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Abstract

In a global economy, labor and manpower remains critical to manufacturing, driving productivity,
innovation, and competitive advantage. High-tech manufacturing companies must integrate advanced
robotics and automation with a skilled labor force to actualize the exponential benefits of Industry 4.0.
This paper explores labor's pivotal role and introduces the concept of a general-purpose manufacturing

agent (GPMA) for non-repetitive, high-skill tasks. Unlike traditional automation, which excels at

repetitive functions, this GPMA is engineered to adapt to very complex tasks in dynamic environments,
operating autonomously without human intervention using advanced sensing and controls. Utilizing
real-time artificial intelligence (Al), advanced sensors and actuators, the internet of things (IoT), and
integrating with digital twins, a GPMA enhances efficiency, safety, and operational flexibility on the
factory floor of the future. Full automation of high-skill manufacturing addresses labor shortages,
ergonomic challenges, and increases production speed, positioning high-tech manufacturing companies
for success in the competitive global market of 2040.

1. Introduction

In 2040, a key aspect of a company’s success will be the integration of agile and flexible
manufacturing processes. Companies will need to implement modular production lines capable
of quick reconfiguration, enabling them to switch between different product lines with minimal
downtime while optimizing overall production. Recent efforts in flexible and generalized
manufacturing tools will allow for the creation of highly customized products, reducing
inventory costs and meeting specific customer needs [1]. Furthermore, more intelligent
manufacturing using digital twin technology and the internet of things in emerging
manufacturing methods continues the trend of production optimization [2].

However, these recent advances are without drawbacks. As manufacturing becomes more
personalized and flexible, these Industry 4.0 systems face difficulties in data acquisition, design
of manufacturing processes, and physical tooling setup times — reducing manufacturing output
significantly. Thus, we believe it is important for a flexible multi-modal manufacturing agent
who can perform all those given tasks in a manufacturing specific environment.

Robotic manufacturing has been a promising solution for manufacturing, with advantages of
precision and efficiency compared to traditional human operated counterparts [3]. This precision
is particularly important in industries requiring tight tolerances and exact specifications, such as
aerospace, electronics, and medical device manufacturing, and is helpful for mass production in
industries like automotive and consumer products. However, once a robotic manufacturing
process is implemented, it is expensive to adjust and becomes inflexible to changes in
manufacturing process or design. On the other hand, manufacturing that is highly flexible and
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personalized is difficult to scale especially as labor shortages in the US manufacturing sector
continue to rise [4]. The future is therefore taking manufacturing craftsmanship-like flexibility
and scaling to compete globally in 2040.

2. Towards a General Purpose Manufacturing Agent

The idea of a general-purpose manufacturing agent (GPMA) is central to the vision of a fully
automated factory of the future. These agents, designed to perform a wide array of tasks
autonomously, will revolutionize manufacturing by leveraging big data and the Internet of
Things (IoT) to optimize every aspect of production end to end. By connecting with big data and
IoT, GPMAs can communicate seamlessly with each other, enabling intelligent decision-making
and efficient production planning. This interconnectivity will transform factories into smart
ecosystems where every component is aware and responsive to changes in the production
environment. Specifically, agents will have the capability to perform flexible manufacturing
tasks and data feedback is used to adjust manufacturing control policy.

Real-Time Data

One of the key advantages of GPMAs is their ability to maximize labor efficiency by collecting
large amounts and analyzing real-time data across thousands of facilities simultaneously. This
continuous flow of information will allow GPMAs to identify bottlenecks, predict maintenance
needs, and adapt to shifts in demand with unprecedented speed and precision. For instance, if a
specific production line in one facility is experiencing delays, the GPMA network can quickly
reroute tasks to other lines or facilities, ensuring minimal disruption and maintaining optimal
production rates.

Advanced Hardware and Sensors

The integration of advanced sensors and actuators within GPMAs will further enhance their
capabilities. These sensors will provide detailed insights into the manufacturing process,
monitoring variables such as temperature, pressure, and machine performance. This sensor data
can be used to alter manufacturing processes intelligently using machine learning and surrogate
modeling [5]. Actuators will enable precise control over machinery, allowing GPMAs to execute
complex tasks that require fine-tuned adjustments. This combination of real-time data collection
and precise control will ensure that manufacturing processes are not only efficient but also highly
adaptable to any variations in the production environment.

