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Abstract 

High-temperature industrial furnaces are widely used in metallurgy, glass production, ceramics, 

and casting processes, where operating temperatures typically range from 800°C to 1600°C. 

Such extreme conditions pose serious risks to human operators and impose strict technical 

requirements on equipment. This study analyzes the technological, safety, and economic 

justification for implementing industrial robotic systems in high-temperature furnace 

environments. The research integrates mechanical design considerations, thermal management 

strategies, intelligent control systems, and organizational factors affecting robot deployment. 

Special attention is given to heat-resistant manipulators, passive and active cooling 

technologies, sensor protection mechanisms, and AI-based predictive control algorithms. The 

results demonstrate that robotization significantly enhances occupational safety, improves 

process stability, and increases energy efficiency. The study also discusses prospects for 

implementing robotic furnace systems in the context of industrial modernization in Uzbekistan. 

 

Keywords: Industrial robots, high-temperature furnaces, human-robot collaboration, digital 

twin. 

 

 

Introduction 

High-temperature furnaces constitute a critical component of modern industrial production, 

particularly in metallurgy, glass manufacturing, ceramics, and casting operations. In these 

systems, process temperatures frequently range from 800°C to 1600°C, significantly limiting 

direct human involvement due to severe thermal exposure, hazardous materials, and physically 

demanding working conditions. 

Recent advances in robotics and digital manufacturing have created new opportunities for 

automating furnace-related operations. Industrial robots are increasingly employed to reduce 

human exposure to hazardous environments, enhance production accuracy, and stabilize 

technological processes. International experience demonstrates that robotic systems in casting, 

glass forming, and heat-treatment processes can improve product quality by 15–25% and 

increase energy efficiency by 10–12% [1, 9-10]. 
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However, the deployment of robots in high-temperature environments presents substantial 

technical challenges. These include thermal protection of mechanical and electronic 

components, selection of heat-resistant materials, integration of advanced cooling systems, and 

development of adaptive control algorithms capable of operating under extreme thermal loads. 

Therefore, determining the technological feasibility and strategic necessity of robot 

implementation in furnace operations represents a significant scientific and industrial task. 

Numerous studies [1-5] identify three main areas for designing robots operating in high-

temperature environments: 

1. Design and thermal stability of mechatronic devices; 

2. Automated control and monitoring systems; 

3. Economic efficiency and safety factors. 

The introduction of robots for technicians working in high-temperature metallurgical furnaces 

will increase work efficiency and ensure safety. Several scientific works have been conducted 

by foreign and domestic scientists aimed at solving these issues, in particular, Colla and 

colleagues [1] conducted a comprehensive study on the design and testing of a robotic 

workstation based on human-robot collaboration to automate the maintenance of a sliding gate 

in a large Italian steelmaking enterprise. The article notes that the maintenance operations of 

the sliding gate in the steel casting process involve high temperatures and physical loads, 

putting workers at risk for manual labor. The robot station automates hazardous operations, 

such as lifting heavy components and performing hazardous tasks, significantly reducing the 

risk of workers being exposed to high temperatures and injuries. In addition, it is based on 

human-robot collaboration - robots provide stability in performing difficult and dangerous 

tasks, while human operators manage complex and sensitive tasks. This approach combines 

technological capabilities with human experience and ensures effective task division. Overall, 

the study by Colla and colleagues [1] shows that human-centric robotization in high-

temperature manufacturing environments increases safety, reduces worker physical workload, 

stabilizes processes, and develops operators' digital skills. This approach serves as a theoretical 

and practical basis for the implementation of robotic systems in high-temperature furnaces and 

the glass or metallurgical industries. 

In addition, digitization and robotization processes in the metallurgical and glass industries have 

been fundamentally changing the industry over the past decade [11-14]. Branca et al. [2] argue 

that the introduction of digital technologies in the steel industry is not just about increasing 

production efficiency, but also about reshaping the entire industrial structure. Miśkiewicz and 

Wolniak [3] analyzed the practical application of the Industry 4.0 concept and scientifically 

substantiated the increase in automation, energy efficiency, and environmental sustainability in 

metallurgical enterprises through digital integration. 

