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Abstract 

This article explores human–AI interaction and ergonomic challenges in smart manufacturing 

systems. It discusses the role of artificial intelligence, cyber‑physical systems, robotics, data 

analytics, and human–machine interfaces in transforming manufacturing environments. The 

paper reviews ergonomic risk factors, physical and cognitive workload, usability issues, 

organizational challenges, and safety implications associated with AI‑integrated smart factories. 

Strategies for ergonomic redesign, human‑centered AI development, adaptive automation, and 

policy recommendations are highlighted. The study emphasizes the need to integrate ergonomics 

into AI‑driven manufacturing for enhanced worker well‑being and system performance. The 

article highlights the evolving role of workers as collaborators and supervisors of intelligent 

systems rather than purely manual operators. As AI technologies reshape job characteristics, 

new competencies in digital literacy, data interpretation, and human–robot communication are 

becoming essential. At the same time, emerging risks such as technostress, loss of situational 

awareness, and over-reliance on automation require careful evaluation. The paper also 

underscores the importance of participatory ergonomics, where workers are actively involved in 

the design and implementation of AI-enabled systems to ensure usability, safety, and acceptance. 

Overall, the integration of ergonomics into smart manufacturing is not only a technical 

requirement but also a strategic approach to achieving sustainable productivity, innovation, and 

worker health in the era of Industry 4.0 and beyond. 

Keywords: Human–AI Interaction, Smart Manufacturing Systems, Ergonomics, Cognitive 

Workload, Musculoskeletal Disorders (MSDs), Human–Machine Interface (HMI), Human–

Robot Collaboration, Occupational Health and Safety, Adaptive Automation, Cyber‑Physical 

Systems, Technostress, Workplace Design. 

 R E S E A R C H  



Journal of Applied Ergonomics Research 

 

 

 
 

 

1. Introduction 

Smart manufacturing systems represent a paradigm 

shift from traditional industrial production, 

integrating artificial intelligence (AI), automation, 

robotics, sensing technologies, and advanced data 

analytics to create flexible, adaptive, and efficient 

production environments. Human workers are 

increasingly required to collaborate with AI-

enabled machines and decision-support systems, 

which transform their roles from manual operators 

to supervisory and analytical positions. While this 

shift promises substantial productivity and quality 

improvements, it also introduces new ergonomic 

challenges. Workers must navigate complex AI 

algorithms, monitor autonomous processes, and 

make critical decisions based on dynamic digital 

information streams. These interactions increase 

cognitive workload and can lead to technostress, 

decision fatigue, and ethical dilemmas concerning 

job displacement and AI reliance. Understanding 

these challenges is essential for designing systems 

that safeguard worker health while optimizing 

performance in smart manufacturing settings. 

2. Literature Review 

The integration of artificial intelligence (AI) into 

manufacturing systems has transformed traditional 

industrial environments into highly automated, 

flexible, and data-driven workplaces. Recent 

literature emphasizes that while smart 

manufacturing enhances productivity, quality, and 

operational efficiency, it also introduces significant 

ergonomic challenges for human operators. 

According to Lee et al. (2020), the shift from 

manual to supervisory roles in AI-enabled factories 

increases cognitive workload, requiring workers to 

monitor complex systems, interpret predictive 

analytics, and make rapid decisions under high-

pressure conditions. Similarly, Huang and Zhang 

(2021) highlight that poorly designed human–

machine interfaces (HMIs) can exacerbate mental 

fatigue and lead to operational errors, emphasizing 

the importance of cognitive ergonomics in smart 

manufacturing environments. Human–robot 

collaboration, a central feature of Industry 4.0, is 

widely discussed in the literature. Collaborative  

robots (cobots) are designed to work safely 

alongside humans, yet improper implementation 

can expose workers to physical and cognitive 

risks. Li et al. (2019) demonstrated that ergonomic 

task allocation, including the distribution of 

repetitive or high-force tasks to robots, reduces 

musculoskeletal strain and improves worker 

efficiency. In addition, social ergonomics, such as 

trust, acceptance, and emotional response toward 

AI, plays a critical role in facilitating successful 

human–robot collaboration (Wang & Chen, 2022). 

