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Abstract

Background. The modular robotic platform is implemented using the “ro-
bot-constructor” principle. The basic platform includes standardized interfaces for
connecting various modules — specialized chassis for different types of surfaces, ma-
nipulators for cargo handling, and sensor systems for navigation and environmental
monitoring. This architecture allows the robotic platform to be quickly adapted to
specific customer needs without the need to develop a completely new solution.
The platform demonstrates particular practical value in agro-ecological monitoring,
where the modular architecture allows for the rapid adaptation of sensor equipment
for analyzing key soil parameters.

Purpose. To present the architectural and functional design of a modular ro-
botic platform implementing the “robot-constructor” principle and to justify its
effectiveness as a basis for creating adaptive ground systems within the national
aerospace infrastructure.

Materials and methods. The development of a modular self-propelled robotic
platform was carried out within the framework of system engineering: conceptual
design — synthesis of architecture — selection of components — integration of
subsystems — verification on a physical layout. The design is based on a lightweight
and rigid metal frame that allows quick replacement of modules (chassis, manipu-
lators, sensors). For work in the agricultural sector, it is possible to switch from a
wheeled to a tracked base.

Localization and orientation are implemented using visual odometry and sim-
plified SLAM (ORB-SLAM?2 light) for building 2D maps. Motion control is a
multi-contour PID controller: the external contour corrects the deviation from
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the trajectory according to the video (P+D), the internal one stabilizes the speed
according to the encoder data (I-component). The software platform is ROS
2 Humble (Python 3.10). Key nodes: - vision_node — marker recognition
(OpenCV + TensorFlow Lite); - navigation_node — route construction and cor-
rection (RRT); - control node — engine control with adaptive PID adjustment
depending on the weight of the cargo; - telemetry _node — data export to JSON/
CSV and integration with ERP/MES via REST API. A sensor module is used to
monitor the soil: multispectral cameras, humidity, temperature, pH, nutrient sen-
sors, and a sampling device.

Results and conclusion. During the project, a modular self-propelled robot-
ic platform was developed and physically prototyped, functioning as a universal
ground component within the domestic Aeronet ecosystem. A unified mechan-
ical and electrical platform with standardized connection interfaces (mechani-
cal — quick-release dovetail mounts; electrical — GX16-4P industrial connectors;
software — ROS 2-compatible topics), ensuring the modularity of the chassis,
manipulators, sensor complexes, and actuators.

A visual navigation system has been developed and tested.

Based on OpenCV and fine-tuned YOLOVS, an algorithm for recognizing color
lines, QR codes, and natural landmarks has been implemented. The platform has
been integrated into the educational process at Melitopol State University in four
areas of training.

The study confirmed the fundamental feasibility and high efficiency of the
modular robotic platform as a tool for converging the Aeronet and Technet NTI
roadmaps. The developed solution successfully combines the characteristics of
technological sovereignty (domestic component base, open-source stack, rejec-
tion of dependent technologies), economic affordability, and functional flexi-
bility.

The practical significance of the project is due to its dual purpose:

1) as an import-substituting industrial solution for the automation of intra-plant
logistics at small and medium-sized enterprises;

2) as a multifunctional educational and research platform that forms a personnel
reserve in the field of robotics, Al, and digital manufacturing.

Keywords: robotic platform; Aeronet ecosystem; RFID identification systems;
computer vision; modular design
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Hayunas cratbst

