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Modernisation of Foundry Production with Industrial
Robots and Manipulators

The modernization of foundry production through industrial robots and manipulators represents a
significant advancement in automation, efficiency, and occupational safety. The foundry industry plays a crucial
role in the manufacturing sector, providing high-quality metal products for various applications. However,
traditional foundry processes are often labor-intensive, hazardous, and prone to inefficiencies. In recent years,
the integration of robotics and automated technologies has become an essential aspect of improving productivity,
ensuring precision, and enhancing workplace safety. This study focuses on the application of industrial drones in
foundry production, particularly for material transportation, coating application, and quality control. The
research explores the feasibility of integrating the DJI Matrice 300 RTK drone into the casting process,
analyzing its potential benefits in optimizing logistics, minimizing defects, and improving overall process
efficiency. The use of drones in foundry operations offers several advantages, including the ability to operate in
high-temperature environments, automate routine tasks, and reduce human exposure to hazardous conditions. To
achieve these objectives, the study employs a combination of theoretical analysis, mathematical modeling, and
experimental testing. A mathematical model of drone movement within the foundry environment is developed to
optimize flight paths, minimize energy consumption, and ensure precise navigation. Additionally, simulations
are conducted to assess the impact of high temperatures and airborne particles on drone performance.
Experimental trials are carried out in real production conditions to validate the proposed approach and evaluate
the efficiency of drone-assisted operations. The results of the study indicate that industrial drones can
significantly improve foundry logistics by reducing material transportation time and ensuring the precise
application of protective coatings. The implementation of automated aerial systems enhances quality control by
enabling real-time monitoring of casting processes and early defect detection. Moreover, the reduction of human
involvement in hazardous tasks contributes to workplace safety and minimizes occupational risks. Based on the
findings, recommendations are proposed for optimizing the integration of drones into foundry production. These
include refining navigation algorithms, enhancing thermal protection measures, and developing advanced sensor
technologies for improved defect detection. The implementation of these recommendations can lead to higher
efficiency, reduced waste, and increased competitiveness in the foundry industry. The study's outcomes have
been applied in practical settings, including their adoption at PJSC "Kamet Stal" and incorporation into
educational programs to enhance training in industrial automation. The research highlights the transformative
potential of drone technology in modernizing foundry production and underscores the importance of continued
innovation in automation and robotics. Future research directions include exploring alternative energy sources
for drones, improving their adaptability to extreme environmental conditions, and expanding their functionality
for broader industrial applications.
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Statement of the problem. Foundry is one of the examples of efficient use of
resources, as castings are almost completely recyclable. After completing their “life” cycle,
they are subject to remelting. In addition, modern technologies make it possible to recover up
to 95% of the sand mixture for the manufacture of various casting molds, which has a positive
impact on the environment [1]. One of the important areas of automation and improving
energy efficiency is the introduction of robotization [2].

The foundry industry is undergoing significant transformations due to the emergence
of automation and robotics. This revolution not only increases efficiency and productivity, but
also improves safety and quality in the sector. The integration of automation and robotics into
foundry processes is changing the situation dramatically. Traditionally, foundry processes
have been labor-intensive, involving a high level of manual labor. Workers have to perform
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tasks such as molding and casting, often in hazardous conditions. However, the introduction
of automation and robotics is changing this process.

Analysis of recent research and publications. Foundries, historically labor-intensive
and dangerous, have evolved in parallel with technological progress. In the early days,
workers manually handled high-temperature molten metal and performed physically
demanding tasks. This led to significant risk safety and potential inconsistency in casting
quality. However, as the Industrial Revolution progressed, mechanization and automation.

Among the different types of robots, automated industrial robots are in the greatest
demand. Robotic systems of the near future will allow replacing humans in most of the main
and auxiliary production operations, contributing to the automation of technological processes
in various industrial sectors. This is especially true for the foundry and metallurgical industry,
where there are dangerous and harmful working conditions, in particular in hot shops [3-5].

The technology of casting by gasified patterns (LGM) with the use of robotic systems
[4] includes the use of a thermal furnace with a rotating hearth manufactured by CAN-ENG
Furnaces International Limited (USA). The robot loads the furnace with castings in three
rows, which optimizes the heat treatment of aluminum products at a temperature of 500-550
°C. These furnaces are also suitable for isothermal holding of iron-carbon alloys in the range
of 350-450 °C. Similar systems are used in foundry RCC schemes [6].