Participatory design approaches, where workers 

are involved in the development and adaptation of 

AI systems, have been shown to improve usability 

and reduce both physical and cognitive strain. 

Cognitive workload is another key area explored 

in recent research. As smart factories rely on real-

time monitoring and decision support from AI, 

operators frequently face multitasking demands 

and prolonged attention spans. Studies by Smith 

and Brown (2021) indicate that continuous 

exposure to multiple alarms and dashboards 

without adaptive support systems can increase 

mental fatigue, reduce situational awareness, and 

elevate the risk of errors. Ergonomic interventions 

such as adaptive user interfaces, digital training 

programs, and real-time feedback mechanisms are 

recommended to mitigate these effects (Kumar et 

al., 2020). 

Physical ergonomics remains relevant even in 

automated systems. Research by Park et al. (2019) 

shows that workers involved in maintenance, 

inspection, and programming tasks still experience 

musculoskeletal disorders due to poor workstation 

layout, awkward postures, and repetitive motions. 

Technological solutions like exoskeletons, 

wearable assistive devices, and AI-based posture 

monitoring have demonstrated potential in 

reducing physical strain while optimizing task 

performance. Virtual reality (VR) and digital 

human modeling tools also provide effective pre-

implementation ergonomic assessment to 

minimize risk (Zhou et al., 2020). 

Organizational ergonomics and work design have 

emerged as critical considerations in AI-integrated  
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manufacturing. Studies by Chen et al. (2021) and 

Ahmed & Lee (2022) suggest that AI changes job 

roles, requiring continuous learning, remote 

monitoring, and cognitive supervision. While these 

changes can enhance efficiency, they can also 

contribute to technostress, blurred work–life 

boundaries, and ethical concerns related to data 

privacy and algorithmic management. Leadership 

support, a strong safety culture, and employee 

involvement in design processes are identified as 

key factors in successfully integrating AI into 

manufacturing without compromising worker well-

being. 

Overall, the existing literature demonstrates a clear 

need for a holistic ergonomic approach that 

addresses physical, cognitive, and organizational 

dimensions in AI-driven smart manufacturing 

systems. While technological innovations offer 

significant operational benefits, their human 

implications require careful evaluation, 

participatory interventions, and adaptive design 

strategies to ensure safe, efficient, and sustainable 

work environments. The present study builds upon 

these insights, focusing on ergonomic risk 

assessment, human–AI interaction, and 

intervention strategies to optimize the integration 

of AI in modern manufacturing. 

3. Smart Manufacturing and AI Integration 

The implementation of smart manufacturing is 

driven by Industry 4.0 technologies, including the 

Internet of Things (IoT), cloud computing, 

machine learning, collaborative robots (cobots), 

augmented reality, and digital twins. AI 

applications in predictive maintenance, quality 

inspection, production scheduling, and human-

robot collaboration are revolutionizing industrial 

operations. Cyber-physical systems merge physical 

equipment with digital intelligence, allowing real-

time monitoring and adaptive control. As human 

operators transition to supervisory and decision-

making roles, new ergonomic considerations arise. 

Workstation design, task allocation, interface 

usability, mental workload, alarm management, 

and distributed teamwork must all be carefully  

 

managed to prevent fatigue and error. Additionally, AI 

integration reshapes organizational structures, skill 

requirements, and training programs, creating both 

opportunities for workforce development and challenges in 

maintaining employee well-being. 