MOAYJIBbHAS POBOTU3UPOBAHHASA NJNIAT®OPMA
JIJIS1 ABTOMATU3UPOBAHHOM CUCTEMBI
MOHHUTOPHUHTIA I1IOYB

B.C. Honpaodyxun, B.B. Yepkyn, /I.A. Munvko,
A.A. Mapaxun, A.E. Hapvikos

Annomayus

O6ocHoBanue. Mo/yibHasi pOOOTH3HPOBAHHAS TUIATGOPMA PEATU3YETCS 10 TIPHH-
LUy «poOOTa-KOHCTPYKTOpay. bazosast ruiarhopma BKITFOUAET YHA(DUIIMPOBAHHBIE HH-
Tepgelich! s HOAKITIOUEHHUS Pa3INUHbIX MOLY/IEH — CHIeIMaIN3UPOBAHHbIX IACCH JULS
Pa3HBIX TUIIOB MOKPBITHI, MAHUITYIISITOPOB TS TPY30IIEpepabOTKHU, CEHCOPHBIX CHCTEM
JUTsL HABUTAIIMM ¥ MOHUTOPHMHTA OKPYXKAIoIIel cpenpl. Takast apXxuTeKTypa Mmo3BOJIsi-
eT ObICTPO aJaNTUPOBATh POOOTH3UPOBAHHYIO IIAT(OPMY 110/ KOHKPETHBIE 3a[aull
3aKa3urka 0e3 HeOOXOAMMOCTH Pa3pabOTKU MOJTHOCTHIO HOBOTO perieHus. Ocolyro
MPaKTUYECKYFO 3HAYMMOCTB IUIaT(opMa IEeMOHCTPUPYET B 33/1a9aX arpodKoJIOrHIecKo-
IO MOHUTOPHHIA, [JI€ MOJY/IbHAs apXUTEKTypa MO3BOJISAET ONEPATUBHO a1allTUPOBATh
CEHCOpHOE 000PYJOBaHUE TSI aHAIN3a KIIIOUEBBIX TapaMETPOB II0YB.

Hean. [IpexcTaBuTh apXUTEKTypHOE B QYHKIIMOHAIEHOE PEIICHNE MOTYIBHOM
POOOTH3MPOBAHHON TIAT(GOPMEI, PeANTU3YIONIeH NPHHINI «POOOTa-KOHCTPYKTO-
pa», u 000cHOBaTh €ro 3()(HEKTUBHOCTh KaK OCHOBBI JJISI CO3/IaHUS aAalTHBHBIX
Ha3eMHBIX CHCTEM B COCTaBE HAIIMOHAIBLHON adpOHET-HHPPACTPYKTYPEI.

Marepuaibl 1 MeToAbl. Pa3paboTka MOIYIbHON CaMOXOIHON POOOTU3UPO-
BaHHOM l'I.]'IaT(i)OprI BBIIIOJIHCHA B paMKaX CUCTEMHOI'0 MHKMHUPUHTA: KOHLCII-
TyaJIbHOE MIPOCKTUPOBAHNE — CHHTE3 apXUTEKTYphl — BBIOOP KOMIIOHEHTOB —
MHTETpalys MOJCUCTEM — BepUdHKalus Ha (pusmdeckoM MakeTe. KoHCTpyKIus
OCHOBAHa Ha JIETKOM M KECTKOW METaJNTM4eCKOH pame, JIOIyCKaroIei ObICTPYIO
3aMeHy MOJyJiei (II1acCH, MAaHHITYJISITOPBI, CEHCOpPBI). [t paboThl B arpocekTope
obecriedyeHa BO3MOXKHOCTD Tepexoia ¢ KOJIECHON Ha TyCeHUuHyIo Oasy. Jlokamu-
3aIUs U OPUEHTALMS PEAIM30BaHbl C IIOMOLIbIO BU3yaIbHOM OIOMETPUU U YIPO-
ménnoro SLAM (ORB-SLAM?2 light) mst nmoctpoenust 2D-kapt. YipasiieHue
JIBUJKEHUEM — MHOTOKOHTYpHbIN PID-perynarop: BHEIHUI KOHTYp KOPPEKTHUPYET
OTKJIOHEHHE OT TpaeKTopuu 1o Buaeo (P+D), BHyTpeHHHN cTaOUIN3UpPyeT CKO-
pocTh 1O AaHHBIM 3HKOAEPOoB (I-kommonenra). [Tporpammuas mnardopma — ROS
2 Humble (Python 3.10). KitroueBbie y3ibl: - vision_node — pacro3HaBaHHe MapKe-
poB (OpenCV + TensorFlow Lite); - navigation node — ocTpoeHUE U KOPPEKLUs
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mappyta (RRT); - control node — ynpaBneHne ABUTATENISIME C aJalTHBHOMN Ha-
crpoiikoii PID B 3aBUCHUMOCTH OT MacChl Ipy3a; - telemetry node — sxcropt JaH-
HbIX B JSON/CSV u unrerpanus ¢ ERP/MES uepe3 REST API. [Ins moHuTopunra
10YBBI UCTIOJIB3YETCSl CEHCOPHBIN MOJTyIIb: MYJIBTUCIIEKTPAIbHbIE KAMEPBI, JATINKU
BJIXKHOCTH, TeMIIEpaTypsl, pH, mUTaTebHBIX BEIECTB U YCTPOMCTBO 0TOOpa Mpo0o.

