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A B S T R A C T

Nuclear power plants, as one of the cornerstones of today's global and, most importantly, European energy
sector, place considerably high demands on all stages from design and construction, through operation and
control, to safe decommissioning at the end of the facility's life. A relatively large decommissioning process is
underway in Europe, which will increase over the coming decades. This process of decommissioning nuclear
facilities is closely linked to the objective assessment of the efficiency of decontamination processes. The present
paper deals with techniques and technologies for obtaining samples from the hard-to-reach inner surface of the
primary circuit of a nuclear reactor. Sampling by a service robot fitted with sampling probes is assumed to be
performed under relatively dry conditions, i.e. before the application and after the discharge of the deconta-
mination solution. The basis of the electro-pneumatic robot for default pipes with a diameter of 500mm is an
eight-wheel mobile platform with self-stabilizing capability thanks to inclined wheels. The robot is equipped
with a pair of unique sampling probes and a fixing arm to position the robot in the pipeline during the sampling.
The basis of the article is the technical solution of the service robot, with an emphasis on the functioning and
efficiency of the sampling probes. The presented comprehensive system constitutes a proven knowledge base for
the decommissioning of nuclear power facilities.

1. Introduction

Nuclear power is one way of meeting society's energy needs.
Currently, more than 450 nuclear power reactors are in operation
around the world and another 54 are under construction [1]. Although
the future of the reactor core is now being discussed again in a number
of countries as a source for power generation, it is necessary, despite the
outcome, to provide a controlled and safe decommissioning process for
each nuclear block after the end of its operation. The originally planned
duration of operation of the first-generation nuclear power plants
(NPPs) was 30 years [2]. Due to modern technologies and advanced
diagnostic methods, the lifespan can be increased based on current
estimates to 60 years and more [3,4]. A massive decommissioning
process is already underway in Europe [5–7], which is perhaps the most
advanced in the Soviet-type WWER-440 power plant in Greifswald in
the east of Germany. This power plant was shut down in 1995 and now
serves as an example for the decommissioning of other NPPs of the
respective type [8–10].

NPPs around the world are most often based on the technology of a
pressurized light-water moderated and cooled reactor (PWR) [11],

which in the Russian version is referred to as WWER [12,13], i.e. a
water-cooled water-moderated energy reactor, or by the Russian tran-
scription VVER. These are dual-circuit power plants where the nuclear
part is referred to as the primary circuit. The primary circuit includes
equipment for converting energy from nuclear decay to hydrothermal
energy. This is then transferred to the thermal energy of steam in a
steam generator. The primary circuit consists of a reactor, piping sys-
tems for water circulation, a steam generator, a volume compensator
and circulation pumps.

In a broader sense, the process of decommissioning NPPs consists of
administrative and technical operations, from the final decom-
missioning, through the removal of radioactive sources, to the sub-
sequent decontamination and cleaning of the equipment. This is fol-
lowed by the dismantling of structures and processing, storage and
entombment of the radioactive waste. The comprehensive decom-
missioning process is completed by an investigation and release of
space for further constructions. In practice, a limited number of the
foregoing steps is referred to as decommissioning, with further steps
(e.g. decontamination, dismantling) being deferred. These scenarios are
formally referred to as: immediate decontamination and dismantling
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(DECON), safe storage (SAFESTOR), and entombment (or mothballing)
[14].

The decontamination part of the decommissioning process includes,
in addition to the decontamination procedure itself, control mechan-
isms in the form of thorough radiological monitoring of the decom-
missioned parts. Taking into account the nature of radioactive con-
version, the issue of decontamination in NPPs focuses on activities
performed in order to remove radioactive materials from the surfaces of
contaminated equipment. Materials activated by neutron flux irradia-
tion are not subject to decontamination, since the rate of nuclear
transformation cannot be affected by chemical agents or normal phy-
sical procedures, and the radioactive material cannot be deprived of its
properties.