At the same time, the introduction of robots in high-temperature stages of production is of 

particular importance from the point of view of safety and reliability. Gerstorfer et al. [5] 

analyzed real-world practices for improving safety using robots in melt shops and showed that 

automation in the melt shop environment minimized human risk. The MultiROB system 

developed by Hansert and Stech [15] is one of the advanced solutions in this direction, 

combining high accuracy, safety, and performance. 
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A study by Meisel and Pfeil [6] on the practical aspects of robotization analyzed 10 years of 

experience in continuous casting technology and demonstrated that robots can increase 

production stability and reduce the number of failures. In this direction, the “zero-operator” 

casting line developed by Demetika and Ferrari [7] allows for continuous production without 

human intervention. 

The role of robots in kiln technology is particularly important. González-Ciordia and Fernández 

[8] demonstrated the improvement of reliability by redesigning mechanical components in kiln 

conveyor systems based on failure analysis. Meanwhile, Salcedo-Hernández et al. [9] 

developed a stable H₂-based temperature control system for steel plate reheating furnaces, 

achieving 98% accuracy. 

Along with the mechanical part of robotic systems, vision, sensing, and path optimization 

systems are also important. Although the Q-Robot ROLL developed by Visentini and 

Demetlica [16] is an automatic cold billet cleaning system, its 3D vision and detection 

algorithms can also be successfully applied in high-temperature conditions. Also, collision-free 

path optimization methods developed by Wang et al. [17] provide effective trajectory control 

for conveyor robots in the metallurgical industry. 

Significant progress has also been made in the area of sampling and hazardous materials 

management. Soltani [18] developed a 3R manipulator system for automatic sampling of 

molten metals, reducing human intervention. Schwarzbach [19] reported on the implementation 

of an automatic sampling system for liquid steel at the Lech Steelworks. Egger and Priesner 

[20] improved mechanical accuracy by upgrading sublance manipulators, which improved heat 

resistance by 40%. 

Furthermore, Sedano and Baños [21] report that they have developed robots to safely handle 

slag and molten steel, dramatically reducing process risks. These results are consistent with the 

concept of human-robot collaboration (HRC) proposed by Deshpande et al. [22], in which 

robots perform heavy and dangerous operations while humans control the system remotely. 

A study by Mandeep Dhanda and colleagues [23] highlights the importance of human-robot 

collaborative robotic systems in metallurgy as a means to protect human health, improve 

production safety, and automate processes. Such systems are particularly effective in processes 

such as molten steel sampling, slag cleaning and transportation, and furnace temperature control 

[24-29]. Metallurgical robots based on the human-robot collaborative concept operate in a 

remote or semi-autonomous mode, which ensures safety while maintaining production stability 

[30-36]. Therefore, such approaches to the development of robotic systems for high-

temperature furnaces can improve efficiency by integrating AI algorithms, thermal sensors, and 

predictive monitoring systems. 

This integration of digital industrial technologies allows for reduced human intervention, 

increased safety, and continuous digital control of production [26]. The HRI (Human-Robot 

Interaction) model developed by Laudante and Greco [37] extends this approach: through 

human-robot interaction, a balance is achieved between precision, ergonomics, and production 

quality [36-39]. 

In the scientific work conducted by Elankavi et al. [40], robot models for inspection tasks in 

pipelines and harsh environments were analyzed. These robots are aimed at overcoming the 
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problems of movement in complex shapes and confined spaces in industrial environments, and 

the stability of movement and the continuity of the contact surface are ensured by the placement 

of wheels at uneven angles [41-44]. This approach serves as an important theoretical basis for 

industrial robots operating in high-temperature furnaces or inside process pipes, as it allows the 

design of mechatronic mechanisms that can adapt to thermal deformation and spatial 

constraints. Therefore, such movement strategies can be used to create industrial robots that 

maintain stable contact, balance, and heat resistance in high-temperature environments. 

In addition, the analysis conducted by Sekhar et al. [45] shows that global development trends 

in the field of robotics within the framework of Industry 4.0 have emerged in 2011–2022. 