Pe3yabTaThl M 3aKki104eHne. B xone peanuzanny npoekra paspadorana u ¢pu-
3MYeCKU MPOTOTUITMPOBAHA MOYIEHAS CaMOXOIHAsl pOOOTU3UPOBAHHAS TIAThOP-
Ma, (QYHKIIMOHUPYIOIIAs KaK YHUBEPCAJIbHbIH HA3eMHBIIi KOMIIOHEHT B COCTaBe
OTEYECTBEHHON a’poHET-3KocucTeMbl. Pa3paborana yHu(UIMPOBaHHAS MEXaHU-
KO-2JIeKTpuuecKas miardopma ¢ naTepdericaMu cTaHIapTU3NPOBAHHOTO OIKITIO-
YeHUsl (MEeXaHN4YeCKUe — OBICTPOCHEMHBIE KPETUICHHST TUITA «JIACTOYKHH XBOCTY;
AIIEKTPUYECKHE — IIPOMBILIICHHBIE KOHHEKTOPbI TUa GX16-4P; nporpamMHbie —
ROS 2-coBmecTuMbIe TOMHMKH), 00ECIIEUNBAIOIIAs MOAYIBHOCTD IIACCH, MAHUITY-
JIATOPOB, CEHCOPHBIX KOMIUIEKCOB U UCIIOJHUTENbHBIX YCTPOMCTB.

PazpaboraHa 1 IpOTECTUPOBAHA CUCTEMA BU3YaIbHOM HaBUTALIUU.

Ha ocnoBe OpenCV u fine-tuned YOLOVS peanu3oBaH aJropuT™ pacrosHa-
BaHUS I[BETOBBIX JIMHUH, QR-KOIOB M ecTecTBEHHBIX OpHEeHTHPOB. [lmardopma
HMHTErpUpOBaHa B Y4eOHBIN mpouecc MenuTonoabCKOro rocy1apCTBEHHOIO YHU-
BEpCUTETA 11O 4 HarpaBJICHUAM ITOATOTOBKH.

IIpoBenennoe nccneroBanue NOATBEPANIIO NPUHIUITHATIBHYIO PEATU3yeMOCTb
1 BBICOKYIO 3()(DEKTUBHOCTH MOIYJIBHON POOOTHU3MPOBAHHON I1aT)OPMBI KaK MH-
CTpyMeHTa KOHBepreHuuu JopoxHbIX kapT HTU «Asponer» u «Texuer». Paspabo-
TaHHOE PEIIEHUE YCIEIIHO COUeTaeT MPU3HAKU TEXHOIOTNYECKOTO CyBEepEeHUTETa
(oTeuecTBeHHAs! KOMITOHEHTHAsI 0a3a, Open-source CTeK, 0TKa3 OT 3aBUCUMBIX TeX-
HOJIOTHi), SKOHOMHUYECKON TOCTYIHOCTH U (PyHKIIMOHAIBHON TMOKOCTH.

[IpakTrHyeckast 3HAUMMOCTH IPOEKTa 00YCIIOBICHA €TO ABOWHBIM Ha3HAUCHNUEM:

1) KaKk UIMIIOPTO3aMEIIAIOLIETO IPOMBIIIICHHOTO PEILICHUS JIs1 aBTOMATH3aLluI
BHYTPU3aBOJICKOM JIOTHCTUKHU Y NPEANPUATHI MAJIOTO U CPEIHEro Ou3Heca;

2) Kak MHOTO(YHKIIMOHATIBHOW 00pa30BaTeIbHO-UCCIIEIOBATEIBCKOM TIaTdhop-
MbI, popMHpyIOIIeH KapoBbIil pe3eps B obnactu podotoTexuuku, MU u tudpo-
BBIX IIPOU3BOJICTB.