There is a robotic wafer transfer system, which is an innovative equipment for foundry
production. This system includes a 4 DOF robotic arm to transfer wafers between the cassette
and the processing chambers. It has intelligent automation for wafer manufacturing, in which
multiple wafers and chambers need to be processed simultaneously. The robotic system
integrates defect detection and wafer processing endpoint determination [7].

A robot is an automated machine designed to reproduce human motor and intellectual
functions. Manipulator robots that perform universal tasks are equipped with executive
manipulator devices (mechanical arms) [8].

Increasing the payload of robotic systems for foundry operations contributes to the
optimization of production cycles compared to traditional casting methods, which is a major
factor in the growth of the foundry robotics market. The introduction of technological innovations
aimed at reducing the time of integration of robots into the casting process and expanding
their functionality is also a key factor stimulating the demand for such solutions [8].

The development of the foundry robotics market is constrained by the difficulty of
protecting exposed drives of robotic systems from dust and liquids. At the same time,
optimizing production costs and classifying casting methods into four main categories - sand
casting, injection molding, gravity casting and LGM - remain key aspects of the industry.

Let us consider examples of the latest technical solutions that demonstrate the
interaction of people and cobots, as implemented in the case of Kuka and ABB robotic
systems [9]. In foundry production, such an implementation is most appropriate for precision,
large-scale and mass casting operations. The ideal option is to combine human advantages
(flexibility, subjectivity of decisions, creativity, experience, intuition, wide overview) with the
advantages of robotic systems (automation, high accuracy, power), which contributes to the
effective distribution of tasks and an increase in overall productivity.

Sand casting is widely used to manufacture components such as engine mounts and
differential housings. Once cast, these parts undergo precise cutting and grinding, performed
by an industrial robot — specifically, the IRB 6660 ABB — within an automated production
cell developed by Automations Robotic GmbH. In this process, an operator secures the raw
workpiece in a specialized positioner, which then transfers it into the robotic cell for
machining. After the robotic processing is completed, the component is moved to the next
workstation for further operations [10].
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By adjusting the robot’s speed under high force conditions, force control technology
minimizes the risk of part damage or machining errors while also preserving tool integrity.
This approach extends the lifespan of cutting tools, enhances spindle durability, and improves
the precision of the robot’s axes. Furthermore, the implementation of this technology results
in a 20% reduction in cycle time, increasing overall production efficiency [10].

The industrial robotic casting process consists of multiple stages, including molding,
additional processing, and cold working. At the molding phase, robots precisely shape the
sand core using intelligent automation. In the post-processing stage, automated systems refine
the rough casting with high accuracy. Finally, the cold processing phase integrates robotic
deburring, chamfering, cleaning, and air-blowing to enhance the overall quality and
consistency of the final product [11].

TIE Industrial's selection of robots for foundry production includes models known for
their durability and performance: The Fanuc M-2000 iA is known for its exceptional load
capacity and reach, which making it ideal for handling large castings and complex tasks; ABB
IRB 7600 provides robust design and versatile performance, suitable for a variety of foundry
applications, from casting to finishing; KUKA KR QUANTEC F series are designed
specifically for foundry production, these robots provide high resistance to heat and
contamination; Motoman ES 165 D is characterized by high speed and precision, ideal for
finishing and efficient work with small castings [1].

Despite significant achievements in the field of automation of foundry production, a
number of scientific questions remain open that require further research, one of which is the
integration of flying robots into the production cycle - studying the possibilities of using
drones not only for monitoring, but also for active intervention in the production process, for
example, transporting materials or applying coatings.

Setting the task. The purpose of the scientific work is to evaluate the effectiveness of
integrating the DJI Matrice 300 RTK drone into the casting technological cycle to improve
the productivity, quality, and safety of production processes. To achieve this goal, the
following research tasks were defined: conducting an analysis of the possibilities of using
industrial drones in foundry production, developing a mathematical model of drone
movement in a production environment, studying the impact of high temperatures on the
operational characteristics of the drone, assessing the efficiency of material transportation,
coating application and quality control using a drone, performing experimental tests and
summarizing the results to determine optimal operating modes and develop recommendations.

Presentation of the main material. The use of drones in foundry production opens up
new opportunities for automation and efficiency of technological processes. The main
scenarios of their application include material transportation, coating application and product
quality control.

One key scenario involves transporting materials between different production
sections. A drone can move small batches of sand mixtures, chemical reagents or auxiliary
components, which allows to reduce delivery delays and optimize logistics operations. With
autonomous control and precise positioning systems such as GPS, RTK and LiDAR, drones
can quickly and safely deliver materials to specific points in the production process.