The effectiveness of the decontamination [15–17] is assessed by the
level of surface contamination, which indicates the radioactive decay in
the area over time and the dose equivalent. Due to the variety of the
forms of contamination, construction materials, surface quality and the
requirements of maximum decontamination effectiveness with minimal
generation of radioactive waste, it is clear that various different pro-
cesses are used in the power plant. One of the most commonly used
decontamination methods is chemical decontamination through mi-
neral acid-based decontamination solutions. Contact with contaminated
surfaces results in the dissolution of corrosion products such as heavy
metal ions from alloy steel and the adherent radionuclides [18].

The subject of interest of the present article is the piping system of
the primary circuit of an NPP, which is connected to the pressure vessel
of the reactor. This is a hard-to-access and hazardous environment,
especially due to the presence of radiation. Therefore, when collecting
samples, it is necessary to use robotic systems.

Maintenance and inspection robots (MIRs) play a very important
role in applications in the radiation environment of an NPP. These ro-
bots are designed specifically for the particular needs of the client, or
platforms are modified from military or rescue environments.
Therefore, they tend to be highly specialized and costly solutions.
Currently, there are several such specific platforms, and a comprehen-
sive and detailed overview of MIRs with an emphasis on their appli-
cation and function is given in [19] or [20]. In most MIRs for radio-
active environments, the conveyance subsystem is based on tracks
[21–23] or wheels [24–26]. Alternative conveyance subsystems based
on biological models, such as walking [27,28], snake-type [29,30] or
climbing [31,32] systems, are less common.

The shape specifics of the working environment created by the
piping system place specific requirements on the conceptual design of
the proposed robotic systems. Therefore, it is logical to seek inspiration
from MIRs used for conventional piping systems, where the conveyance
is most commonly solved using a system of wheels [33–36], or tracks
[37] spread over the respective pipe diameter. For example, if the robot
is required to move vertically, then magnetic wheels [38,39] or systems
with high adhesion [36] are applied. The application of MIRs for piping
systems or at least their nozzles in a radioactive contamination en-
vironment is represented only by isolated cases [40,41].

The fundamental problem in the relevant field is the absence of
standards [19] and the very limited and complicated possibilities for
testing in radioactive environments, or simulated radioactive environ-
ments [42,43]. The radiation resistance of MIRs is usually proven
through their operation, and additional adjustments of the equipment
are very limited and difficult. Hence, the resulting radiation resistance
of robots [44] is mainly defined by the experience of the respective
design team. Examples of the unsuccessful deployment of MIRs in the
context of complex post-disaster environments with strong radiation are
demonstrated by robot applications in the Fukushima NPP [45].

From the point of view of effectors, most MIRs for radioactive en-
vironments are focused on inspection, i.e. they are equipped with
monitoring and sensor technologies. Alternatively, they can be
equipped with a gripper or a cutting, drilling, or grinding tool. Hence,
the collection of contaminated samples from solid surfaces by means of

robots represents a very unique role. From the given perspective, it is
possible to mention sampling in other environments (especially rock),
where highly invasive sampling probes are usually in the form of col-
lection vessels attached to a cutting or drilling tool, or fragments cre-
ated using a vibrating hammer are collected [46]. In the case of non-
destructive or less-invasive methods, rotary brushes are usually used.
An example is the dust removal tool [47], which is part of the Curiosity
Rover.

2. Technical background

2.1. Situational description

The present robotic system is mainly designed for WWER-440-type
NPPs, which are the most widespread type in Central and Eastern
Europe and in Russia. The sampling is assumed in a straight section of
the pipe in relation to the nozzles. The inside diameter of the primary
pipe, which is the basic limiting factor for the design of the robot, is in
this case 500mm. For more powerful versions of similar types of NPPs,
i.e. WWER-1000, 1200 and 1500, the pipe diameter is increased to
850mm with respect to the coolant velocity and pressure loss [48–50].
The robot is designed with a view to easy modification of the platform
for larger pipe diameters and is not limited solely to a specific type of
NPP.

