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Abstract: Ensuring consistent paint quality in automated painting systems requires precise
control of spray parameters, particularly the spray angle and the distance between the spray nozzle and
the surface. This paper presents an adaptive control approach for regulating these parameters in robotic
painting systems. Using feedback from depth cameras and surface normal estimation algorithms, the
system maintains an optimal spray angle and distance in real time, even on complex and irregular
surfaces. A PID-based control algorithm dynamically adjusts the manipulator's motion to minimize
deviations, ensuring uniform paint coverage and reducing material waste. Simulation results using a
ROS-based environment demonstrate significant improvements in painting accuracy, repeatability, and
efficiency compared to conventional fixed-path methods. The proposed system shows strong potential
for applications in flexible and small-batch industrial painting processes aligned with Industry 4.0
standards.
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Introduction. The automation of surface finishing operations, such as painting, has become a crucial
aspect of modern manufacturing processes. Robotic painting systems are increasingly being adopted
across various industries due to their ability to deliver high precision, consistency, and efficiency.
However, achieving uniform paint coverage—especially on complex, curved, or irregular surfaces—
remains a significant challenge. One of the key factors affecting paint quality is the ability to maintain
the optimal spray angle and distance between the nozzle and the surface throughout the operation.

Traditional robotic painting systems often rely on predefined motion paths and static settings, which
may not adapt well to variations in object shape, size, or placement. These limitations can lead to
uneven coatings, increased paint consumption, and longer setup times. To overcome these issues, there
is a growing need for intelligent, adaptive control strategies that can respond dynamically to the
environment in real time.

This paper focuses on the development of an adaptive control system for robotic manipulators used in
painting applications. The proposed system leverages machine vision, depth sensing, and real-time
surface analysis to continuously adjust the orientation and position of the spray nozzle. By maintaining
an optimal spray angle and distance, the system aims to improve coating quality, minimize overspray,
and enhance operational efficiency. The integration of these technologies is aligned with the principles
of Industry 4.0, promoting flexible and intelligent automation in manufacturing environments.

Results. The adaptive robotic painting system was modeled and tested using a simulation environment
based on the Robot Operating System (ROS). A depth camera (RGB-D) and surface normal estimation
algorithm were integrated to guide the motion of the manipulator in real time. Several key performance
metrics were evaluated to assess the system's effectiveness.
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Spray Angle Maintenance

The system successfully maintained the optimal spray angle between the nozzle and the surface normal
during motion. The deviation in nozzle orientation did not exceed 5°, which ensured uniform paint
distribution even on curved and angled surfaces. This significantly reduced paint streaking and uneven
coating.

Distance Control Accuracy

The spray distance was controlled within a tolerance of £20 mm, with the ideal range maintained at
approximately 200 mm. A PID controller was employed to regulate the manipulator’s movements and
correct deviations dynamically. This contributed to improved paint adhesion and minimized overspray.

Trajectory Adaptation

Using point cloud data from the depth camera, the system generated a real-time spray path based on
the object's shape and position. This allowed the manipulator to dynamically adapt its trajectory
without requiring manual reprogramming, making the system suitable for varying product geometries.

Performance Comparison

A comparative analysis between the proposed adaptive system and a conventional fixed-path system
revealed notable improvements:

Metric Conventional System | Adaptive System
Reconfiguration Time (min) 45 10
Positioning Error (mm) +3.5 +0.8
Trajectory Repeatability (mm) +2.1 0.5
Paint Consumption (L/product) 0.9 0.75

The results indicate a substantial increase in accuracy, repeatability, and material efficiency when
using the adaptive control system.

System Stability and Responsiveness

The system demonstrated reliable operation even when object position or orientation was altered
during the process. The real-time feedback loop enabled quick adjustments, ensuring continued
adherence to optimal spray parameters.

Overall, the experimental results validate the effectiveness of the adaptive control strategy. The system
shows strong potential for deployment in flexible manufacturing environments, particularly for low-
volume and custom product painting tasks.

Conclusion. The study demonstrated that adaptive control of spray angle and distance in robotic
painting systems significantly enhances the quality and efficiency of automated surface coating
processes. By integrating depth sensing, machine vision, and real-time control algorithms, the system
dynamically adjusted the spray parameters according to object geometry and placement. This resulted
in more uniform paint coverage, reduced material waste, and minimized positioning errors.

The adaptive system outperformed traditional fixed-path solutions in several key areas, including
trajectory accuracy, repeatability, reconfiguration time, and paint consumption. Notably, the system
maintained optimal spray conditions even in the presence of unpredictable object positioning,
showcasing its suitability for flexible and low-volume manufacturing scenarios.

The use of ROS as a development and simulation environment enabled modular system design and
virtual testing before physical deployment, which aligns well with Industry 4.0 principles. These
findings suggest that the proposed adaptive approach can be a valuable addition to modern robotic
painting lines, especially where product variation is high and manual programming is inefficient.

Future work will focus on implementing the system in a physical industrial environment and exploring
the integration of Al-based predictive control for further optimization.



Miasto Przysztosci
Kielce 2025

References.

1. KaromoB A. M. Omnpenenenve napameTpoB HCIBITAHUN B 3aBUCUMOCTH OT THUMA TPUKOTAKHOTO
nosioTHa //Universum: Texaudeckue Hayku. — 2025. — T. 3. — Ne. 3 (132). — C. 30-32.