Figure 1: Smart Manufacturing and AI 

Integration  

4. Human–AI Interaction in Manufacturing 

Human–AI interaction in smart manufacturing 

involves multiple channels of communication, 

including visual dashboards, voice assistants, 

gesture-based interfaces, and wearable 

technologies. Decision-making is increasingly 

shared between humans and algorithms in semi-

autonomous processes, making trust, 

transparency, and explainability central ergonomic 

concerns. Poorly designed interfaces can lead to 

cognitive overload, delayed decision-making, and 

operational errors, potentially compromising 

safety and productivity. Collaborative robots, 

while enhancing efficiency, introduce proximity 

and safety risks that require proper ergonomic task 

allocation and monitoring. Adaptive automation 

systems aim to dynamically balance workload 

between human operators and AI, considering 

performance indicators and fatigue levels. 

Consequently, effective human–AI interaction 

depends on ergonomic design principles that 

promote usability, safety, and situational 

awareness. 

Human-robot interaction (HRI) refers to the study 

and application of interactions between humans 

and robots. It is an interdisciplinary domain that 

blends elements of computer science, mechanical  
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engineering, psychology, and cognitive science. In 

the context of manufacturing, HRI primarily 

focuses on the design, use, and understanding of 

robots that work alongside humans, also known as 

cobots or collaborative robots. 

The goal of HRI is to create robots that can 

effectively and safely interact with humans in a 

wide range of environments. This involves 

considering aspects like robot design, 

programming, user interface, and safety measures. 

The ultimate objective is to enhance the 

productivity and efficiency of human-robot teams, 

while also ensuring the safety and comfort of the 

human operators. 

 

Figure 2: Human-Robot Interaction in 

Manufacturing. 

5. Ergonomic Risk Factors in AI-Integrated 

Systems 

 While automation reduces certain physical 

demands, new ergonomic risks emerge in AI-

integrated environments. Prolonged use of screens, 

static postures, and repetitive monitoring can 

contribute to musculoskeletal disorders (MSDs), 

visual fatigue, and mental stress. Cognitive 

ergonomics becomes increasingly relevant as 

operators interpret large volumes of real-time data, 

manage alerts, and oversee multiple interconnected 

systems. High job demands, such as multitasking, 

strict deadlines, and continuous digital 

connectivity, exacerbate psychosocial risks, 

including burnout and technostress. Organizational 

ergonomics also plays a critical role in shaping 

communication  

 

patterns, teamwork, and safety culture. A 

comprehensive understanding of these risk factors 

is essential for developing interventions that 

protect workers’ physical and mental health while 

sustaining productivity in smart manufacturing 

systems. 

6. Physical Ergonomics and Workplace Design 

Even in highly automated factories, human 

operators perform essential tasks such as 

maintenance, programming, inspection, and 

material handling. Poor workstation layout, 

inadequate lighting, and improperly designed tools 

can lead to physical strain and increase the 

likelihood of musculoskeletal injuries. Emerging 

solutions include wearable assistive devices, 

exoskeletons, and adjustable workstations that 

support proper posture. Virtual reality-based 

ergonomic simulations allow engineers to assess 

and optimize human interaction with robots and 

machinery before implementation. Additionally, 

AI-driven posture monitoring systems can provide 

continuous feedback, helping workers adjust their 

positions and reduce physical strain. A 

combination of technology-assisted solutions and 

thoughtful workstation design is therefore vital to 

minimize physical risks in smart manufacturing 

environments. 

7. Cognitive Ergonomics in AI-Driven 

Manufacturing 

Cognitive ergonomics focuses on the mental 

workload, attention management, and decision-

making challenges faced by workers interacting 

with intelligent systems. Smart manufacturing 

operators often supervise multiple displays, 

alarms, and production processes while relying on 

AI for predictive insights and recommendations. 

Excessive cognitive demands can impair 

judgment, slow reaction time, and increase the 

likelihood of human error. Interface complexity, 

non-intuitive visualizations, and poorly structured 

dashboards exacerbate these challenges. Effective 

interventions include adaptive user interfaces that 

adjust the complexity of information based on  
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operator performance, training programs to 

enhance digital literacy, and situational awareness 

exercises. Integrating cognitive ergonomics into 

system design is therefore essential for ensuring 

safe, effective, and human-centered operations. 

