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Abstract: Ondol, a heating system unique to Korean homes, raises indoor temperatures by supplying hot water
through pipes embedded in the floor slab. Known for its comfort and sustained heat advantages, Ondol has
garnered international interest in countries requiring efficient heating solutions. Given the inherent challenges
during installation and operation, timely inspection is crucial due to difficulties in detecting and pinpointing
defects in the buried concrete pipes, often leading to costly rework and removal. Yet, specialized inspection
systems tailored for Ondol pipes remain underexplored. Therefore, this study proposes a robotic inspection
system capable of assessing the condition of Ondol pipelines. We analyzed the characteristics of Ondol piping
to establish the system requirements and developed a prototype of a compact capsule-shaped inspection robot
tailored for Ondol pipe inspection. Subsequent laboratory testing validated its performance and usability,
confirming its capability for field application through tests on curvature maneuverability and image reception
quality. This research aims to motivate advancements in Ondol-specific system implementation and
performance validation, potentially contributing to the smartification of Ondol maintenance practices.

Keywords: ondol; pipeline inspection; in-pipe inspection robot; monitoring; maintenance

1. Introduction

Pipeline inspection is a crucial element in building maintenance. The condition of pipes requires
intensive management due to its impact on living environment comfort, energy consumption, and
maintenance costs [1]. Pipes are difficult to visually inspect for issues such as cracks, blockages, and
aging, making preemptive detection challenging. Repair costs can be substantial once problems arise
[2,3]. Therefore, a strategic approach to pipeline maintenance is essential.

In Korea, inspection of Ondol heating system pipes has emerged as a critical issue. Ondol, a
representative heating method in Korea, circulates hot water through pipes embedded in the floor
slab to heat the floor and subsequently the indoor space with its radiant heat [4]. This method offers
advantages over conventional heating systems that blow hot air or directly heat, providing higher
comfort and sustained warmth indoors. However, due to the installation of pipes embedded in floor
finishes and cement mortar, inspection and maintenance pose challenges [5]. Inspection of Ondol
pipes should be considered not only during usage but also from the installation phase. Ondol pipes
are installed in a coil form on top of the floor slab, alternating between curves and straight sections,
and are then embedded by topping concrete. Therefore, inspection of these embedded concrete pipes
is necessary not only during maintenance but also immediately after pipe installation before topping
concrete, and during commissioning after topping, due to the characteristics of concrete-embedded
Ondol pipes. During the pipe installation process, minor holes may occur due to pipe tearing, nails,
and improper construction at pipe joints. Furthermore, during concrete topping, careless handling
by workers can lead to damage or blockages at the construction site [6]. Demolition and reinstallation
of once-topped concrete result in significant project losses, prolonged time for leakage detection on
concrete surfaces, and difficulties in pinpointing leakage spots accurately. Moreover, improper
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functioning of Ondol heating can lead to reduced quality of life and increased costs, making
maintenance of heating pipes crucial, especially as leaks in pipes can lead to damage in finishing
materials, becoming a major factor in defect disputes in residential buildings [7].

However, despite the characteristics and importance of inspecting these Ondol pipes, current
inspection methods are highly reliant on manpower and have limitations in terms of reliability and
efficiency. Existing inspection methods for Ondol pipes can be broadly categorized into four main
types. The first method involves pressure differential testing, where changes in pipe pressure are
measured to determine if there are leaks. This method requires specialized skills and its accuracy
depends on the expertise of the personnel involved. The second method is acoustic detection, using
sensitive listening devices placed on the floor to detect sound emitted during leaks. This approach
involves the inconvenience of manually inspecting the entire floor and the challenge of maintaining
leak sounds consistently detectable. The third method employs thermal imaging cameras to detect
leaks by observing heat dispersion when hot water flows through the pipes. Lastly, the fourth method
utilizes wired endoscopic cameras for direct internal inspection. While this method provides close-
range accuracy, it has limitations in inspecting the entire pipeline. These traditional inspection
methods suffer from limitations in accuracy, reliability dependent on the expertise of the operators,
and challenges in maintaining comprehensive inspection records and data acquisition [6,8].