2. lllapu6aes H. 1O., KatomoB A. M. UucieHHas omeHka (HOpPMOCOXPaHSIONIMX CBOWCTB TKaHEH
MOCPEJICTBOM aHanu3a u3o0paxenuit //Universum: Texauueckue Hayku. — 2024. — T. 4. — No. 3
(120). — C. 33-36.

3. 3ynynoB P. M., KaiomoB A. M. MHWneHtudukanus u COPTHPOBKA TEKCTHUIS IS
aBTOMATH3UPOBAHHOH OOpabOTKM C TOMOIIBIO ONMKHEH HMHQPPAKPaCHOH CHEKTPOCKOIUH
//Universum: Texaudeckue Hayku. — 2024. — T. 1. — Ne. 3 (120). — C. 38-41.

4. Kayumov A., Sobirov M., Musayev K. Methods of fabric defect detection using expert systems-a
systematic literature review //E3S web of conferences. — EDP Sciences, 2024. — T. 538. — C.
04015.

5. Zulunov R. et al. Detecting mobile objects with ai using edge detection and background subtraction
techniques //E3S Web of Conferences. — EDP Sciences, 2024. — T. 508. — C. 03004.

6. Muminjonovich K. A. Creating mathematical models to identify defects in textile machinery fabric
//Al-Farg’oniy avlodlari. —2023. —T. 1. — Ne. 4. — C. 257-261.

7. Ahror K., Shohjahon U. Analysis of a program that provides additional services for visitors to
resorts //Miasto Przysztosci. — 2024. — T. 48. — C. 264-269.

8. Yusubjanovich S. N., Muminjonovich K. A. Trikotaj to ‘qimalarining shakl saqlash xususiyatlarini
ragamli baholash usullari //Al-Farg’oniy avlodlari. —2024. —T. 1. — Ne. 1. - C. 57-61.

9. Opwmarosa 3. K. AKTyalbHOCTb IPENO/IaBaHUA A3bIKA IPOTPAMMUPOBAHMS C++ B BBICIIUX YUEOHBIX
3aBeneHusx //Al-Farg’oniy avlodlari. —2023. — T. 1. — Ne. 4. — C. 237-241.

10. Xaitutoe  A. M. MEXATPOHHASl CHUCTEMA  VIIPABJIEHWS  JIBIDKEHWUEM
MAHUITYJIATOPA ITPU OKPACKE U3/IEJIMU //Universum: Texuuueckue Hayku. — 2025. — T.
2.—Ne.5(134). - C. 21-23.

11.0°G, Xayitov Azizjon Mo‘Minjon. "ROBOT MANIPULYATORLARIDA NOANIQ
YUZALARNI AVTOMATIK PARDOZLASHNI TAKOMILLASHTIRISH UCHUN ADAPTIV
TRAEKTORIYA SHAKLLANTIRISH ALGORITMLARI." Al-Farg’oniy avlodlari 1.2 (2025):
175-181.

12. Xayitov A., Kayumov A. CURRENT AND FUTURE CHALLENGES OF SOFT-WARE
ENGINEERING FOR ANDROID APPLICATIONS //Conference on Digital Innovation:" Modern
Problems and Solutions".—2023.

13. Xayitov A., Kayumov A. ANDROID APPLICATION TESTING AND CODE RE-FACTORING
//Conference on Digital Innovation:" Modern Problems and Solutions".—2023.

14. Kayumov A. TECHNOLOGIES OF TECHNICAL MACHINE EXPERTISE //Journal of technical
research and development. —2023. — T. 1. — Ne. 3. — C. 96-99.

15. Kayumov A. CO3JAHME HA OCHOBE DSKCHEPTHOM CHCTEMbI ITPOI'PAMMBI
OLEHKHU 2OPEKTUBHOCTHU TEKCTUJIbHBIX MAIINH //Tloromku Anb-®apranu. — 2023.
—T.1.—Ne. 2. - C. 49-52.

16. Kayumov, A., & Maxamadjonov, N. MOBIL QURILMALAR ISHLAB CHIQISH FANINI O
‘QITISHDA SUNIY INTELLEKTNING RO ‘LI In Conference on Digital Innovation:" Modern
Problems and Solutions".—2023.

17. Qaxramonovna E. Z. et al. TO‘QIMACHILIK SANOATIDA ZAMONAVIY
TEXNOLOGIYALAR VA ULARNING DASTURIY TA’MINOTI //FAN, TA'LIM,



18.

19.

20.

Miasto Przysztosci
Kielce 2025

MADANIYAT VA INNOVATSIYA JURNALI| JOURNAL OF SCIENCE, EDUCATION,
CULTURE AND INNOVATION. —2024. - T. 3. — Ne. 5. — C. 38-46.

Qaxramonovna E. Z. et al. LINTER QURILMASINING TUZILISHI VA ISHLASH
TEXNOLOGIYASI /FAN, TA'LIM, MADANIYAT VA INNOVATSIYA JURNALI| JOURNAL
OF SCIENCE, EDUCATION, CULTURE AND INNOVATION. —2024. -T. 3. -C.5.

OpmaroBa 3. K. AKTYAJIbBHOCTbD ITIPEIIOJABAHUA A3BIKA [TPOI'PAMMUPOBAHUA
C++ B BBICIIMX YUEBHbBIX 3ABEJIEHUAX //Al-Farg’oniy avlodlari. —2023. — T. 1. — Ne. 4. —
C. 237-241.

Ermatova Z. ZAMONAVIY DASTURIY MAHSULOTLAR YARATISH VA SIFATINI
YAXSHILASHDA DASTURLASH TILLARINI O ‘QITISHNING O ‘RNI //Research and
implementation. — 2023.