KuioueBble ci1oBa: poOOTH3MpOBaHHAS IIIAaTGOPMa; SKOCHCTEMA AIPOHET; CH-
crema RFID-uneHTH(UKAIMN; KOMITBIOTEPHOE 3PEHUE; MOIYIIbHBINH KOHCTPYKTOP

Jas uuruposanus. [Honpsnyxun, B. C., Uepkyn, B. B., Munsko, /1. A., ITa-
paxuH, A. A., & Hapsixos, A. E. (2025). MoaynbHas poOOTH3MpOBaHHAS TLIAT-
(dhopma Ui aBTOMAaTH3MPOBAHHON CHCTEMBI MOHUTOPUHTA NOYB. Siberian Journal
of Life Sciences and Agriculture, 17(6-2), 66-80. https://doi.org/10.12731/2658-
6649-2025-17-6-2-1537



70 Siberian Journal of Life Sciences and Agriculture, Vol. 17, Ne6-2, 2025

Introduction

In the context of global digital transformation and Russia’s commitment to tech-
nological sovereignty, projects implementing the principles of the National Tech-
nology Initiative are particularly important. The Technet (advanced manufacturing
technologies) and Aeronet (distributed unmanned aerial vehicle systems) roadmaps
define the development trajectory for emerging markets, and their convergence
opens new opportunities for creating integrated solutions. It is at the intersection of
these strategic areas that the modular self-propelled robotic platform project is being
developed at Melitopol State University. This technological product represents a
universal ground platform for integration into the Aeronet ecosystem and addresses
urgent import substitution needs. The platform’s modular design, which embodies
the robot-constructor concept, is particularly noteworthy. The basic platform in-
cludes standardized interfaces for connecting various modules — specialized chassis
for different types of surfaces, manipulators for material handling, and sensor sys-
tems for navigation and environmental monitoring. This architecture enables rapid
adaptation of the robotic platform to the customer’s specific needs without requiring
the development of an entirely new system.

Purpose. To present an architectural and functional solution for a modu-
lar robotic platform that implements the “robot-constructor” principle and to
substantiate its effectiveness as a foundation for developing adaptive ground
systems within the national acrospace infrastructure.

Materials and methods

The development of a modular self-propelled robotic platform was de-
veloped using a systems engineering approach with a sequential progression
through the following stages: conceptual design — architecture synthesis —
component selection — subsystem integration — verification on a physical
mock-up.

The platform’s design is based on a modular mechanical frame made of
metal profiles, ensuring rigidity, low weight, and rapid replaceability functional
modules (chassis, manipulators, sensor units). To improve cross-country perfor-
mance on uneven and soft surfaces (in the agricultural sector), the wheelbase
can be replaced with a tracked module.

Environmental data are collected using a multisensor system:

The platform’s orientation and localization are based on a visual odometric
approach. A pretrained model provides real-time marker-based positioning. The
SLAM (Simultaneous Localization and Mapping) algorithm is implemented in a
simplified form (ORB-SLAM2 light) for generating 2D maps of agricultural land.
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A multi-loop PID controller is used to control motion along a specified tra-
jectory:

outer loop — image-based correction of line deviation (P- and D-compo-
nents);

inner loop — speed control and stabilization based on encoder data
(I-component for drift compensation).

The core software stack is implemented in Python 3.10 within the ROS
2 Humble environment, which provides modularity, distributed node
execution, and compatibility with industry standards. Key nodes:
vision node — video processing and marker recognition (OpenCV +
TensorFlow Lite);

navigation_node — route generation based on map A and real-time cor-
rection (RRT);

control node — motor control through PWM with adaptive PID param-
eter tuning depending on the payload (estimated from motor current);
telemetry node — data acquisition and export in JSON/CSV formats for
subsequent integration into a digital twin (including ERP/MES systems
via a REST API).

