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Hapasi ceim 3naxooumvcsa Ha nowamky wemeepmoi npomuciogoi pegoatoyii — Inoycmpii 4.0, kinyesoio memoro
AKOI € 3p0obumu 6ce po3yMHUM: K BUPOOHUYT nNpoyecu 8 2any3i, max i 00C1y208Y8aHHA cucmemu. Y HA8KOIUUHbOMY
cepedosuwyi € bazamo cucmem mpyoonposoois, makux K. 6000-2a30-HAGMO20HU, KAHANI3AYIA MO0, Ki nompe-
O6ytoms nocmitiHo2o 06ciy208yeantsa. IHakuie Kaxcyyu, 8OHU 8UMA2alOMb NepiOOUYHUX NepesipoK OJid BUABIEHHS
MaKux Henoaaook, K Kopo3is, mpiwunu, oegpopmayii abo inwi nepewkoou. Cepgicui pobomu 0as 0210y ma 00-
Cly208y8anHst dydce 3pyuHi 05l nepegipku cucmem mpybonpoeodis. Kpim mozo, eonu yixasisime 6azamvox 00caio-
HUKI6 y Yill 2any3i, momy ICHYE He3NYeHHA KLIbKICMb po3pOOIeHUX cepeiCHUx pobomis, K 3apa3 UKOPUCHOB)-
tomocsi. CepsicHi pobomu 05t nepegipku cucmemu mpyoonpoeooié UKOPUCMOBYIOMbCS O/ NePesipKu ma Haodd-
0omb GI3yanvbHy IHQopmayiio 3cepedunu 8ionosionoi mpyou. Koau cepgicrhuii pobom pyxaemvcs mpy6oio, Ha Kamepy
Qixcyemocs 11020 nepemiugents, wjo 3abe3neyye OmpumMants 8i0eo npo eHYmMpiuwHitl cman mpyou. Bioeo mooicna
BUKOpUCMOBY8aMU Ni3HiWe, W00 Niclia 8UAGNEeHH HEeNOoNa0O0K cucmemu mpyoonpoeooie NpUUHAMU NPAsuibHe pi-
WeHHs w000 1020 Nooarbuwol pobumu. Y cmammi npedcmagieno meHOeHyilo 3acmocy8amnHs cepeiCHuUx pobomis
ons nepegipxu cmany mpyo. Iloxazano pso KoHcmpyKkyiti yux cepsichux pobomie, ki gaice enposadcyiomocs. Cep-
BICHI pobOMU epheKxMUBHO 3HUICYIOMb HACTIOKU I KIbKICMb YCIX npodiiem, wo noe s3ani 3 00Cay208y8aHHAM, O4U-
WeHHAM Ma NepesipKoIo cucmem mpyoonposoodis. 3pocmaroua meHoeHyisi 3acmocy8amHs CepeicHux pobomis nos's-
3aHA 3 BNPOBAJNCEHHAM bazosux mexnono2iu Indycmpii 4.0, ockinbku ii Memoio € nocmitine Ompumans ingopma-
yii npo pobomy cucmemu. /s 020y Hebe3neyHux 0isi 300P08 5. NPAYIGHUKIE MPYOONPOSIOHUX CUCMEM | YCMAHO-
80K pO3p00ONeHo pizHoMaHimHi pobomuzosari cucmemu. CepgicHi pobomu Kepyiomvcsi KAMepor, 0amyukom ado
npocmumu iHcmpymenmamu. Binouiicms cepgichux pobomie npusHaueHi 015 pe3epsyapis, cucmem mpyoonpogooie
0715 6Cix Mamepianie, 01 02150y 6EHMUNAYIUHUX OMBOPIE | MPYO NOBIMPSHUX CUCMEM, KAHANI3aYil, amoMHUX cma-
Hyit abo pobomu 6 azpecusHux cepedoguwyax. OUiKyemucs, Wo HAUOIUNCHUM YACOM PO3BUMOK I 3ACMOCYBANHS
cepsicHux pobomis 015 iHcnekyii npodogacumscs. Cepgichi pobomu e@ekmusHo 3MeHwyroms yci npobiemu,
no8 ’A3aHi 3 00C1Y208)Y8AHHAM, OUUUEHHAM MA NEPesiPpKOoI0 cucmem mpyoonposeoois.

KittouoBi citoBa: cepBicHHIA poOOT, TIepeBipKa, TpyOOITPOBIiI, HETIOIAAKH,00CTyTOBYBaHHS.