The collection of samples using a guided service robot is assumed
after the decontamination solution is drained, i.e. in a relatively dry
environment. The robot is guided to the pipeline by an auxiliary ma-
nipulation device, which is not a subject of the illustrated solution, or it
can be modified to use the existing manipulation system of the re-
spective NPP. The platform with the robot and an energy chain with
power and information feeds from the robot control system located at a
suitable location on the top of the reactor platform (Fig. 1) is placed on
the manipulator. The mobile platform of the service robot allows the
probe to be moved to a pre-selected position in the pipeline so that the
achievable accuracy of the axis of the sampling point of the probe is
better than a square with a side of± 20mm.

Fig. 1. Dispositional diagram of the robot application in a primary circuit of an
NPP.
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2.2. Robot concept

The basic concept of a DECOMOLER (DECOmmissioning MOLE
Robot) is shown in Fig. 2. The conveyance device was designed in the
form of a wheel system consisting of four independent pairs of wheels
with an integrated drive in the axis of each wheel. The solution is a
rugged yet simple option for the easy replacement of damaged wheels.
The concept also allows for a relatively easy transition to a track
system. A system of mechanical probes was chosen for the sampling, in
order to maintain the possibility of analysing the composition of cor-
rosion layers on the construction material. A total of two sampling
probes are considered, one in the front and the other in the rear of the
robot. For the sampling probes, a rotatable mounting located along the
pipe axis is designed, which allows the tangency of the tool face to the
surface to be examined to be maintained for any tilt angle. Stabilization
of the robot in the pipeline during the sampling is ensured by a slide-out
fixation arm.

3. Experiments and results

The experimental activity, the results of which served as an input for
the design of the robot, focused on two basic areas – the sampling tool
and the mobile platform. Testing of the sampling tool, which is a key
element of the proposed system, focused on the design and operating
parameters of the sampling tool. The mobile platform experiments were
aimed at verifying the functionality and proper arrangement of the
wheels.

3.1. Sampling tool

A logical base element of the sampling probe is a suitable tool. The
essence of the material composition of the collection part of the brush is
to avoid non-separable contamination of the sample being taken, i.e.
the tool must not contain metal elements. An abrasive end brush was
selected from a range of tools potentially available for sample collection
based on the conducted research and applying the know-how of the
investigators [51]. The filaments are attached to the flange of the tool
using a two-component epoxy fixing material. The unique manu-
facturing process of the tool provides a high-quality tool head with
evenly distributed filaments.

The most important parts of the brush are the filaments – the

abrasive composite filaments with the desired properties.
Polyetheretherketone (PEEK) was chosen as the carrier matrix material
for the abrasive composite filaments with the synthetic diamond
abrasive, which has higher mechanical strength, stiffness and heat re-
sistance compared to most other thermoplastics. In addition, PEEK has
excellent resistance to chemicals – acids, solvents and lubricants – even
at high temperatures, which are undoubtedly the properties applicable
during a quantitative evaluation of grinder dust, i.e. separation and
release of dust from the filaments of the tool.

The composite filaments with the synthetic diamond abrasive on a
PEEK platform can be applied for the production of abrasive brushes
with a range of parameters, of which the free length of the filaments
[mm]; the filament diameter [mm]; the grain size of the diamond used
[mesh]; the concentration of the used abrasive [%]; the filament geo-
metry; the brush shape and diameter [mm] are decisive. Based on the
experience of the tool manufacturer, previous work of the authors and
targeted extensive experimental verification, which is not the subject of
the present article, a sampling tool (Fig. 3) was designed with the fol-
lowing parameters:

• outer diameter of 20 mm;

• filament diameter of 0.4mm;

• filament length of 20mm;

• round crimped filaments;

• diamond grain size of 80M;

• maximum possible diamond concentration at a level of 23%.

