.4)



	
Available AR solutions





	
	
Qualitative analysis



	
Literature review





	
	
Mitigation measures using AR for physical safety risk factors















 





Table 4. Overview of inputs, methods and outputs of each step of ergonomic risk assessment and mitigation measures [59].
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	Steps of Phase 1
	Inputs
	Methods
	Outputs





	3.1. Analysis of the current situation
	
	
Critical logistic process with highest prevalence of MSD-related injuries (step 1.3)



	
Activities with highest criticality for ergonomic risk factors (step 2.3)





	
	
Qualitative analysis





	
	
Duration of exposure



	
Frequency and repetition of movements



	
Force demands








	3.2. Identification of extreme postures
	
	
Dimensions of levels to be reached during tasks performance





	
	
Quantitative analysis



	
Qualitative analysis





	
	
Adopted working postures








	3.3. Application of quantitative ergonomic analysis method
	
	
Nature and characteristics of tasks



	
Duration of exposure



	
Frequency and repetition of movements



	
Force demands





	
	
Quantitative analysis





	
	
Level of risk to which workers are exposed regarding ergonomic conditions (score)








	3.4. Identification of improvement potential and definition of mitigation measures using AR
	
	
Capabilities to be augmented to mitigate ergonomic risk factors (step 2.4)



	
Available AR solutions





	
	
Qualitative analysis



	
Literature review





	
	
Mitigation measures using AR for ergonomic risk factors















 





Table 5. Overview of methodology phases, steps and main outputs [59].
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Phase

	
Step

	
Output






	
Phase 1. Occurrence analysis

	
1.1. Identification of the most critical logistic areas

	

	
Internal logistics (72% of occurrences; incidence rate: 30% for accidents and 75% for incidents)



	
Incoming and raw materials warehouse (22% of occurrences; incidence rate of 23 for accidents and 105 for incidents)









	
1.2. Identification of the most critical processes

	

	
Materials handling (48% of accidents and 46% of incidents)



	
Transportation (23% of accidents and 27% of incidents)



	
Picking (20% of accidents and 20% of incidents)









	
1.3. Identification of the most common consequences

	

	
Part of body injured:



	
Upper extremities



	
Lower extremities



	
Back, including spine and vertebra in the back



	
Type of injury:



	
Wounds and superficial injuries



	
Dislocations, sprains and strains









	
1.4. Conclusions and identification of improvement potential

	

	
Critical logistic areas: used during phase 2



	
Critical processes with highest prevalence of MSD-related injuries: used during phase 3









	
Phase 2. OSH risk evaluation and mitigation measures

	
2.1. Identification of hazards associated with each task performance

	

	
Hazards associated with each task performance within the two most critical logistic areas:



	
Internal Logistics



	
Incoming









	
2.2. Identification and categorisation of each OSH risk factor

	

	
Categories of OSH risk factors:



	
Physical safety risk factors



	
Ergonomic risk factors









	
2.3. Assessment of each risk based on their severity and frequency

	

	
Parameterisation of risk evaluation criteria (frequency and severity)



	
Categorisation of risks criticality based on obtained scores



	
Definition of acceptability criteria









	
2.4. Identification of human senses and capabilities to be augmented

	

	
Human senses: sight and hearing



	
Capabilities: cognitive and physical









	
2.5. Definition of mitigation measures using AR

	

	
Augmentation of sight sense: HMD, HHD and SAR



	
Augmentation of hearing sense: AAR



	
Augmentation of cognitive capabilities: HMD, HHD, SAR and AAR



	
Augmentation of physical capabilities: WWD and exoskeletons









	
Phase 3. Ergonomic risk assessment and mitigation measures

	
3.1. Analysis of the current situation

	

	
Activities with highest criticality for ergonomic risk factors (identified during step 2.3):



	
Final and SMD assembly supermarkets tasks



	
Incoming tasks



	
Critical processes with highest prevalence of MSD-related injuries (identified during steps 1.2 and 1.4):



	
Picking operations within SMD warehouse area



	
Lifting and lowering loads operations within incoming area









	
3.2. Identification of extreme postures

	

	
Unfavourable postures to reach materials:



	
Above head level



	
Above shoulder height



	
Bellow knee height









	
3.3. Application of quantitative ergonomic analysis method

	

	
Quantification of ergonomic risk factors and risk of MSD:



	
EAWS: ergonomic analyses of repetitive loads and cycling tasks



	
NIOSH: tasks that require asymmetrical lifting and lowering tasks with both hands









	
3.4. Identification of improvement potential and definition of mitigation measures using AR

	

	
Use of WWD equipped with barcode scanning functionality



	
Use of suitable exoskeleton that meets each task requirements and augments worker’s physical capabilities
















 





Table 6. Logistic tasks with highest criticality levels regarding HSE risk factors [59].
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Logistic Area

	
Tasks






	
Incoming and raw materials warehouse

	
Incoming




	
Warehousing




	
Internal logistics

	
Repacking




	
Final and SMD assembly supermarkets




	
Lines supply











 





Table 7. Summary of questionnaire structure, parameters assessed and used instruments [59].






Table 7. Summary of questionnaire structure, parameters assessed and used instruments [59].










	Category
	Parameters Assessed
	Used Instruments





	A. Workers’ characterization
	
	
Age



	
Work experience



	
Tasks performed





	–



	B. Musculoskeletal symptomatology
	
	
Diagnosed MSD



	
Work-related occurrences



	
Classification of pain





	Numerical pain scale [85]



	C. Perception of exertion
	
	
Assessment of physical exertion perceived by the workers;



	
Identification of the most demanding tasks.





	Category Ratio-10 [86]



	D. Workers’ opinion and acceptance
	
	
Assessment of worker’s opinions about the possible AR solutions to implement in workstations





	Five-point Likert scale [87]
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