Digital Twin and Simulation

Moreover, GPMAs will utilize digital twins — virtual replicas of physical assets — to simulate and
optimize production processes before implementing them on the factory floor. Digital twins will
enable manufacturers to test various scenarios, predict outcomes, and make data-driven decisions
that enhance productivity and reduce waste [6]. Such large scale digital twin framework is
possible due to the large amounts of data a fleet of GPMA’s can acquire. By constantly learning
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from these simulations and real-world operations, GPMAs will continually improve their
performance, driving innovation and maintaining a competitive edge in the global market.
Surrogate modeling will improve real-time decision making particularly between different
instances of GPMA'’s across multiple factory environments [7].

Mainly, the deployment of GPMAs will address critical challenges such as labor shortages and
ergonomic issues. In many industries, finding skilled labor for repetitive or hazardous tasks is
increasingly difficult. GPMAs can take on these roles, ensuring that production continues
smoothly without compromising worker safety. Additionally, by handling physically demanding
tasks, GPMAs will reduce the risk of injuries and improve overall workplace ergonomics,
creating a safer and more productive environment for human workers.

To prepare for the successful implementation of GPMAs, companies need to invest in the
necessary infrastructure and technological frameworks today. This includes developing robust
IoT networks, ensuring data interoperability, and adopting advanced Al algorithms that enable
real-time analysis and decision-making. More pressing is the integration of manufacturing
specific capabilities with robotics, particularly in hardware.

3. Integration of Robotics with Manufacturing

The rapid development of general-purpose intelligent robots is a step towards meeting the
demands for manufacturing labor. To succeed in 2040, companies need to integrate robotic
development with specific manufacturing tools tailored to a factory setting, including
temperature sensors, specialized manufacturing end-effectors, and advanced vision systems. This
integration is crucial for creating a flexible, efficient, and high-performing manufacturing
environment that can adapt to a real-time environment.

Temperature Sensors and Environmental Monitoring

Temperature sensors and environmental monitoring systems are essential for maintaining optimal
operating conditions within the factory. These sensors allow robots to monitor the temperature of
machinery, materials, and the ambient environment, ensuring that all components function within
their designated parameters. This is particularly important for processes such as welding or
additive manufacturing, where precise temperature control is vital for product quality and
consistency. Real-time feedback from these sensors enables robots to make immediate
adjustments, preventing defects and reducing waste.

Specialized Manufacturing End-Effectors

Equipping GPMA’s with specialized manufacturing end-effectors is another critical aspect of this
integration. These end-effectors can be designed for a wide range of applications, such as
gripping, welding [8], finishing, and assembly as shown in Figure 1. For example, a robot with a
specialized gripper can handle delicate components without causing damage [9], while a welding
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end-effector can perform precise welds consistently. The ability to quickly switch between
different end-effectors allows robots to adapt to various tasks on the production line, enhancing
their flexibility and productivity.
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Figure 1. End Effectors fora GPMA
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Advanced Vision Systems

Advanced vision systems are crucial for enabling robots to perceive and interpret their
environment with high accuracy. By utilizing cameras and image processing algorithms, robots
can identify objects, assess their positions, and perform quality inspections [10]. These vision
systems are particularly useful in tasks requiring high precision, such as component placement or
defect detection. For instance, a GPMA equipped with a vision system can inspect products for
surface defects and remove any defective items from the production line, ensuring high-quality
output.

Hybrid Manufacturing

Hybrid manufacturing, which combines additive and subtractive processes, presents a significant
opportunity for optimizing production workflows and enhancing the capabilities of GPMAs. By
integrating these two methods, manufacturers can leverage the benefits of additive
manufacturing for creating complex, customized parts with minimal material waste, while
utilizing subtractive manufacturing for achieving high precision and fine-tuning the final
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product. This combination not only improves the overall efficiency and flexibility of the
manufacturing process but also enables the production of parts that would be difficult or
impossible to create using traditional methods alone. The versatility of hybrid manufacturing
supports the adaptive nature of GPMASs, ensuring they can handle a broader range of tasks and
maintain high levels of productivity and quality in a dynamic manufacturing environment.

Adaptive Control Mechanisms

Adaptive control mechanisms allow robots to adjust their actions based on real-time feedback
from their sensors and the environment [11]. This adaptability is essential for handling complex
and dynamic manufacturing tasks. For instance, in assembly operations, GPMA'’s equipped with
force sensors can detect and correct misalignments, ensuring proper assembly without damaging
components. Adaptive control also enables robots to learn from their experiences, improving
their performance over time and increasing overall efficiency.