Another scenario involves applying coatings to metal workpieces before or after the
casting process. A drone equipped with spraying systems can evenly apply anti-corrosion or
heat-resistant coatings to parts. This improves product quality, reduces material waste, and
minimizes human intervention in the process. Automation of coating also helps reduce
defects, improving the final product.

Quality control is another promising area of drone use in foundry production. Drones
equipped with high-precision cameras, thermal imagers and spectrometers can perform non-
contact monitoring of the condition of molds and finished products. They are able to detect
casting defects, assess the uniformity of metal cooling and transmit the collected data in real
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time to quality management systems. This allows for timely detection of problems and prompt
correction of the production process, which helps to reduce the number of scrap and increase
overall production efficiency.

Thus, the integration of drones into foundry production allows improving logistics
processes, automating coating applications, and ensuring quality control of finished products.
The use of such technologies contributes to increasing productivity, reducing production
costs, and improving working conditions.

Mathematical modeling allows analyzing drone trajectories, their interaction with the
foundry environment, and estimating energy consumption during production tasks. This study
examines the use of the DJI Matrice 300 RTK unmanned aerial vehicle for material
transportation, coating, and quality control in foundry production.

Kinematic analysis of the drone trajectory. The drone motion is described by the
kinematic equations according to Newton's second law [12]:
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where xp=2m, yp=1 m, zo= 5 m — initial coordinates of the drone; v,=3 m/s, v,=2 m/s, v. =
1.5 m/s — initial velocities; a,= 0.5 m/s 2, a,= 0.3 m/s 2 a.=0.2m /s *— acceleration.

The dynamics of the drone's motion is determined by the Lagrange equation of the

second kind [13]:
d (0L daL (4)
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where L is the Lagrangian of the system, g is the generalized coordinates, and Q is the
generalized forces.

The drone is used to transport small batches of sand mixtures, low-melting metals and
auxiliary materials between working areas of the foundry. Thanks to precise navigation (RTK
GPS), stable movement is ensured even in closed rooms. Taking into account the drone's
payload capacity (up to 2.7 kg), the route is optimized to minimize energy consumption. The
optimal flight trajectory is modeled using a dynamic programming algorithm [14], which
allows determining the most economical route taking into account air flows and temperature
differences.

The drone is equipped with spraying systems for applying anti-corrosion, heat-
resistant or protective coatings to metal parts. The uniformity of the spray is taken into
account, which is modeled by the flow equation:

- ()
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where m is the mass of the coating, ¢ is the application time, p is the density of the material, V/
is the spray volume.

To improve spray accuracy, the Navier-Stokes turbulent flow model [15] is used,
which allows predicting the direction and uniformity of the coating under variable
temperature conditions.

The drone is equipped with high-precision cameras and thermal imagers to monitor the
condition of castings and detect defects. Spectral analysis is used to assess deviations from
standard parameters. The optical analysis system is based on machine learning methods [16],
which allows for automatic classification of defects by their nature and degree of criticality.
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The foundry environment is characterized by high temperatures, strong
electromagnetic interference, and the presence of metal obstacles that can affect the drone's
navigation systems. The temperature effect is taken into account through the thermal radiation
coefficient:

Q = aeA(T¢ = T2) (6)
where ¢ = 5.67 x10 ® W/m? K[J — Stefan-Boltzmann constant; ¢ = 0.85 — emissivity of the
drone surface; 4 = 0.2 m? — drone surface area; 7,=1200 K — foundry furnace temperature; 7T
=300 K is the ambient temperature.

A series of experimental studies were conducted to evaluate the effectiveness of using
the DJI Matrice 300 RTK unmanned aerial vehicle in foundry production. The main areas of
evaluation were material transportation, application of protective coatings, and product
quality control in conditions of elevated temperatures and polluted environments.

Experimental tests were conducted in the production workshops of the foundry, where
the drone's performance was evaluated according to several key criteria. First, the speed of
material transportation was analyzed, that is, the time required to deliver the cargo to a given
distance. Second, the accuracy of coating application was checked, where the uniformity of
material spraying on metal surfaces was assessed. Casting quality control was also checked,
which included the detection of defects using cameras and thermal imagers. In addition,
energy consumption was measured to assess the battery life and overall energy consumption
of the device. The last criterion was the drone's resistance to the influence of the foundry
environment, including high temperature and increased concentration of metal dust.