For soil monitoring, the platform is equipped with a specialized sensor mod-
ule, including:

multispectral cameras for assessing vegetation indices

soil moisture and temperature sensors

electrochemical sensors for measuring pH and nutrient content
sampling devices for laboratory analysis (lowercase s for consistency)

Results

The relevance of this development is driven by the increasing need to
automate logistics processes in industrial facilities, the agro-industrial com-
plex, and warehouse operations infrastructure. Modern production and lo-
gistics chains require reliable, precise, and safe cargo transport over short
and medium distances. Market analysis shows that existing industrial solu-
tions from leading international companies (such as MiR Robots, Boston
Dynamics, and KUKA) present several constraints for Russian companies,
including high cost, difficulty adapting to specific requirements, dependence
on foreign technical support, and potential risks of sanctions. The proposed
platform (Figure 1) effectively fills this market niche, offering a technolog-
ically advanced, affordable, and versatile solution tailored to the real needs
of domestic industry.
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Fig. 1. Model of a modular self-propelled robotic platform

The project’s technology stack is a complex of interconnected solutions that
ensure the platform’s high functionality and adaptability. The navigation sys-
tem elies on computer vision implemented via the OpenCV library, allowing
the platform to navigate using visual markers (colored lines, QR codes, and
natural features). This approach ensures complete independence from satellite
positioning system signals (GPS/GLONASS), which is critical for stable oper-
ation indoors — in warehouses, workshops, and logistics centers — where tradi-
tional navigation methods are ineffective. To ensure smooth and stable motion,
PID controllers are used, which compensate for external disturbances in real
time such as uneven surfaces, changes in load weight and alignment, and fluc-
tuations in supply voltage. PID control algorithms continuously adjust motor
power, ensuring precise tracking of the intended path even under challenging
operating conditions.

The platform can also be equipped with plant health monitoring sensors for
agricultural applications, RFID cargo identification systems for warehouse ap-
plications, and manipulators for precise component delivery to assembly lines
for production facilities.

The project’s software is implemented in Python, enabling flexible devel-
opment and extensive integration of artificial intelligence components. The
current software architecture allows for the straightforward integration of ma-
chine learning modules to solve complex problems, such as object recognition
and classification, semantic segmentation of the surrounding environment, and
movement prediction in dynamic environments. The system is already capa-
ble of processing data from multiple sensors (lidars, ultrasonic sensors, inertial
measurement units) and constructing a map of the surrounding environment
for optimal route planning.

Within the framework of the Technet roadmap, the robotic platform being
developed represents a practical tool for implementing the principles of Fac-
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tories of the Future. Traditional automated intralogistics systems often require
a complete redesign of infrastructure and significant investment, making them
inaccessible to small and medium-sized enterprises. In contrast, a modular solu-
tion based on computer vision can be implemented in stages, with minimal
modifications to the existing infrastructure — simply applying floor markings
or installing visual markers. This is particularly important given the need for
rapid reconfiguration production and logistics processes in response to chang-
ing market conditions.

The robotic platform produces substantial volumes of telemetry data — data
on routes traveled, operation times, obstacles encountered, and energy con-
sumption. These data can be integrated into enterprise management systems
and used to build a digital twin of logistics flows. This digital twin enables
route optimization, modeling of various operational scenarios, and forecasting
of the load on logistics infrastructure — all of which is fully aligned with the
key goals of Technet in terms of creating cyber-physical systems and digitaliz-
ing production.

For the Aeronet ecosystem, the ground-based robotic platform is becoming
a critical element, completing the “last-meter” logistics segment. Modern un-
manned aircraft systems effectively solve medium- and long-distance delivery
problems, but encounter limitations when it comes to pinpoint delivery directly
to a workstation or a designated area of an enterprise. The platform being de-
veloped addresses this issue by enabling seamless integration of air and ground
logistics chains. In a practical use case, an unmanned aerial vehicle delivers
cargo to an unloading area (a dedicated platform or building rooftop), where it
is picked up by a ground robot for final delivery directly to the recipient. This
type of operation is particularly in demand at large-scale industrial facilities
with distributed infrastructure, in logistics hubs, and in agricultural complexes
with large areas.

