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Abstract 

Industry 5.0, an evolution beyond the technological advancements of Industry 4.0, emphasizes a human-centricity, sustainable, and resilient 
manufacturing paradigm. This shift necessitates addressing multifaceted challenges, including environmental sustainability, workforce skill 
gaps, human well-being, and implementation costs. Learning factories, conceived as a solution, bridge the gap between theory and practice by 
offering hands-on, experiential learning opportunities. However, current learning factories predominantly cater to Industry 4.0, lacking a focus 
on the human-centricity and sustainability crucial for Industry 5.0. This study explores the on-going transformations in learning factories and 
their potentials to address Industry 5.0 challenges.
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Introduction  

Industry 4.0 integrates physical assets with cutting-edge 
technologies such as cyber-physical systems, AI, and cloud 
computing. Despite its decade-long strides in enhancing efficiency 
and productivity, there has been a tendency to overlook human 
values and social needs [1]. Positioned as an extended paradigm 
to Industry 4.0, Industry 5.0 is characterized by an innovation 
focus aimed at facilitating the transition toward a sustainable, 
human-centric, and resilient industry, thereby contributing 
to societal well-being [2,3,4]. Industry 5.0 places core human 
needs and interests at the forefront of the production process, 
emphasizing ethical considerations, inclusivity, and societal 
well-being [5]. This marks a shift from a technology-driven 
progress approach to a value-driven futuristic manufacturing 
paradigm. In this context, industrial workers are encouraged to 
engage in continuous upskilling and reskilling to enhance career 
opportunities and achieve an improved work-life balance [2,4,6]. 
Moreover, this transition involves the establishment of circular 
processes that prioritize the reuse, repurposing, and recycling of 
natural resources, thereby minimizing waste and environmental 
impact [5]. 

The challenges associated with the implementation 
of Industry 5.0 are multifaceted. One of the challenges is 
balancing technological advancements with environmental  

 
sustainability, minimizing energy consumption, reducing waste, 
and establishing eco-friendly manufacturing processes [7]. 
Concurrently, future job roles will become even more knowledge- 
and skill-intensive [8], necessitating a workforce equipped with 
advanced digital skills for collaborating with robots in a variety 
of manufacturing tasks [5]. Bridging the workforce skills gap 
requires a comprehensive strategy for providing targeted training 
programs. Moreover, Industry 5.0 emphasizes human well-being, 
particularly worker safety and health. Based on the data from the 
US private manufacturing industry, there were 373,300 total cases 
of injuries and illnesses [9]. Addressing this issue requires real-
time insights for enhanced potential hazard identification and 
timely intervention [10]. Additionally, the cost of implementation 
associated with the integration of cutting-edge manufacturing 
technologies essential for driving Industry 5.0 stands as a 
considerable challenge, which strain budgets, necessitating 
meticulous resource allocation and financial planning [11].

The learning factory serves as a perspective solution for 
addressing challenges in implementing Industry 5.0. The term 
‘learning factory’ was first coined and patented in 1994 in a 
consortium of Penn State University [12]. Over the last decade, 
numerous learning factories have extensively been built in 
academia and industry [13]. As discussed in [14], traditional 
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teaching methodologies prove inadequate in cultivating employee 
competencies requisite for current and future manufacturing 
environments. In contrast, learning factories are designed to 
bridge the gap between theory and practice. They provide hands-
on, experiential learning opportunities, simulating real-world 
manufacturing scenarios. People can engage with state-of-the-
art manufacturing technologies to gain practical skills directly 
applicable to industry needs. For instance, the MTA SZTAKI 
learning factory in Győr offers students hands-on education 
in design and operation to support human-robot collaborative 
assembly [15]. 

However, existing learning factories predominantly cater to 
Industry 4.0, focusing on skills pertinent to digitalization, process 
automation, and analysis [16]. The imperative challenge lies 
in leveraging the initiatives of Industry 5.0 to achieve societal 

objectives, emphasizing human values in environments, and 
cultivating skills for effective collaboration with machines—
elements crucial but presently absent in the existing learning 
factory. In this study, we aim to delineate the evolving learning 
factory paradigm that incorporates considerations for Industry 
5.0 initiatives and to explore the broader opportunities for 
leveraging learning factories in the context of Industry 5.0.