During testing, the DJI Matrice 300 RTK drone was found to be capable of
transporting loads such as sand mixtures and auxiliary materials over a distance of 50 meters
in an average of 18 seconds. Using a load of up to 2.5 kg had little effect on flight speed,
while increasing the weight to 2.7 kg resulted in a 15% decrease in efficiency. The results
indicate that the drone can be effectively used for transportation operations within the foundry,
however, the recommended load weight should not exceed 2.5 kg to maintain flight stability.

Experiments with coating application showed high accuracy of the spraying system.
The uniformity of the coating deviated by no more than +£5% from the specified thickness at a
flight speed of 1 m/s. At the same time, conditions of high humidity and high temperature up
to 800°C did not affect the quality of the application. However, effective coating application
in such conditions required the use of special heat-resistant paints and stabilization of the
drone to minimize deviations in the spraying trajectory.

Quality control of foundry castings using a drone has shown high efficiency in
detecting defects. The thermal imaging system allowed to identify 90% of surface cracks, the
size of which exceeded 0.5 mm. However, for a deeper analysis of defects, it is recommended
to use additional infrared sensors that can detect hidden internal damage to parts.

Energy consumption assessment showed that the maximum autonomous operation
time of the drone without load was 45 minutes, while when carrying a load of 2.5 kg, it
decreased to 35 minutes. In addition, when operating at elevated temperatures above 700°C,
the drone's energy consumption increased by 25%, indicating the need to develop more
efficient cooling systems for onboard electronic components.

To visually present the results obtained, dependence graphs were constructed. The first
graph demonstrates the change in transportation time depending on the mass of the cargo
(Fig. 1.a). It was found that with an increase in mass above 2.5 kg, the transportation time
increases significantly, which confirms the efficiency of the drone in conditions of limited
load capacity. The second and third graphs show the relationship between the mass of the
cargo and the time of autonomous operation of the drone, as well as the influence of the
ambient temperature on energy consumption (Fig. 1.b and Fig. 1.c). The optimal value of the
mass of 2.5 kg turned out to be, at which an acceptable balance between energy consumption
and flight time is maintained. In addition, it was determined that at a temperature of 700 K,
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the energy consumption of the drone increases to 125%, which indicates the need for
additional measures to cool the electronic systems.
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Figure 1 — Graphs of dependences: a - transportation time on cargo mass, b - autonomous operation time
on cargo mass and ¢ - energy consumption and temperature
Source: developed by the authors.

In general, experimental studies have confirmed the effectiveness of using the DJI
Matrice 300 RTK drone in foundry production. The optimal payload should not exceed 2.5
kg, which ensures maximum stability and efficiency of work. The speed of transportation and
accuracy of coating application meet production requirements, and the use of thermal imagers
significantly improves the quality of casting control. The impact of high temperatures requires
further research to develop additional cooling systems and increase the thermal resistance of
electronic components. In the future, it is also advisable to optimize the aerodynamics of the
drone to improve flight stability and expand its functionality in difficult industrial conditions.

Conclusions. The study achieved its goal — the effectiveness of integrating the DJI
Matrice 300 RTK drone into the casting process cycle was assessed to improve productivity,
quality, and safety of production processes. The analysis of the possibilities of using industrial
drones in foundry production allowed us to identify their main advantages and limitations.
The use of drones helps to increase the efficiency of material transportation, quality control,
and coating.

The developed mathematical model allows predicting the trajectory of the drone,
taking into account changes in the workshop. The impact of high temperatures on operational
characteristics was studied, which allowed determining critical limits and measures to
improve thermal resistance.

The effectiveness of drones in production processes was assessed. It was found that
their use reduces logistics costs, minimizes the risk of injuries and increases the accuracy of
operations. Technical challenges associated with the effects of temperatures, metal dust and
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electromagnetic interference were identified, which requires additional solutions for thermal
protection, navigation and structural stability.