8. Human–Robot Collaboration and Safety 

Collaborative robots are designed to work in close 

proximity to humans, enabling flexible, high-

efficiency operations without physical barriers. 

However, safety standards emphasize the need for 

speed-and-separation monitoring, force limitation, 

and emergency stopping mechanisms. Ergonomic 

task allocation ensures that robots handle 

physically demanding and repetitive tasks, while 

humans focus on problem-solving, quality 

assessment, and supervisory roles. Improper design 

or implementation can increase collision risks and 

supervisory stress. Social ergonomics also plays a 

role in promoting worker trust, acceptance, and 

comfort with AI-driven systems. Participatory 

design approaches, which involve workers in the 

planning and adaptation of collaborative robots, 

enhance usability, safety, and overall job 

satisfaction. 

 

Figure 3: Human–Robot Collaboration and Safety 

Human-AI collaboration is a mutually beneficial 

association between intelligent machines and 

humans, in which both entities utilize their distinct 

capabilities to accomplish shared objectives. This 

approach, in contrast to conventional notions of 

automation supplanting human labor, emphasizes 

the complementary nature of AI and human 

 

capabilities. 

Artificial intelligence (AI) systems demonstrate 

exceptional proficiency in the processing of 

enormous volumes of data, identification of 

patterns, and execution of repetitive tasks with 

accuracy and velocity. However, it is difficult for 

artificial intelligence to emulate the creative 

abilities, intuition, empathy, and complex 

problem-solving skills possessed by humans. 

Human-AI collaboration maximizes the combined 

capabilities of both entities, resulting in improved 

decision-making, problem-solving, and innovation 

in a multitude of fields. 

9. Organizational Ergonomics and Work 

Design 

AI integration fundamentally alters organizational 

structures, job responsibilities, and 

communication patterns. Workers increasingly 

take on roles as system supervisors, data analysts, 

and decision-makers, requiring continuous 

learning and skill development. Job redesign must 

strike a balance between leveraging automation 

for efficiency and maintaining meaningful, secure 

employment. Remote monitoring and digital 

connectivity blur the boundaries between work 

and personal life, potentially increasing stress. 

Leadership, organizational safety climate, and an 

ergonomic culture significantly influence 

technology acceptance and employee well-being. 

Ethical considerations, including data privacy, 

surveillance, and algorithmic bias, must also be 

addressed to ensure equitable and safe 

implementation of Ai-driven manufacturing 

systems. 

 

Figure 4: Ergonomics and workstation design 
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In the figure 4, Ergonomics and workstation design 

are critical components of workplace health and 

safety. Ergonomics is the science of designing the 

workplace to fit the needs of the worker, reducing 

strain and improving comfort and productivity. 

Proper workstation design minimizes the risk of 

musculoskeletal disorders (MSDs), such as back 

pain, repetitive strain injuries (RSIs), and carpal 

tunnel syndrome, which can result from poor 

posture, repetitive movements, and inadequate 

workstation setups. 

10. Methods Commonly Used in Research 

Research on human–AI ergonomics in 

manufacturing employs a variety of 

methodologies. Surveys, observational studies, 

motion analysis, electromyography, and eye-

tracking are used to assess both physical and 

cognitive workload. Standard ergonomic 

assessment tools, such as RULA, REBA, OWAS, 

NASA-TLX, and the Nordic Musculoskeletal 

Questionnaire (NMQ) are widely applied. Digital 

human modeling and virtual simulations enable 

pre-implementation evaluation of workstations and 

human–robot interactions. Mixed methods 

approach combining quantitative metrics and 

qualitative insights provide a comprehensive 

understanding of ergonomic risks. Longitudinal 

studies further help identify the long-term health 

outcomes associated with AI-mediated work 

environments, informing evidence-based 

ergonomic interventions.  