A promising area of project development is the creation of a unified soft-
ware environment for controlling diverse robotic systems. The use of Python
and ROS (Robot Operating System) creates the technical prerequisites for uni-
fying navigation algorithms, route planning, and obstacle avoidance for air and
ground robotic platforms. This aligns with the fundamental principles of Aer-
oNet as an ecosystem of distributed intelligent systems capable of cooperating
and collaboratively addressing complex problems. In agriculture, such inte-
gration enables the creation of an autonomous complex where UAV's monitor
fields and carry out aerial treatments, while ground platforms perform targeted
fertilizer application, soil sampling, and harvest transportation.
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The project’s significant potential lies in its educational and personnel devel-
opment components. The integration of the platform into the educational pro-
cess at Melitopol State University represents a strategic investment in training
skilled specialists for high-tech industries. The platform serves as a multifunc-
tional educational platform for students majoring in robotics, mechatronics,
artificial intelligence, and information systems and technology. It provides prac-
tical skills in programming microcontrollers (Arduino, ESP32) and single-board
computers (Raspberry Pi), implementing computer vision algorithms, configur-
ing automatic control systems, and working with sensor systems. The study of
modular design principles and system integration is particularly valuable — key
competencies for digital transformation engineers.

The platform’s educational potential is realized through several formats. In
the basic course, students are introduced to the system architecture and basic op-
erating principles. Advanced modules involve programming specific functions
and algorithms. The most advanced students participate in research projects to
improve individual platform subsystems. This multi-layered approach ensures
the training of highly skilled engineers capable of working at the cutting edge
of Technet and Aeronet technologies.

The robotic platform has well-defined market prospects and commercial-
ization potential. The primary market segments for implementation are B2B
(industrial enterprises, logistics operators, agricultural holdings), B2G (educa-
tional institutions, research centers, healthcare facilities), and, to a limited ex-
tent, B2C (DIY community, technology enthusiasts). Competitive advantages
include adaptability to Russian operating conditions, competitive cost (two to
three times lower than foreign equivalents), the ability to quickly customize to
meet customer needs, complete technological independence, and compliance
with import substitution requirements.

The development roadmap includes plans to create several platform modifi-
cations: a basic educational version, an industrial version for operation in chal-
lenging conditions, and a specialized version for integration with UAV systems.
In parallel, methodological materials for educational institutions and technical
documentation for industrial enterprises are being developed.

The robotic modular platform, being developed at Melitopol State Universi-
ty, represents a successful example of the deep convergence of NTI technologi-
cal trends. For Technet, the project is an effective tool for flexible and accessible
automation, a catalyst for the spread of smart manufacturing principles. For
Aeronet, the development is becoming a key ground-based element that closes
the logistics cycle and enhances the efficiency of the entire ecosystem of dis-
tributed unmanned systems.
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Conclusion

A self-propelled robotic platform has been developed that functions as a uni-
versal ground component within the domestic AeroNet ecosystem. Key results:

A unified mechanical—electrical platform with standardized connection inter-
faces (mechanical — quick-release dovetail fasteners; electrical — industrial GX16-
4P connectors; software — ROS 2-compatible topics) has been developed, enabling
modularization of the chassis, manipulators, sensor systems, and actuators.

A visual navigation system has been developed and tested.

An algorithm for detecting color lines, QR codes, and natural features is
implemented using OpenCV and fine-tuned YOLOVS. Indoor positioning ac-
curacy is as follows:

* QR code: £12 mm;

» Color line (30 mm width): £25 mm at speeds up to 1.2 m/s;

* Marker-free mode (ORB-SLAM?2 Light): £65 mm at distances of up to

15 m.

The system demonstrates resilience to changing illumination (50—1000 lux)
and partial occlusion of markers.

The platform has been integrated into the educational process at Melitopol
State University across four academic programs.

An air-to-ground logistics scenario was implemented: a UAV (octocopter
with a 5 kg payload) delivers cargo to the landing pad, the robotic platform au-
tomatically identifies the container via an RFID tag and delivers it to the des-
ignated point. The full cycle time is 4.2 minutes (including landing and cargo
transfer), with final delivery accuracy of £30 mm.

The study confirmed the technical feasibility and high efficiency of the mod-
ular robotic platform as a tool for converging the NTI AeroNet and TechNet
roadmaps. The developed solution successfully combines the characteristics
of technological sovereignty (domestic component base, open-source stack,
elimination of dependency on external technologies), economic accessibility,
and functional flexibility.

The practical significance of the project stems from its dual purpose:

1) as an import-substituting industrial solution for automating intraplant
logistics for small and medium-sized businesses;

2) as a multifunctional educational and research platform that supports talent
development in the fields of robotics, Al, and digital manufacturing.

Conflict of interest information. The authors declare that they have no
conflict of interest.
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