Therefore, this study aims to develop a robot capable of inspecting the condition of Ondol
pipeline systems and validate its performance. Initially, we analyzed the characteristics of Ondol
pipes to tailor the inspection system, deriving system requirements based on this analysis to guide
our development direction. Subsequently, we developed a prototype of a compact capsule-shaped
inspection robot and conducted laboratory tests. Through these tests, we verified that the system
proposed in this study ensures performance suitable for field application by assessing curvature
maneuverability and image quality according to Ondol characteristics. This research aims to
realistically contribute to the advancement of pipeline inspection technology and the smart
maintenance of Ondol heating systems by implementing and validating a system customized for
inspecting Ondol pipes.

2. Literature Review

Pipelines are the safest, most economical, and widely used method for transporting fluids in
both industrial and residential settings [3]. Aging and contamination, both internally and externally,
can lead to performance degradation and increased operational costs, underscoring the critical
importance of regular inspections [9]. Therefore, regular inspections are necessary to maintain the
proper functionality and cost efficiency of pipelines [10,11]. Consequently, research on robots for
inspecting the interiors of pipelines has garnered ongoing interest [12,13]. Using pipeline inspection
robots can improve efficiency compared to traditional, manual methods, which include visual
inspections. These robots can replace labor-intensive and hazardous tasks while enhancing
productivity in maintenance operations through capabilities such as data collection and cleaning
[14,15].

Research on internal inspection robots for pipelines can be categorized into two main areas:
review studies identifying technological trends in pipeline robots, and studies proposing driving
mechanisms and developing robots according to the pipeline’s purpose, diameter, and shape. First,
review studies have continually examined various types of pipeline robots based on diverse
characteristics such as inspection accuracy, adaptability to size and shape, flexibility, vertical
mobility, scalability, cost, speed, design complexity, impact on the pipeline, and movement efficiency
[1-3,9-11,14-18]. Additionally, studies focusing on specific driving mechanisms, such as wheel-based
[12], wall-pressing [13,19], hybrid [20], and worm-like [21] mechanisms, have been conducted to
analyze technological trends. Research involving the direct development of robots has also been
consistently ongoing. Table 1 below summarizes studies that have designed and developed driving
mechanisms suitable for specific pipeline purposes and sizes.
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Table 1. Existing studies proposing and developing pipeline inspection robots.
Contests Driving Use Pipe size
type (mm)

Developing a robot with active pipe diameter adaptability

A i Gas pipeli 400~600
and automatic traction adjustment [22] daptive as pipetines

Developing an adaptable pipe inspection robot using shape

o duct 60~
memory alloy actuators [23] AdaptivePipelines and duct  60~90

Design of an ex-proof untethered in-pipe inspection robot
[24]
Developing a robot that implements driving and steering
capabilities using only two-wheel chains [25]

Adaptive Gas pipelines ~ 63~125

Adaptive Not specified ~ 80-100

Development of Wheel-type Boiler Tube Inspection Robot
[26]
Design of a novel in-pipe reliable leak detector [27] Wheel  Not specified 100

Wheel Boiler pipelines 45

Design of in-pipe inspection vehicles for 25, $50, $150
Pipes [28]

Development of Wheel Type Pipeline Inspection Robot [29] Wheel = Not specified =~ 250~350

Design of endoscopic imaging system based on wheeled pipe

Wheel  Gas pipelines  25,50,150

Wheel  Not specified 150

robot [30]
. . . Oil and gas
Developing a Robot with 6 Symmetrical Support Wheels [31] Wheel o 1219~1440
pipelines
. . N . Oil and gas
Development of an innovative free-swimming device [32] Ball o 300
pipelines