The results obtained have been implemented in production and in the educational
process, which confirms their practical significance. Further research can be aimed at
improving autonomous control, sensor systems, and integrating drones into automated
production processes.
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MopepHi3zanist TMBAPHOT0 BUPOOHMIITBA MPOMHUCIOBUMHU podoTaAMK

Ta MaHIMyJsITOpaMu

MeTor JaHOrO JOCIHI/PKEHHS € OIiHKA e(EKTHBHOCTI IHTErpailii MPOMHUCIIOBHX IPOHIB y JHBapHE
BUPOOHMLITBO JUIs MiABHUIIEHHS PiBHS aBTOMAaTH3alii, MPOJYKTUBHOCTI Ta Oe3reku mpaui. PoboTa 30cepemkena
Ha BUKOpHCTaHHI Oe3mnisiotHoro jitansHoro amapara DJI Matrice 300 RTK st TpancniopTyBaHHs Martepiais,
HAHECCHHS 3aXMCHUX MOKPUTTIB Ta KOHTPOJIO SKOCTI B CKJIAJHUX YMOBaX JHBApHOrO BUPOOHULTBA. OCHOBHUM
3aBJaHHSIM € BHU3HAYCHHS BIUIMBY [pPOHIB Ha ONTUMI3allil0 BUPOOHWYMX IIPOLECIB, 3MEHILCHHS pIiBHS
nedekTHOCTI IpoayKIil Ta MiHIMi3alilo py4YHOi Iparli B HeOe3IIeYHNX YMOBaX.

MeTomomoTis TOCHIIKEHHS BKIIIOYAE€ KOMIUIEKCHHI aHalli3 MOXKIIMBOCTEH BUKOPUCTAHHS IIPOMHUCIIOBUX
JPOHIB, MaTeMaTUYHE MOJCIIIOBAHHS iXHBOTO PyXy B YMOBAaX JHMBapHOTO BHPOOHHLTBA Ta EKCIIEPHMEHTAIBHY
NepeBIpKy B peallbHUX BUPOOHMYMX YMOBax. PO3IIISSHYTO BIUIMB BHCOKHX TEMIIEpaTyp, 3a0pyIHEHHs MOBITPS
METaJeBUM MTUJIOM Ta OOMEXEHOTro IPOCTOpY Ha poOOTy IpoHa. Po3pobiena mareMaTndHa MOJENb AO3BOJISE
ONTUMI3yBaTH TPAEKTOpil MONBOTY Ui 3a0e3MedeHHs TOYHOTO IIO3WI[IOHYBAaHHS, MiHiIMi3amii eHepro-
CIIO’KMBAHHS Ta MiJABUIICHHS e()eKTUBHOCTI BUKOHAHHS 3aBllaHb. EKCIIepMeHTaIbHI JOCHTIKEHHSI T ATBEP AN
JOLUIBHICT, BHUKOPUCTaHHS JIPOHIB JJIsl BHYTPIIIHBOLEXOBOI JIOTICTHKH, aBTOMAaTH30BaHOI'O HAHECEHHS
MOKPHUTTIB 1 KOHTPOJIIO SIKOCTI BHJIMBKIB. BUKOpPHCTaHHS JPOHIB O3BOJISIE CKOPOTHTH Yac TPAHCIOPTYBaHHS
MarepiaiiB, MOKPALIMTH PIBHOMIPHICTh HAHECEHHsI IOKPUTTIB Ta 3AIHCHIOBATH €(EeKTHBHUI MOHITOPHHT
BUPOOHHYHX ITPOLIECIB, 110 MMO3UTHBHO BIUIMBAE Ha SKICTh MPOYKIII Ta 3HWKY€E BUPOOHNYI BUTPATH.

OtTpumaHi pe3yJbpTaTd CBiT4aTh MPO BUCOKY €(DEKTUBHICTH 3aCTOCYBaHHS IPOMHCIOBHX NPOHIB Y
JUBapHOMY BHPOOHUIITBI, IO CIpHsie HOTO MOJIEPHI3aLii Ta MiABUIIICHHIO PiBHSA aBTOMAaTH3alii. 3aponoHOBaHi
peKoMeHAamii IMOJ0 TOKpamleHHs poOOTH IpPOHIB, 30KpeMa ONTHUMI3allil aJrOpuTMiB HaBiramii Ta
BJOCKOHAJICHHS TE€PMO3aXHCTy, Oyl BIPOBAKCHI HA MIiANPHEMCTBI Ta IHTETpOBaHI y HaBYAJIBHHUU MPOIIEC.
[lepcrieKTUBHUMH HampsAMaMH MOAANBIINX AOCHIIKEHb € PO3POOKAa BIOCKOHAICHUX CEHCOPHHX CHCTEM,
MIIBUILEHHST CTIMKOCTI JAPOHIB 10 €KCTPEeMaJbHUX YMOB Ta PO3UIMPEHHS IXHHOro (YHKIIOHATY st
3aCTOCYBAHHS B IHIIMX IPOMUCIIOBHUX Tay3sx.
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