According to the results of the study, more than 3,000 scientific articles are published annually 

on the application of robots in heavy-duty work, which indicates intensive scientific activity 

aimed at integrating robots into intelligent manufacturing systems. At the same time, artificial 

intelligence (AI) and machine learning (ML) stand out as leading technologies in the automated 

control of robots, their application in thermal and manufacturing processes [46]. The article 

identifies promising directions for creating robot interoperability, sensor integration, and 

control mechanisms that are adaptive to thermal and load in Industry 4.0 systems. 

Engelbert Harsandi Erik Suryadarma et al. [47] conducted a very effective analysis in the field 

of remote control of robots, namely, a systematic review of scientific works in the field of 

control using gaze estimation. According to them, they analyzed 237 articles published in the 

Scopus database from 2013 to 2023 and found that the average number of publications in the 

field of remote control of robots is 21.5 per year. Using gaze estimation, 44 articles were 

identified on robot control, most of which are related to the fields of health and social care (17), 

transport (12), and professional and scientific activities (8) [48-51]. This indicates that today 

the desire to use industrial robots in harsh environments is increasing day by day and can be a 

relevant topic for future research. 

AI and predictive control technologies are also playing an increasingly important role in 

robotics. Saparrat and Monti [10] developed AI-based temperature prediction in electric arc 

furnaces, reducing energy consumption by 15% [27-29]. Ganesh et al. [52] proposed a model-

based predictive control to accurately control the outlet temperature of an austenitizing furnace. 

The development of intelligent control systems is essential for the stable operation of modern 

industrial robots in high-temperature environments. In this regard, Yang et al. [53] proposed an 

integral fuzzy-sliding control method based on neural networks and developed a specification 

for real-time error correction in symmetric nonlinear systems. In addition, Lam, Xiao, and Chen 

[54] analyzed interval type-2 fuzzy models and showed their advantages in increasing accuracy 

and flexibility, which is relevant for control systems that are resistant to parameter changes 

under high temperature conditions. Zhang et al. [55] developed an observer-based algorithm 

that provides stable control against network delays and signal distortions. Tumari et al. [56] 

simplified the control of uncertain dynamic processes using a fuzzy logic-based fluid vibration 

suppression method. Meanwhile, Zhang et al. [57-58] developed a fast convergent control based 

on fixed-time sliding mode and disturbance observer for robot manipulators, which is a useful 

method for manipulators operating in high-temperature furnaces. Therefore, these scientific 

approaches justify the need to develop fuzzy, neural, and observer-integrated hybrid systems 
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for effective control of robots in high-temperature furnaces. 

Thus, the introduction of robotic systems for high-temperature furnaces not only ensures safety, 

but also combines digital sustainability, energy efficiency and technological innovation in the 

context of Industry 4.0. This direction is not only of technical but also strategic importance, 

becoming a key factor determining the competitiveness of modern metallurgical enterprises. 

Temperature control in robots and its adaptation to high-temperature furnace conditions 

The operation of robots in high-temperature furnaces imposes significant thermal loads on their 

mechanical and electronic components. The most important factor for the stable operation of 

the robot system in such conditions is the thermal management system. Thermal management 

methods in robots are divided into two main types: passive and active systems [26]. 

 

Passive thermal management systems 

Passive systems do not require an external energy source and operate primarily on the principle 

of heat storage or dissipation (Table 1). 

TABLE I.  PASSIVE THERMAL MANAGEMENT SYSTEMS 

№ Management system Basic working principle 

1. Phase Change Materials (PCM) 

absorbs or releases heat by changing from solid to liquid phase. 
These materials can be used to compensate for short-term 
thermal fluctuations in robotic manipulators near furnaces. 

2. 
Thermal Interface Materials 

(TIM) 

Increases heat transfer between hot parts of the robot (motor, 
servo, actuator) and cold parts, thereby reducing uneven 
temperature distribution. 

3. Thermal insulation layers 
It is installed in the metal body of the manipulator and reduces 
the impact of external radiation by 30–40%. 

These passive methods provide mechanical durability to the robot without increasing energy 

consumption. They are particularly effective for short-term contacts in glass or metal melting 

furnaces. 