The tests were performed on a laboratory test stand (Fig. 4), which
allowed for the verification of the proposed technological procedure of
the sampling as well as the implementation of an experimental plan
aimed at optimizing the cutting parameters. The basis of the measuring
apparatus was a six-axis force-torque sensor, which was used to monitor
the contact force and torque during the collection of a circular sample
from the surface of a stainless-steel sheet. The set of samples was then
used to check the technological properties of the brushes and to opti-
mize their parameters, taking into account the quality and uniformity of
the marks of abrasion, especially the ability to retain and then to se-
parate the captured material sample easily and without any admixtures
(metal contamination from the tool).

Fig. 2. Conceptual diagram of the robot design.

Fig. 3. Designed sampling tool.

Fig. 4. Laboratory stand with a close-up of the final sampling tool.
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The main operational parameter under investigation was the level
of tool downforce. This was used to derive the abrasive effect of the tool
as well as the associated deformation response of the filaments. With
the level of downforce of the brush, its opening increases, which in-
creases the abrasive effect of the filaments on the exposed surface.
Research has shown that it is desirable for the tools to locally modify
the stiffness and stability ratios of the filament bundle. By applying
clamping elements in the heel region of the filament bundle, it was
possible to achieve the desired stiffness of the filament bundle by
varying the tool downforce. The application of two elastomeric o-rings
with a suitable cross-section proved to be optimal (Fig. 4). The mod-
ification of the tool increased the stiffness of the filaments in the sense
of opening the brush and, in contrast to the fixed or pseudo-rigid pla-
cement (e.g. application of a tightening belt), the remaining filaments
were sufficiently flexible in the sense of rotation, i.e. the torsion of the
tool. With the appropriate modification, the optimum progressive
conical shape of the tool was achieved under load, see Fig. 5, thereby
achieving desensitization of the tool to the downforce level. A suitable
downforce level was set in the range of approximately 25 to 70 N
(Fig. 6), which corresponds to an infeed of approximately 2 to 8mm. At

a lower downforce, the tool loses its abrasive function and, on the other
hand, a significant deformation of the filaments occurs at higher
downforce, whereby causing significant mark defects on the surface.

The second operating parameter was the tool speed. This was
chosen with a view to ensuring the intensive cutting (abrasive) function
of the tool in contrast to the requirement to keep the grinder dust inside
the brush. The level of intensity of the abrasion with regard to the
running of the tool in a dry mode must be chosen so that the abrasive
filaments are not damaged. The upper level of the tool speed is also
limited by the requirement to maintain as much grinder dust in the tool
as possible while minimizing the emission of grinder dust to the en-
vironment due to the effect of centrifugal force. Generally, for the
abrasive end brush with a diameter of 20mm, manufacturers re-
commend a speed of 3000, or 4000 to 20,000 rpm [52,53]. Taking into
account the technical capabilities of the test stand being limited to
3000 rpm, the tests were performed at the given maximum speed. Re-
ducing the speed resulted in a significant decrease in the brush abra-
sion.

The third investigated factor associated with the above-mentioned
operating parameters was the brush yield. The principle of the tests was

Fig. 5. Shape deformation of the sampling tool at various individual downforce levels and the corresponding abrasion marks.

Fig. 6. Graph of optimum downforce levels.
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to compare the measured amount of grinder dust with the weight of the
samples taken. The total amount of grinder dust was determined based
on the chemical analysis of the digest and the knowledge of the che-
mical composition of the steel samples. The weight of the samples taken
during the test was determined gravimetrically using calibrated ana-
lytical scales with a sensitivity of 0.01mg. Direct determination based
on the difference in weight of the brushes before and after exposure
could not be used with respect to the undefined abrasion of the actual
brush mass. It can be stated that the results within the declared optimal
working range show a yield in the range of approximately 60 to 80%.