The ability for GPMAs to operate machines remotely adds another layer of efficiency. Without
human delay from sensing to action, they can control multiple machines across different
locations, ensuring optimal performance and coordinated tasks. This is particularly useful if one
manufacturing process influences another real-time and is beneficial for large-scale operations
with dispersed facilities, allowing for centralized management and streamlined production.

4. Human Robot Collaboration

As manufacturing incorporates the use of robotics, human collaboration is a necessary
component of the transition to complete automation before 2040 [12]. Figure 2 illustrates a
collaborative framework where human operators interact with general-purpose manufacturing
agents (GPMASs) across various factories virtually. This setup highlights the critical roles of both
human controllers and robotic agents in a synchronized and efficient manufacturing
environment.
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Figure 2. Human Robot Collaboration Virtually
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Human teleoperation plays a pivotal role in leveraging the capabilities of GPMAs across
different factories. Operators can control multiple GPMAs remotely, providing oversight and
intervention when necessary. This is particularly useful for tasks that require human judgment
and dexterity, such as intricate assembly or quality inspection.

Using a human integrated robotic device, human control actions can be translated to GPMA
actions through sensor data. This human control action is sent to an onboard Local Agent Control
Policy which considers the communication latency of actions.

By considering communication latency, the GPMA can operate autonomously and intelligently.
For example, if a human operator is intending to perform a weld but there is latency, the Local
Agent Control Policy can infer this action and correct for the possible lack of control due to this
communication-based latency.

GPMAss should also be equipped with advanced sensors that continuously monitor their
environment and the tasks they perform. These sensors provide real-time data on various
parameters such as temperature, pressure, and object recognition, which are crucial for precise
and accurate operations. This real-time sensing can also improve the autonomous behavior of the
GPMA while collaborating with the human operator virtually.

Furthermore, a feedback controller also processes the GPMA sensory data and provides haptic
and data feedback (video, audio, etc.) to the human operator through the human integrated
device.

This collaborative framework ensures that both humans and GPMAs can provide and receive
feedback. This bidirectional communication allows for continuous learning and adaptation. For
instance, if a GPMA encounters a novel situation, it can seek guidance from a human operator
who can embody the GPMA. Conversely, the GPMA can relay data to improve the operator's
understanding and control.

Furthermore, safety is a paramount concern in human-robot collaboration. By using integrated
devices with haptic feedback, human operators can sense the force and resistance encountered by
the GPMA, reducing the risk of errors and accidents. Additionally, the continuous monitoring
and real-time adjustments made by the feedback controller enhance the overall efficiency of the
manufacturing process.

The ability to teleoperate and collaborate with GPMAs across multiple locations provides
significant scalability and flexibility. Manufacturers will be able to adapt to changes in demand,



shift production lines, or address issues without being physically present at each site. This
flexibility is crucial for maintaining competitiveness in a global market.

S. Conclusions

As the robotics and automation industry continues to innovate, the integration with the
manufacturing sector will significantly enhance data acquisition capabilities. This soon to be
influx of data will enable the implementation of advanced control systems and robotic
algorithms, seamlessly integrated with digital twin technology and the Internet of Things (IoT).
These technological advancements will provide real-time insights and facilitate dynamic
adjustments, optimizing production processes and enhancing operational efficiency.

To meet the increasingly flexible demands of modern manufacturing and remain competitive in
the global market, the development of a general-purpose manufacturing agent (GPMA) is
essential. These agents will be capable of performing complex, non-repetitive tasks
autonomously, adapting to diverse manufacturing environments, and collaborating effectively
with human operators. By leveraging Al, advanced sensors, and real-time data analytics, GPMAs
will enhance precision, efficiency, and flexibility in manufacturing operations.

Investing in the development and integration of GPMAs today will address labor shortages,
improve workplace safety, and increase production speed, positioning high-tech manufacturing
companies for success in 2040 and beyond. As we move toward GPMAs, human robot
collaboration techniques will become ever more important and embracing this innovative
approach will ensure that manufacturing enterprises can adapt to evolving market demands,
maintain a competitive edge, and drive sustainable growth in a rapidly changing technological
landscape.
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