Developing a ball-type robot by acoustical inspection

Ball ipeli
technology [33] a Water pipelines 300

Pipeline inspection tests using a biomimetic robot [34] Bug Drainpipe 76

Development of Inspection Robot Based on Crawler Module

[35] Crawler Not specified  100~150

These studies target pipelines with diameters ranging from 25 to 1440 mm. They propose driving
mechanisms for movement in various pipeline forms, including horizontal, vertical, inclined, and
curved pipes. Representative driving mechanisms include diameter-adaptive [22-24] wheel-type
robots [25-30], ball-type robots [31-33], bug-type robots [34], and crawler-type robots [35]. Their
performance has been validated through field applications and laboratory tests. Each proposed robot
has its advantages, such as fast horizontal mobility, but also has drawbacks, such as being unsuitable
for inclined and curved pipes, or vice versa, having slower speeds or requiring cable connections for
power supply [35].

While previous studies have proposed systems adaptable to various pipe sizes and shapes, there
has been no development of robots suitable for the small internal diameters characteristic of Ondol
heating pipes. Just as previous studies have designed systems considering the specific properties of
target pipes, the inspection of Ondol heating pipes requires the development of customized robots
that account for the unique characteristics of these pipes.

3. Conceptual Design
3.1. Subsection Characteristic Analysis of Ondol Pipeline Installation

3.1.1. Installation Form and Size

The Ondol piping system is an underfloor heating system. The piping is installed on the floor
slab in a pattern of curves and straight lines, and then embedded in cement mortar. Heated water is
circulated through these embedded pipes via a floor heating water distributor, raising the floor
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temperature and providing heating through the resulting warmth. This Ondol piping is installed in
almost all rooms within a residential floor plan. Figure 1 shows the heating pipe layout of an 84 m’
apartment, the most commonly constructed type in South Korea. The pipes, connected to the
distributor, are laid in each room and return to the distributor. In this sample layout, the longest pipe,
installed in the living room, is 82 meters long. The total length of all the pipes in this layout is
approximately 397 meters.

Floor heating water distributor

Ondol pipeline

“HWR 20(CD o &eq 2

= =)

THWS 20(CD C-I?atH-;’.'g

a1 ELHE

Figure 1. Ondol pipeline system shown in the floor plan.

The Ondol piping is embedded in cement mortar, and the starting and ending parts of the piping
are connected to the distributor. Therefore, the inspection robot must be inserted at the connection
between the distributor and the piping, travel through the piping, and then return to the distributor.
For example, a robot inserted at the starting part of the distributor to inspect the living room piping
will have to travel the 82-meter-long living room piping and return to the distributor, resulting in a
long travel distance. If this robot is wired, it means that the cable length must be longer than this
travel distance. Such wired communication and power supply can be inefficient for inspection work.
Therefore, the inspection robot should be developed to enable wireless communication and use a
rechargeable battery instead of a power cable supply. Additionally, since rechargeable batteries have
limited capacity, equipping the robot with a self-propulsion system like a motor will result in a short
operation time and the risk of loss. Thus, it should be designed with a non-powered propulsion
system, implying the need for auxiliary equipment to move the robot.

3.1.2. Installation Specifications and Patterns

Cross-linked polyethylene and polybutylene pipes are commonly used in Ondol piping. These
two types of pipes are used for hot water Ondol, industrial applications, and sanitary water supply.
In the field, cross-linked polyethylene is referred to as X-L pipes, and polybutylene pipes are referred
to as PB pipes. Generally, they are produced with a thickness of 2mm and an inner diameter of 12-
25mm, but pipes with an inner diameter of 16mm are mainly applied in Ondol piping. Therefore, the
inspection robot needs to be developed with a diameter smaller than 16mm. Additionally, the robot
must be able to pass through curved sections that occur according to the installation pattern of the
pipes. The representative patterns of Ondol pipelines are shown in Figure 2 below. The pattern A in
Figure 2 is the same as the pattern shown in Figure 1, which is the most common. Depending on the
size of the room, it can also be installed in the forms of patterns B and C.
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Figure 2. Representative installation patterns of Ondol pipeline

The reason why the curved section of this pattern is important is that the originally circular
cross-section of the pipe changes to an elliptical shape in the curved section. Therefore, the horizontal
diameter inside the pipe becomes smaller than it originally was in the curved section. Figure 3 below
illustrates the situation where the horizontal diameter of the cross-section decreases, dividing the
sections of the pattern into straight, 90-degree rotation, and 180-degree rotation.