3.2. Mobile platform

The development of the mobile platform was preceded by calibra-
tion of the wheels to achieve the optimum analogue output so that a
series of four wheels (on the left and right sides of the robot) operated
at the same rotational frequency and avoided mechanical problems due
to slippage of some of the wheels. Subsequently, the development of the
mobile platform could begin, which primarily consisted of wheel
alignment tests. The aim was to obtain an arrangement that ensures the
self-levelling function of the mobile platform while maintaining the
ability of the mobile platform to move on a horizontal surface.
Moreover, a series of simple wheel set-ups was designed in the appro-
priate arrangement, i.e. at 90°, 75°, 60° and 45°, see Fig. 7. In addition, a
set of three test troughs, each measuring one meter in length, corre-
sponding to the respective pipe diameter, were made for this purpose.

The experimental verification of the mobile platform involved the
placement of the mobile platform in the trough in a tilted position and
monitoring whether and at what distance the self-alignment would
occur. Each experiment was repeated 10 times. The experiments
showed that the optimal wheel arrangement for the trough movement
was 45°. Higher inclination of the wheels led to a reduction in the auto-
stabilizing ability of the mobile platform, which is very important for
the application. In the case of a 90° slope, the effect was most notice-
able, i.e. the mobile platform remained in its initial tilted position
throughout the movement (Fig. 8). In contrast, Fig. 9 demonstrates the
ability of the mobile platform to quickly stabilize its orientation on a
mobile platform with wheels below 45°. The full self-alignment of this
mobile platform occurred at a distance of approximately 1 ± 0.1m.

4. Robot design

The robot (Fig. 10) can be divided into a set of functional units –
mobile platform, slide-out fixing arm and sampling probes. The robot is
also equipped with a pneumatic circuit, the elements of which are de-
scribed within the above-mentioned functional units. Furthermore, the
robot is equipped with sensors and a control system. Most of the de-
signed prototype components are made of an aluminium alloy. The
total weight of the robot is 72 kg. The movement speed can be con-
trolled in the range of approximately 0.2 to 1m/s.

4.1. Mobile platform

The mobile platform is made up of a supporting plate, which is fitted
from the lower part with a module of control units of the conveyance
wheels and bearing segments, in which reversible wheels with

integrated brushless DC drive with a maximum output of 200W (24 V)
are placed. The wheels are torus-shaped with a diameter of 105mm.
The upper part of the mobile platform is fitted with parallel plates with
spacers defining the space for the installation of additional modules and
components, such as an autonomous media source for the pneumatic
circuit (two 2-litre tanks of compressed air). A vertical fixing arm,
which is firmly tied to the mobile platform, then passes through the
centre of the top of the mobile platform.

Fig. 7. Overview of the mobile test platforms.

Fig. 8. Demonstration of a mobile platform test with wheels below 90°.

Fig. 9. Demonstration of a mobile platform test with wheels below 45°.

Fig. 10. Model of the robot (transparent cover).

M. Starý, et al. Automation in Construction 119 (2020) 103303

5



4.2. Slide-out fixing arm

The slide-out fixing arm helps ensure the stability and fixed posi-
tioning of the robot during the sampling. The slide-out movement is
provided by means of a pneumatic cylinder. The piston rod of the cy-
linder is ended by a mushroom-shaped stopper. The surface of the
stopper is equipped with an elastomeric layer in order to increase the
frictional properties (see the close-up image in Fig. 11). The proposed
concept builds on from the self-levelling form of the platform, i.e. the
shape of the stop and the absence of an auxiliary guide for the pneu-
matic cylinder minimize the additional forces generated by inaccurate
alignment of the platform in the trough. The central arrangement of the
slide-out fixing arm, along with the straddled mobile platform design,
i.e. the configuration of the wheels below 45°, form a ‘Y’ shape
(Fig. 11), ensuring sufficient stability of the fixing of the platform in the
pipeline.