B nacmoswee spems mup naxooumcs 6 Hauane yemeepmou npomvliieHHou pesonoyuu — Unoycmpuu 4.0, ko-
HEUHOU Yelblo KOMOPOl A6IeMCsL COelamb 6Ce PA3YMHBIM: KAK NPOU3EOOCMEEHHble NPOYECChl 8 OMPACu, MaxK u
obcnyscusanue cucmemvl. B okpyscalowell cpede umeemcest MHO20 cucmem mpyoonpoeooos, maKux Kax.: 6000-2a30-
Hegpmenposoovl, KaHaiu3ayus u m.o., mpebyrowue nOCMOAHHO20 00CIYICUBAHUS. [[pyeumu crogamu, oHu mpeoyom
NEPUOOUYECKUX NPOBEPOK OJisL OOHAPYICEHUSI MAKUX HENOAO0K, KAK KOPPOo3us, mpewunsl, degpopmayuu uiu opyaue
nomexu. CepgucHuvle pabomsi N0 OCMOMPY U OOCIYIHCUBAHUIO OUEHb YOOOHDL 01 NPOBEPKU CUCHeM mpydonpo8ooos.
Kpome moeo, onu unmepecyiom muozux ucciedosameneil 6 3moi 001acmu, NOIMOMY CYUWeCMBYEn MHONCECTNEO
paspabomanmbix cepsuchbix pobomos, komopwvie ceiuac ucnoavzyiomes. CepeucHvie pobOmvl UCNONLIVIOMCA OJ1A
npoeepKu cucmemvl mpyoonposood08 u npedoCcmasiaiom 6U3VAIbHYI0 UHOOPMAYUIO USHYMPU COOMEEMCMEYiowetl
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mpyovl. Koeoa cepsuchulii pobom dsucaemcs no mpybe, Ha Kamepy QuKcupyemcs e2o nepemeujenue, ymo obecne-
YuBaem 603MONCHOCHIL BUOCOCHEMKU O GHYMPEHHEM COCMOSHUU MPYObl. Budeo MOJCHO UCHOIb3068aMmb NO3Jice Oilsl
obHapydceHus. HenoIA0OK cucmemvl MpyoONPo8o008 U NPUHAMUS NPABUTLHO20 pPeuleHust 0 OanbHellutell e2o pabo-
me. B cmambe npedcmagnena menoeHyusi NPUMeHeHuUs: CepeUCHbIX pobomos 0ist npoeepku cocmosinust mpy6. I[loka-
3aH pAO yaice 6HeOPSeMbIX KOHCIMPYKYULL IMUX CEPBUCHBIX pOOOMOEG, KOmopble dQPeKmueHo cCHudxicaiom deliicmeue u
KOUYECMB0 NPOOAEM, CBA3AHHBIX C OOCIYIHCUBAHUEM, OUUCMKOL U NPOBEPKOU cucmem mpybonposooos. Pacmywasn
MeHOeHYUsl NPUMEHEHUs. CePBUCHBIX POOOMOEG C853ana ¢ 8HedpeHuem 6a306vix mexnonozuti Mnoycmpuu 4.0, yenvio
KOMOpOU A6751emcsl noyueHue mekywet ungopmayuu o pabome cucmemvl. s 0OCMOMPA ONACHbIX OJi 300PO6bs
pabomuuxkoe mpyobonpoeoOHsIX cUCHmeM U YCMAHOBOK pA3pabOmanvl paznoobpasuvie pobomusuposantvle cucme-
mot. Cepguchvle pabomul ynpasiaiomcs Kamepot, OamyuKoM Uiu npocmulmu uncmpymenmamu. borvuwuncmso cep-
BUCHBIX pOOOMOB NPEOHA3HAYEHO OISl Pe3ep8yapos, cucmem mpybonposooos 0/ 6cex Mamepuaios, Oisi OCMOmMpa
BEHMUTIAYUOHHBIX OMEEPCMULL U MPYO GO30VUIHBIX CUCMEM, KAHATUZAYUU, AMOMHbIX CIAHYUL Wiu pabomoel 6 ae-
peccusnvix cpeoax. Odxcudaemcs, ymo 8 baudicaliuiee 8pems pazgumue U NPUMeHeHue CepeUcHblx poobomos o1 uH-
cnexyuu npooocumces. Cepsuctvie pabomvl 3¢pHekmusHo cHudICarom 8ce nPoodaeMbl, C8A3AHHbIE C 0OCTYIHCUBAHU-
eM, OUUCHKOU U NPOBEPKOLL CUCmeM mpyoonpo6ooos.
KiroueBble ci10Ba: CepBUCHBIN pOOOT, HHCIIEKTUPOBaHKE, TPYOOIIPOBO/I, HEMOJIAKH, 00CIYKUBAHHE.