Angle 0

Section

0.95D 0.75D
(A-A) (B-B) (C-C)

Figure 3. Change in internal diameter according to the bending angle of the pipeline.

For example, in the case of a pipe with an inner diameter of D, the inner diameter remains D in
the straight section. However, in a 90-degree curved section, the inner diameter of the pipe decreases
to 95%, becoming 0.95D, and in the largest 180-degree section, it decreases to 75%, becoming 0.75D.
Figure 4 below shows an image of the cross-section of a 16mm pipe in a 180-degree section that is
actually installed. The cross-section becomes elliptical, with the horizontal diameter measuring
12mm. On the other hand, the vertical diameter measures longer than 16mm, but for the robot to pass
through, the smallest diameter must be considered. Therefore, the robot needs to be designed smaller
than 12mm.
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Figure 4. Internal diameter changes in the bending section.

For the design of the robot, determining the size that can pass through the piping is the most
critical priority. This is a very important and fundamental requirement, and it becomes the standard
for deciding the size of all components and the type of system applied to the robot. Incorrectly
determining the size can lead to serious trial and error. Therefore, a preliminary experiment to
determine the size of the robot was conducted before the design of the robot. Figure 5a below shows
the dummy robot made for the test, and Figure 5b shows the piping for the experiment. The purpose
of the test is to determine the optimal diameter and length of the robot that can smoothly pass through
the piping. To achieve this, the piping with straight, 90-degree, and 180-degree sections was
constructed in the same way as the actual installation. Additionally, various sizes of dummy robots
were made through 3D printing. A total of 65 dummies were made with diameters ranging from
9mm to 12mm and lengths ranging from 26mm to 34mm, divided into approximately 0.1mm
increments. Starting with the smallest dummy, the dummies were repeatedly inserted into the piping
to find the largest dummy size that could move smoothly. As a result, it was concluded that the robot
should be made with a diameter of 11.4mm and a length of 32mm or less.

(a) (b)

Figure 5. Experiment for determining the robot size: (a) various sizes of robot dummies made by 3D

printing; (b) pipeline installed for the passage test of robot dummies.

3.1.2. Installation Environment
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The actual installation of Ondol piping is shown in Figure 6 below. Ondol piping is installed on
the floor slab, and then cement mortar is poured. At this time, the thickness of the cement mortar is
generally about 20mm. The inspection robot is required to move through the piping embedded in
this cement mortar, capture video, and have the communication capability to transmit this video data
to a monitoring system. As mentioned earlier, the inserted robot should apply a wireless
communication system, not a wired one, and the technology applied must enable smooth
transmission and reception without being obstructed by the cement mortar covering the piping.
Additionally, since it has to capture images inside the dark piping, a camera module and lighting
that can respond to this are required.

Floor heating water distributor

Figure 6. On-site installation of Ondol pipeline.

3.2. System Requirements and Design

The characteristics of Ondol pipes were analyzed for system design, and the results of deriving
system requirements based on this are summarized in Figure 7 below.

Characteristic Analysis of Ondol Pipeline Installation System requirements

— Installation form and size Size —
Closed pipe connected to a distributor Within 11.2 mm in diameter
Closed pipe length of more than 80m Within 32.0 mm in length

— Installation specifications and patterns Move and power supply —
Pipe with an internal diameter of 16mm Wireless system (rechargeable battery)
Internal diameter reduced by curved section Mobility aid required (non-self-propelled robot)

— Installation environment Gathering and transmitting information —
Pipe buried in a cement mortar Through-cement mortar wireless communication
Dark inside of a pipe Camera and light for visual inspection

Figure 7. System requirements based on the characteristics of Ondol pipeline.