4.3. Sampling probe

The front and rear of the robot are equipped with swivel arms with
linear units on which the sampling probes are located. The sampling
probes consist of a sampling tool clamped by a shank (see Fig. 12) in a
spindle chuck with an electric drive. The axial movement of the sam-
pling tool, providing the feed and downforce, is generated by the linear
unit with pneumatic drive. Primarily, with regard to the exact shape
and dimension of the pipeline, position control linked to the stopper
settings is assumed, but it is also possible to use a force control method
by means of pressure in the pneumatic circuit. The probe is mounted on
the clamping pin with the possibility to adjust the rotation about the

pipe axis by±32° so that when the sampling probe is rotated, the
movement of the sampling tool is radial. In this way, for each selected
position of the sampling probe axis, a uniform pressure of the sampling
tool is ensured on the pipe surface during the sampling. The speed of
the spindle can be set from 3000 to 8000 rpm. The maximum torque is
10 Nm.

A higher level of residual contamination can be assumed in the
upper part of the pipeline taking into account the decontamination
process technology, and therefore the sampling probes are set in this
area. Alternatively, the sampling probes can be turned upside down in
order to take samples from the bottom of the pipe.

4.4. Sensor system

Before and after decontamination, samples must be taken in the
same manner and from a similar place in the pipeline to evaluate the
effectiveness of the decontamination and to perform the secondary
radioactive waste balance. There are several ways of locating the
sampling point. The distance in the pipeline is monitored by a wire
sensor. The sensor body with a winding drum is placed on the handling
platform and the end of the wire is attached to the robot. Furthermore,
the inclination of the robot around the pipe axis is monitored by three
inclination sensors. One is directly on the robot chassis and the other
two are on the sampling probes.

An additional sensor system can be considered to be a static low-
cost camera system with infrared illumination located on the front and
rear of the robot.

4.5. Electrical control system

The robot control system was designed on a programmable logic
controller (PLC) platform in combination with digital and analogue
input/output modules.

In order to minimize the voltage drop due to the length of the
conductor and the number of core wires of the flexible supply cable, the
system was divided into two parts. The processor part of the control is
installed in a stationary distribution box together with a voltage source,
protection system and other electrical wiring components. The
switchboard is also complemented by a frequency converter to control
independently mounted spindles mounted on the robot chassis. To in-
crease the user-comfort when controlling the basic functions of the
robot, the PLC is complemented by a colour touch-screen HMI panel
and a wireless communication interface for remote system manage-
ment. On the side of the robot are control units for controlling the
wheels. In the upper part of the mobile platform there are the input and
output modules, which are used to control the wheels and the electro-
pneumatic valves for positioning the pneumatic cylinders etc.

It is assumed that the robot controls will be in the “non-radiation”
zone and the connection with the robot will be made by a multi-core
flexible shielded cable with a length of approximately 30m.

5. Prototype testing

The robot prototype was successfully subjected to a series of tests
aimed at verifying the functionality of the sub-modules as well as the
entire system (Fig. 13).

The conveyance functions in the test trough and the pipeline were
verified both under completely dry conditions and with modified sur-
face conditions in the form of an applied film of water. The control and
guidance functions were also tested by repeating the approach to the
same position. Furthermore, the ability to stabilize the robot in the
pipeline in order to ensure stable sampling was examined. The main
emphasis was placed on verifying the functionality of the robot during
the sampling (Fig. 14). Full compressed air tanks were found to be
sufficient for four sampling cycles, which represents a 100% reserve for
the given solution in the form of two sampling probes. The sampling

Fig. 11. Schematic diagram of the mobile platform and fixing arm with a close-
up of the stopper.

Fig. 12. Close-up of the sampling tool fitted into the spindle.
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time does not affect the compressed air consumption for the given so-
lution. The researchers also focused on manipulation of the sampling
tool, i.e. its removal from the spindle, which is released by two spanners
(Fig. 15). The sampling tool can be removed either by grasping the
brush at the bottom of the head, or by inserting an auxiliary fork under
the head of the loosened tool, pulling it out and then grasping the tool
shank.