The world is currently at the beginning of the fourth industrial revolution — Industry 4.0, whose ultimate goal
is to make everything intelligent, both production processes in the industry and system maintenance. The environ-
ment around us has plenty of piping systems such as: water, gas, oil, sewage, etc., which need to be continuously
maintained. In other words, they require periodic inspections to identify errors such as corrosion, cracks, deforma-
tions, or obstruction with obstacles. Service robots for inspection and maintenance are very convenient for the in-
spection of piping systems. In addition, they are a point of interest to many researchers in the field, so there are
countless developed service robots that are currently in use. Service robots for inspection of piping system are used
for inspection and provide visual information from inside the corresponding pipe. When the service robot moves
through the pipe, it records the inside with a camera and provides us with visual information, i.e., provides a video
of the inside of the pipe where we can locate the error. We can use the video later to establish the condition of the
recorded piping system and make the right decision what to do. The paper presents the trend of application of ser-
vice robots for inspection. A number of constructions of these service robots that are already in implementation are
shown. Service robots effectively reduce all problems related to the maintenance, cleaning and inspection of piping
systems. The growing trend of service robots application is due to the implementation of basic technologies of In-
dustry 4.0 because its aim is to receive the information about the operation of a system all along. Various robotic
systems have been developed for inspection and examination of piping systems and plants that are dangerous to
workers' health. Service robots are controlled by camera, sensor or simple tools. Most service robots for inspection
are intended for tanks, piping systems for all materials for inspection of ventilation openings and pipes of air sys-
tems, sewer systems, nuclear plants, or work in aggressive environments. It is expected that the development and
application of service robots for inspection will continue to grow in the nearest future. Service robots effectively
reduce all problems related to the maintenance, cleaning and inspection of piping systems.

Keywords: service robot, inspection, pipeline, error, maintenance.

INTRODUCTION

The development of the core technologies of
Industry 4.0, including robotic technology, is re-
sponsible for the development of a large number of
service robot constructions for professional use [1].
Their implementation is necessary where human
presence is impossible, such as work in systems
that are dangerous to human health, e.g., nuclear
plants, high temperatures, metal casting, produc-
tion of glass and ceramic products, processes in-
volving high pressure painting, welding, grinding,
polishing, etc. Also, their implementation is neces-
sary in places which man is not physically able to
access such as piping systems, both below and
above ground. Service robots that belong to the
group for professional use have a wide range of
implementations in the environment. With the im-
plementation of Industry 4.0 core technologies
their application is continuously increasing. The

implementation of service robots for professional
services is shown in Figure 1 [2].

As shown in Figure 1, their implementation
can be found in: logistics, inspection, environment,
medicine, agriculture, professional cleaning, de-
fense, construction, exoskeletons, rehabilitation,
etc. They are especially welcomed in dangerous
conditions or places inaccessible to humans (e.g.,
nuclear plants, high temperatures, inaccessible
plants such as pipelines, etc.). Since global manu-
facturing industry is implementing Industry 4.0,
innovations in robotics, automation, and artificial
intelligence (Al) are gaining ground in all manu-
facturing processes where humans and robots work
together. The companies must be ready to imple-
ment them to meet consumer demand in the global
marketplace [3-4].
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Figure 1 — The implementatibn of service robots
for professional use

Service robots for inspection of piping sys-
tems are very good for inspection and maintenance
of piping systems. The process of maintaining the
piping system includes three main activities:

» [nspection, which includes activities that
monitor and provide information on the state of the
water supply system in order to enable the predic-
tion of disturbances or early detection of disrup-
tions.

»  Scheduled maintenance, which includes
activities in which elements of the system are re-
placed or repaired according to a predetermined
schedule, in order to avoid or reduce the frequency
of disruption.

» Disruption management, which includes
activities that change the elements of the system
and restore the desired state after the disruption.

Maintenance of piping systems requires ac-
cess to dynamic environments. The tasks in main-
taining these systems may be less predictable, both
in terms of the nature of the tasks and the fre-
quency of maintenance or any delays between the
tasks. Service robots for inspection are used occa-
sionally, unlike robots that are active all the time
and are cost-effective, but can pay off with one
application, for example in a nuclear plant or gas
pipeline system where gas is lost and we are un-
able to establish the reason and how to fix it [5,6].