In the system requirements section of Figure 7, it can be seen that the robot's size should be
manufactured with a diameter of 11.4mm or less and a length of 32mm or less. This is based on the
pre-experiment results considering the curved sections and narrowing of the inner diameter of the
most commonly applied 16mm inner diameter piping. Additionally, the robot should be a
rechargeable battery type with a wireless system and requires auxiliary equipment for movement
without self-driving capability. Ondol pipes have a closed structure where the inlet and outlet are
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connected at the distributor, and due to the small inner diameter, it was decided to move the robot
using an air compression method that pushes air to move it. Finally, because the piping is embedded
in 20mm thick cement mortar, the performance of wireless communication must be ensured, and
determining the communication method for transmitting the captured video is important. The setting
of the communication method was carried out through preliminary study [6]. In this study, the
communication capabilities of three wireless communication methods, such as, Wi-Fi, Bluetooth, and
Radio Frequency embedded in cement mortar were tested, and Wi-Fi was found to be the most
appropriate. Therefore, a Wi-Fi module was decided as the communication system. The most basic
components included a camera module for video inspection inside the piping, LED lights, a charging
port, and an on/off switch for controlling the robot's power. Reflecting these requirements, the design
of the capsule-type piping inspection robot was finally completed. Figure 8 below shows the
configuration of the robot reflecting the above system requirements.

Camera module —+  Main board

Wi-Fi mcu On/Off switch

LED light

L-ion battery Charging port

—  Power board Silicon cover

Figure 8. Design of the Ondol pipeline inspection robot reflecting the requirements.
4. Development of Prototype and Performance Experiment

4.1. Prototype System

The inspection robot presented in this study is designed to be inserted into the pipeline, move
inside, capture real-time video, and transmit the video to nearby monitoring equipment via wireless
communication. The system for utilizing this robot for pipeline inspection consists of three main
components. First, the inspection robot that is inserted into the pipeline, a monitoring system
connected to the robot via Wi-Fi to check the captured video in real-time, and an air compressor to
provide the propulsion needed to move the robot inside the pipeline.

Figure 9 below shows the system requirements and the appearance of the capsule-type
inspection robot that was manufactured reflecting these requirements. Figure 9a shows the prototype
with the LED in the on/off state. Figure 9b shows the robot inserted into the pipeline, and Figure 9c
is an image verifying the size of the prototype with a digital caliper. Looking at the representative
specifications of the detailed components, the robot was manufactured with a diameter of 11.34mm
and a length of 31.92mm. The camera has a resolution of 2 million pixels, and the battery is a
rechargeable 3.7V, 556mAh lithium-ion type. The LED lighting includes four LEDs with low power
consumption and a wide viewing angle, each with a maximum of 320mcd. The Wi-Fi module
operates at 2.4GHz.
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(a) (b) ©

Figure 9. Prototype of the capsule-type pipeline inspection robot: (a) prototype; (b) Prototype inserted
into the pipeline; (c) measuring the size of the prototype.

The video captured by the robot as it moves through the pipeline is transmitted in real-time to
the monitoring system via wireless communication. This system was developed as an application
that can be installed on a laptop, tablet PC, or smartphone. The monitoring system consists of a viewer
for the administrator to check the real-time video, a menu for recording and saving, and a function
to turn the robot's LED on and off. Figure 10 below shows the operation of the application installed
on a smartphone. As shown in Figure 10a, the administrator runs the application and connects to the
robot inserted into the pipeline. Figure 10b shows the robot moving inside the pipeline, transmitting
real-time video to the smartphone, and recording it in the application. As shown in Figure 10(c), the
recorded video can be saved to a designated path.

= HABE LAB = HABE LAB

Smart Ball's cam Smart Ball's cam
[ B ive | 07, M Live | 07/14 010021 PM

HABE LAB robot

Connect

Saving video...

(a) (b) ()

Figure 10. Monitoring system application for the pipeline inspection robot: (a) starting and connecting
the application; (b) video captured inside the pipeline transmitted by the robot; (c) saving the video.