Attention was also paid to verifying the functionality of the sam-
pling probe on a pseudo-real pipeline. The inner surface of the piping of

an exposed primary circuit was formed by a spinel corrosion layer
[54,55]. Due to the difficult accessibility to and complicated handling
of samples of real corrosion layers of the primary circuit, a method of
artificial preparation of the corrosion layer (Ni0.1Fe0.45Cr0.45)3O4
was developed by UJV ŘEŽ for this analytical procedure, including the
method of its application on the surface of the cylindrical pipe model.
The known composition of the corrosion layer enabled the verification
of the analytical procedure, which involves extracting the dust from the
sampling tool filaments and subsequently performing a chemical ana-
lysis of the dust. The normal sampling time was selected at 5–10 s,
which corresponds to a grinder dust yield of more than 3mg per sam-
pling tool. Due to the nature of the process, i.e. contamination of the
tool during retraction, it is not possible to reuse it. So it is a low-cost
(about 30 €) disposable tool.

6. Discussion

The robot for collecting samples from a primary circuit pipeline of
an NPP described in the article, is a realistic concept for determining
the success of the decontamination process. This has become a useful
basis for building the knowledge base of the decommissioning process.
The functional sample of the robot and the sampling probe was de-
signed with an emphasis on achieving the desired function; however, it
will still be necessary to solve the resistance of the robot to radiation
exposure for real deployment in an NPP.

Due to contamination of the robot, it is assumed that the device will
be permanently deployed in the selected NPP. Primarily, it is antici-
pated that it will be possible to use it within the Czech Republic at NPP
Dukovany 1-4, with currently planned closure around 2035, or in the
Slovak Republic in Jaslovské Bohunice 1-4, where the first two units are
already shut down and the other two are scheduled to close in 2025.

7. Conclusion

The article presents a successful design and modification of the
DECOMOLER robotic system designed to identify the initial con-
tamination from the most difficult to access surface, i.e. the inside of the
reactor core circuit, and to evaluate the effectiveness of the deconta-
mination process. The robot is controlled from a safe distance in an
environment that does not endanger the operator's life. The basis of the
article is the sampling probe in the form of an abrasive brush. The main
findings and choices of the proposed low-cost technical solution can be
summarized as follows:

• The robot is fully capable of moving in a straight line and repeatedly
reaching the target position with an accuracy of tens of mm.

• The proposed technical solution provides a fixed positioning of the
robot in the piping with a diameter of approximately 500mm and
stable sampling of two samples.

• A mechanical probe with a replaceable tool is designed for sampling
and analysis of the composition of contamination residues on the
primary pipe.

• The optimum technical and operational parameters of the sampling
tool were determined, the yield of which is 60 to 80% of the abraded
material, which is a sample of approximately 3mg.

• Removal of the contaminated tools from the robot's sampling probes
is assumed by a simple manual operator action.

Further development will be necessary for real deployment, which
will involve increasing the radiation resistance of the equipment. This is
particularly true for the functional plastic parts in the pneumatic
components, i.e. seals. Default selected polyurethane polymer has a
relatively high radiation resistance, however, it can be a challenge to
find and test a more suitable material for a given application.
Alternatively, the number of electrical components should be mini-
mized. The selected modules, such as sampling probe spindles, might be

Fig. 13. Photo documentation of the robot tests.

Fig. 14. Photo documentation of sampling in the pipe.

Fig. 15. Assembling and disassembling the sampling tool from the sampling
probe.
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replaced with pneumatic drive motors with a quick-release system of
tools.

It is assumed that in the next phase of development, the robot will
be equipped with an anti-radiation shield to protect the electrical en-
gineering against damage and interference. The appropriate choice of
shield material remains still a question. Most probably it should be
based on lead or a modern trend in the form of glass-ceramics with
heavy metals. Also, the integrity and IP of the components used will be
modified to improve the robot resistivity to the decontamination spray.

When selecting the components, emphasis was placed on simplicity
and low acquisition costs. It is assumed that instead of increasing the
radiation resistance of some of the components (e.g. the cameras and
their glass lenses), a limited lifespan will be calculated and the com-
ponents will be replaced more frequently.
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