RESEARCH METHODOLOGY

In order to analyze the trend of service robots
for professional use as well as the application of
service robots for inspection and scheduled main-
tenance, we have taken statistics from the Interna-
tional Robotics Federation (IFR), the United Na-
tions Economic Commission for Europe (UNECE)
and the Organization for Economic Co-operation
and Development (OECD), which have aggregate
data coming from about 750 robot companies [9-
20]. Statistical analysis methods and the MS-Excel
software system were used to calculate the parame-
ters of statistical descriptions and graphical presen-
tation of data.

RESULTS

Development and implementation of new
technologies, such as: robotic technologies, new
generation of digital technologies, artificial intelli-
gence, machine learning, internet, genetic modifi-
cation, new types and methods of energy and in-
formation storage, quantum computing, 3-D print-
ing, genetic engineering and biotechnology in the
manufacturing processes of the industry, makes
automation flexible which leads to reduced product
life and increased productivity. In addition, the
implementation of innovations in robotic technol-
ogy enables the development of a new generation
of robots that are aware, connected, and intelligent,
while control technology enables their autonomous
adaptation based on internal or external command.
In other words, they are equipped with a powerful
computer that allows autonomous decision making
and algorithm-based self-learning process. Next-
generation robots communicate with the environ-
ment, understand the environment through models,
automatically generate a program based on planned
tasks, understand human actions, and follow hu-
man social norms. The development of robotic
technology is credited with the increasing trend of
implementation of service robots for professional
use, as shown in Figure 2.
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Figure 2 — The trend of implementation of
service robots for professional use in the world
in the period 2009-2020 with predictions of
application until 2023[11-20]

Based on Figure 2, we come to the conclusion
that the implementation of service robots for pro-
fessional use has been progressing exponentially in
the last ten years. In 2009, 13.249 service robot
units were applied, while in 2020, the application
amounted to 225.000 units of service robots. In
other words, it is an increase of about 17 times,
which is the results of the implementation of In-
dustry 4.0 and its base technologies. It is estimated
that this trend will continue until 2023, when the
application of about 530.000 service robot units for
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professional use is predicted. Service robots for
inspection are precisely those used for inspection
and scheduled maintenance of piping systems,
which will be analyzed in this paper. We will show
the trend of application of service robots for in-
spection, as illustrated in Figure 3.
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Figure 3 — The trend of implementation of
service robots for inspection in the world
in the period 2009-2020 with predictions of
application until 2023[11-20]

The trend of implementation of service robots
for inspection in the world is shown in Figure 3.
As can be seen, the implementation of robots has
slightly increased, from 168 robot units in 2009 to
800 robot units in 2017. There has been a high im-
plementation in the last three years, so that in
2020, about 18.000 robot units were implemented.
The increasing trend of implementation in the re-
cent years has been provided thanks to innovations
from advanced technologies and companies that
implement innovative technologies of Industry 4.0.
It is estimated that this increased trend will con-
tinue, so that the implementation of about 37.000
service robot units for inspection is predicted by
2023. The implementation of service robots for
inspection and maintenance is inevitable in all sys-
tems that man cannot access, such as water supply
systems, or systems in which human health is en-
dangered, such as nuclear plants, high temperature
systems, etc. [7-9].

IMPLEMENTATION OF SERVICE
ROBOTS FOR INSPECTION AND MAINTE-
NANCE OF PIPING SYSTEMS

Piping systems for water, gas, oil, sewage,
and tanks need to be inspected periodically to no-
tice the accuracy or errors that occur, in order to
eliminate them in time with the assistance of suit-
able service robots for inspection. Service robots
for use in piping systems are segmented robots
equipped with wheels or tracks for the flow of in-
ternal oil, gas or wastewater, industrial or air ducts
[21-23]. In addition, service robots for inspection

help rapid detection of problems within piping sys-
tems, such as weld failures, corrosion, erosion,
fractures, deposition, loose parts, faulty internal
coatings, etc. Sewage service robots can clean
pipes with a diameter of 200 to 600 mm, which are
inaccessible to people. In order for the piping sys-
tem to be constantly in function, it is necessary to
have planned maintenance activities in which the
elements of the system are changed or replaced
according to predetermined schedule, in order to
avoid frequent disruptions. Robots involved in the
production processare cost-effective because they
work throughout their service life, while control
service robots differ from other robotic applica-
tions. If used in maintenance, especially in the nu-
clear industry, they can pay off during a single use,
because by using a robot the nuclear plant avoids
shutting down or continues to operate during the
maintenance time. Depending on the dimensions
and purpose of the piping system, the designs and
constructions of service robots are customized so
that we have many different robot constructions
offered by many companies in the world. Due to
limitations, we will only illustrate certain construc-
tions and purposes of service robots for inspection
and maintenance of piping systems.