 

Active thermal management systems 

Active methods require active heat removal or cooling. Such systems consume energy but are 

highly efficient (Figure 1). 

 
Fig. 1. Active thermal management systems technologies 
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certain points. 
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Active cooling systems can reduce heat by 60–75%, but they require additional energy 

consumption and maintenance. 

These systems can be quite effective in using robots in high-temperature furnaces, but in some 

cases they may require additional energy, which means that they need to be improved. The most 

effective solution for this is to combine active and passive methods. For example, for a robot 

arm: inside - a liquid cooling system, outside - a ceramic-based thermal insulator, in the control 

unit - thermoelectric sensors, etc. Such systems can increase the service life of robots in high-

temperature furnaces by 1.5–2 times, and reduce the frequency of servo motor failures by up to 

40%. In addition, today we can observe a sharp development in the use of artificial intelligence 

in industrial robots. 

As a result, temperature control can be developed in the following areas: 

• artificial intelligence-based thermal monitoring systems - receive real-time information 

from sensors and select the optimal cooling mode.  

• new generation materials (Advanced TIM, Graphene coating) - graphene coatings with 

high thermal conductivity increase the thermal stability of robots. 

• digital Twin models - create optimal cooling designs by modeling temperature effects in a 

virtual environment. 

The above analysis shows that in harsh production conditions, at temperatures from -30 to 

+1700, industrial robots are considered to be the closest partners of humans. In this regard, the 

leading scientists in the USA and China have a great advantage [45]. Today, high-temperature 

furnaces are widely used in the metallurgical and glass industries of Uzbekistan, but in most 

cases, manually controlled systems prevail. Therefore, the implementation of the following 

tasks in the high-temperature manufacturing industry should be the first scientific goal of Uzbek 

scientists: 

• Introduction of robotic manipulators with cooling modules in local manufacturing plants;  

• Reducing costs through the production of ceramic and composite insulation materials;  

• Implementing temperature control through sensor networks and AI algorithms.  

These areas serve the technological modernization of the country's industry, increase energy 

efficiency and labor safety. A number of works are also being carried out in this regard at the 

Islam Karimov Tashkent State Technical University. In particular, under the leadership of 

Academician Yusupbekov, a practical project is being implemented under the state program 

under the theme “Development of control and management systems that allow increasing 

energy efficiency and improving product quality in industrial gas-fired furnaces”. Based on this 

project, indicators of the relationship between the level of robotization and energy consumption 

and safety were determined [27-29, 59-60]. Based on this, the following results are expected to 

be achieved: 

• Increase safety performance on robotic lines by 72%;  

• Reduce energy consumption by 11–15%; 

• Reduce labor participation by up to 70%; 
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Technical Results  

Based on the technical analysis of robotic systems for high-temperature furnaces, the following 

considerations can be considered as the most important factors: 

•  Heat-resistant materials: titanium-aluminum alloys, ceramic coatings based on SiC and 

Al₂O₃; 

• Cooling system: liquid nitrogen, water-glycol mixture or air flow; 

•  Sensor protection: ceramic shield covering of thermocouples and IR sensors; 

•  Actuator design: fully sealed servo motors and thermally insulated gearboxes.  

Taking the above factors into account, high-temperature robot models developed by modern 

robot manufacturers KUKA, ABB, and Kawasaki have been found to be capable of performing 

short-term operations in zones up to 1200°C. However, for continuous operation, it is necessary 

to integrate reflectors and cooling modules that limit heat dissipation. 

 

Conclusion  

The transition toward robotic automation in high-temperature furnace environments represents 

both a technological necessity and a strategic industrial objective. Robotization significantly 

enhances occupational safety, reduces human exposure to extreme thermal conditions, and 

improves production stability and energy efficiency. Effective deployment requires the 

integration of heat-resistant materials, hybrid thermal management systems, intelligent control 

algorithms, and digital twin technologies. While initial investment costs may be substantial, 

long-term operational benefits—including improved safety, reduced downtime, and optimized 

energy consumption—justify implementation. For industrial sectors undergoing 

modernization, particularly in emerging economies, high-temperature robotic systems 

constitute a critical component of sustainable and competitive manufacturing development. 
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