In alignment with the tripartite objectives of Industry 5.0—
namely sustainability, human-centricity, and resilience—we 
conducted a comprehensive review and comparative analysis 
of learning factories in both academic and industrial domains 
relevant to the industry 5.0 goals [17]. Several learning factories 
have come to the forefront, identified for their potential alignment 
with specific facets of Industry 5.0 objectives, which are 
summarized in Table 1.

Table 1: Examples of learning factories that address select objectives of Industry 5.0.

Factory name Organization Country Industry 5.0 Area

Die Lernfabrik [18] TU Braunschweig Germany Sustainable Production

ETA-Factory [19] PTW, TU Darmstadt Germany Energy Efficiency, Energy Flexibility

LEAD Factory [20] Graz University of Technology Austria Energy Efficiency

LPS Learning Factory [21] Ruhr-Universität Bochum Germany Resource Efficiency, Training

Logistics Learning Factory [22] Reutlingen University Germany Digitalization, 3D Experience

LSP [23] TU Munich Germany Training, Resource Efficiency

CiP [24] TU Darmstadt Germany Waste Control, OEE, Training

Purdue Learning Factory Purdue Polytechnic United 
States

Human-Robot Collaboration, Digital Twin & Sustain-
ability

Discussion 

The integration of Industry 5.0 principles into learning 
factories has the transformative potential to not only enhance 
traditional learning experiences but also extend their utility by 
incorporating a human-centric and sustainable approach, aligning 
with the objectives of Industry 5.0. To underscore the knowledge- 
and skill-intensive nature of future job roles, learning factories 
play a pivotal role in meeting the evolving demands of industries. 
These environments furnish hands-on educational experiences 
that delve into the seamless integration of human workers and 
robots within a unified workforce. Offering an optimal setting 
for comprehensive training in human-robot collaboration in 
various manufacturing scenarios. Learning factories can help 
discern potential hazards, formulate tailored safety protocols, and 
devise ergonomic guidelines to safeguard workers and enhance 
their well-being within collaborative work settings. Through this 
approach, workers not only gain insights into interacting with 
robots and understanding their functionalities but also cultivate 
the essential skills for effective and safe collaboration. 

Furthermore, learning factories can function as testbeds to 
underscore the implementation costs associated with Industry 

5.0. These facilities offer an experimental space for evaluating 
various human-robot collaboration technologies, enabling 
experimentation with robot programming, sensing technologies, 
communication protocols, and interfaces that facilitate seamless 
interaction between humans and robots. The controlled and 
experimental nature of learning factories provides a platform 
for refining resource allocation strategies and identifying 
opportunities to streamline processes, ultimately contributing to 
the reduction of implementation costs in the broader context of 
Industry 5.0 adoption.

Lastly, hands-on training and simulation of real-world 
manufacturing scenarios enable workers to develop skills 
in sustainable practices, fostering a workforce capable of 
implementing and advancing environmentally conscious 
strategies in the broader manufacturing industry. Additionally, 
they facilitate the development and implementation of circular 
economy strategies, promoting resource reuse, waste reduction, 
and a holistic approach to environmental responsibility in various 
manufacturing processes. In summary, the learning factory aligns 
with the broader goal of fostering a safe and sustainable work 
environment within the realm of Industry 5.0. 
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Conclusion

In this study, we unveil the learning factories as instrumental 
catalysts in fostering sustainable, resilient, and human-centric 
manufacturing environments essential for realizing the objectives 
of Moreover, Industry 5.0 is shown to effectuate a transformation 
in learning factories, imbuing them with environmentally friendly 
and socially responsible practice. Future efforts should focus 
on aligning learning factories with the evolving requirements 
of Industry 5.0, ensuring a seamless integration of technology, 
human values, and sustainability.
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