Carnegie Mellon University (CMU) and the
National Robotics Engineering Center (NEREC)
with the support of the Gas Company (NGA), de-
signed a new generation Explorer-1I (X-II) service
robotic system capable of inspecting pipeline con-
trol systems intended for pressurized gas [24,26].
The electronic architecture allows GPS to locate
defects during pipeline inspections and quickly
take action to repair anyerrors. The service robot,
called a robot train, is made up of the module
shown in Figure 4. Using a combination of its
built-in drive elements and steering joints, the Ex-
plorer is designed to travel through straight pipes
and reduction of pipe diameters, elbows, sharp
curves and T-curves. The system is sealed and pu-
rified, which ensures safe operation in a natural gas
environment.

The Explorer service robot is a remote-
controlled robot for inspection and control of low-
pressure and high-pressure gas pipelines with bat-
tery supply. This technology has the potential to
improve the overall safety, reliability and integrity
of natural gas infrastructure by providing a state-
of-the-art tool for inspecting almost all piping sys-
tems. This robot performs a visual inspection of
long-range piping systems made of cast iron and
steel. The operator controls Explorer wirelessly
and can monitor pipeline images in real time. Ser-
vice robot for inspecting and controlling piping
systems has exceptional mobility and can move
like a snake through pipes with its flexible body.
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Figure 4 — Construction of the Pipeline Explorer service robot and implementation for inspection
of the gas pipeline system [24-26]

The body segments contain batteries for
power supply, a computer, two heads symmetri-
cally placed with cameras and two connectors for
operating elements, while the module allows the
robot to move arbitrarily. The ball joint has three
degrees of variation and is located between the
drive units. Highly integrated electronics use a
digital processor signal that controls the motor and
gives accurate angle calculations.

Service robots for inspection and control of
piping systems are reliable for inspection of corro-
sion, cracks and other types of defects, the detec-
tion of which avoids severe and expensive acci-
dents. The service robots are designed so that dif-
ferent types of sensors and cameras can be placed
on it, which can be integrated into the robotic
navigation system.

Large electricity producers want to be com-
petitive in the market. Their goal is to extend the
service life of generators, turbines, boilers and
pressure lines. They can achieve this only through
inspections of the specified equipment, detection
and elimination of defects. Until now, this was
achieved manually with experts in the field. In re-
cent years, with the development of robotic tech-
nology, this is achieved by service robots that per-
form measurement, imaging and scanning of sur-
faces. The advantages are great because we are
able to inspect even those surfaces that are inacces-
sible to humans.

The service robots are designed so that differ-
ent types of sensors and cameras can be placed on
it, which can be integrated into the robotic naviga-
tion system. Figure 5 shows the various construc-

tions of service robots for inspection and control of
both piping systems and plants that are dangerous
to the health of workers, such as nuclear plants or
plants for the production of electricity such as gen-
erators, turbines, boilers and pressure lines. The
main goal is to extend the service life of the plant,
which can only be achieved through inspections of
the specified equipment, detection of defects in
time and their elimination.

Figure 5 — Different constructlons of
service robots for inspection and control of
piping systems [24,27,28]

CONCLUSION

Service robots have already found application
in inspections and maintenance, where human po-
tential is replaced and where human presence is
disabled. They have application in places where
movement is disabled and hindered, such as testing
piping systems underground and above ground.
There is also a wide application of service robots
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in the branches of inspection and maintenance in
which working conditions are dangerous to hu-
mans, where high temperatures are developed and
where the concentration of substances dangerous to
human health is increased, such as production and
casting of metals, glass and ceramics, processes
that include high pressure painting, welding, sand-
ing, polishing, etc.

The trend of application of service robots for
professional use is growing on annual basis, by an
exponential function. This growing trend is ex-
pected in the coming years. There is also an in-
creasing trend of service robots used for inspection
and control of various systems, especially piping
systems which humans cannot physically inspect.
This growing trend is due to the implementation of
basic technologies of Industry 4.0, whose aim is to
have information about the operation of a system at
all times. Various robotic systems have been de-
veloped for inspection and examination of piping
systems and plants that are dangerous to workers'
health. Service robots are tele-controlled by track-
ing or rolling of a moving platform and transmitted
by a camera, sensor or simple tools.Most service
robots for inspection are intended for tanks, piping
systems for all media (water, gas, fuel, oil, etc.),
for inspection of ventilation openings and pipes of
air systems, sewer systems, nuclear plants, or work
in aggressive environments. It is expected that the
development and application of service robots for
inspection will continue to grow in the future.
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