In these methods, real-time monitoring using 

wearable sensors, smart PPE, and Internet-of-

Things (IoT) devices is increasingly being 

integrated to capture continuous physiological and 

biomechanical data from workers. Machine-

learning based analytics are also being employed 

to predict injury risks, classify postures, and 

identify unsafe human–AI interaction patterns. 

Experimental lab-based studies are used to 

simulate collaborative robot tasks and evaluate 

human responses such as reaction time, mental 

workload, trust in automation, and situation 

awareness. Participatory ergonomics approaches,  

 

where workers are directly involved in identifying 

problems and designing solutions, are gaining 

recognition for improving acceptance of AI 

technologies and enhancing system usability. 

Together, these methodological approaches 

support a holistic assessment of human–AI 

interaction and provide practical insights for 

designing safer, more efficient smart 

manufacturing systems. 

11. Intervention Strategies and Ergonomic 

Redesign 

Effective interventions in AI-integrated 

manufacturing rely on human-centered design 

principles that prioritize usability, safety, and 

worker well-being. Participatory ergonomics 

engages employees in redesigning work processes 

and system interactions, fostering acceptance and 

reducing error rates. AI-based adaptive 

automation can dynamically balance workloads 

between humans and machines. Training 

programs focus on developing digital literacy, 

decision-making skills, and fatigue management. 

Organizational strategies, such as job rotation, 

workload management, and supportive leadership, 

mitigate stress and prevent burnout. Engineering 

controls, including optimized workstation layout, 

interface design, and ergonomic robotics, further 

reduce physical and cognitive strain. Policy-level 

interventions also play a key role in ensuring 

occupational safety compliance in AI-driven 

industries. 

In redesigning human–machine interfaces to 

improve clarity, feedback quality, and ease of 

navigation helps minimize cognitive overload 

during complex AI-assisted tasks. The integration 

of collaborative robots with advanced sensing and 

force-limiting capabilities enhances safety in 

shared workspaces. Wearable exoskeletons and 

assistive devices are being increasingly explored 

to reduce musculoskeletal load during material 

handling and repetitive operations. Data-driven 

ergonomic monitoring systems enable early 

detection of risky postures and unsafe behaviors, 

allowing timely preventive actions. Creating a  
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supportive safety culture, encouraging incident 

reporting, and continuously evaluating ergonomic 

outcomes ensure that interventions remain 

effective over time. Ultimately, ergonomic 

redesign in AI-enabled environments should focus 

not only on improving productivity but also on 

sustaining worker health, satisfaction, and long-

term employability. 

12. Discussion 

AI-integrated smart manufacturing provides 

significant productivity and quality benefits but 

requires careful attention to ergonomic challenges. 

As manual roles are replaced by supervisory and 

analytical positions, cognitive demands increase, 

highlighting the importance of human-centered AI 

design. Transparent, explainable AI systems foster 

trust and support effective decision-making. 

Collaboration among AI developers, industrial 

engineers, ergonomists, and psychologists is 

critical to developing holistic solutions. Despite 

advances, research gaps remain, including the 

long-term health effects of AI-mediated work, 

gender differences, aging workforce challenges, 

and ethical issues related to algorithmic 

management. Ensuring inclusivity, accessibility, 

and worker engagement is essential for equitable 

and sustainable adoption of smart manufacturing 

technologies. 

13. Conclusion 

Human–AI interaction will continue to shape the 

future of global manufacturing, bringing both 

opportunities and challenges. Ergonomic risks 

span physical, cognitive, and organizational 

dimensions, requiring a comprehensive approach 

to worker safety and well-being. Integrating 

ergonomics into AI design and implementation 

enhances health, safety, and productivity, ensuring 

that smart factories remain sustainable and human 

centered. Future manufacturing systems should 

adopt adaptive automation, ergonomic workplace 

design, human-centered AI, and a strong safety 

culture. Further interdisciplinary research and 

empirical studies are needed to develop robust 

ergonomic frameworks for AI-enabled smart  

 

manufacturing, balancing technological 

advancement with the well-being of the 

workforce. 
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