4.2. Performance Experiments
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To verify the performance of the developed prototype system, a laboratory with actual Ondol
piping installed was constructed, and performance verification experiments were conducted. The
laboratory constructed for the performance experiment is shown in Figure 11 below. The experiment
was constructed identically to the three patterns seen in Figure 2. To ensure the field applicability of
the developed system, the following verifications are required: first, verification of smooth movement
through the straight and curved sections of the piping; second, verification that the video captured
by the robot is well transmitted in real-time to the monitoring system and that defects can be clearly
identified by the naked eye on the monitoring system; and lastly, verification of wireless
communication performance. The verification of communication performance was excluded from
this experiment. This is because the movement of the robot cannot be visually confirmed when the
piping is embedded in cement mortar, and the performance of wireless communication has already
been verified through preliminary research. Therefore, the performance verification focused on the
mobility of the robot and the quality test of the detection screen on the monitoring system.

Figure 11. Laboratory constructed according to the installation patterns of Ondol Pipeline.

Figure 12 below shows the process of inserting the robot into the piping. Figure 12a shows the
air compressor used for moving the inspection robot inside the piping. The air compressor used in
this experiment is an off-the-shelf product with specifications of 3.5 horsepower and 40 liters. Figure
12b shows the process of inserting the inspection robot into the piping and connecting the air
compressor hose to the piping, and Figure 12c shows the monitoring system confirming the video
sent by the inspection robot.

(a) | (b) (©

Figure 12. Starting the performance test: (a) Air compressor used; (b) inserting the robot; (c)

monitoring system screen display.
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Figure 13 below shows the inspection robot moving. To confirm the moving position, the
laboratory lights were turned off, and the robot's LED was turned on. In Figure 13a, the robot appears
as the bright part inside the piping. Figure 13b shows the curved section, and Figure 13c shows the
straight section. The robot moves through the compressive force of the air introduced into the piping,
and the moving speed is adjusted by the compressive force of the air compressor. In the experiment,
the robot was moved at an average speed of 350 mmy/s, with speed adjustments possible between 200
and 500 mm/s. As a result, it was verified that the robot could move smoothly in both straight and

curved sections.

(a) (b) ()

Figure 13. Movement of the robot inside the pipeline: (a) overall view of the pipeline; (b) curved
section; (c) straight section.

Figure 14 below shows representative images of the video sent by the inspection robot while
moving. As the robot moves through the piping, it captures images of the piping, and the
administrator should be able to check these images on the monitoring system to assess the condition.
Figure 14a shows the normal interior of the piping. Figure 14b,c show the formation of wrinkles
inside the piping due to bending beyond the elastic limit of the piping at the curved sections. These
wrinkles can occur due to the mistakes of workers during the installation of the piping, which
weakens the durability of the pipe wall, hinders the flow of hot water, and ultimately becomes a
potential cause of leakage. Figure 14d shows the blockage of the piping. During the installation of the
piping, it is common for cement mortar, foreign substances, etc., to enter, and this image shows such
a situation. Figure 14e shows light leaking in due to damage at the pipe connection, and Figure 14f
shows a hole created by a nail used to secure the piping during installation, which punctured the
pipe wall due to a worker's mistake. Various situations that can occur during actual installation were
set up in the piping to verify whether these situations could be identified through the captured
images from the robot.
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Figure 14. Representative images transmitted by the robot: (a) normal condition of the Pipeline; (b)
wrinkled condition in the curved section; (c) wrinkled condition in the curved section; (d) blocked
condition of the pipeline; (e) defect at the connection; (f) hole caused by a nail.

4.3. Discussion and Further Study

The performance verification experiment confirmed that the developed robot can quickly
navigate the narrow inner diameter and curved sections of the piping while maintaining sufficient
video quality to identify issues. This validation of mobility and video quality suggests that the robot
system proposed in this study is ready for immediate deployment in the field.

Several challenges emerged during the development and experimentation process of the
prototype. First, while the use of an air compressor for robot movement ensures speed, it presents
limitations in precise forward and backward movement control. To address this, future work will
involve developing a segment-type robot by connecting two prototypes to secure space for the drive
unit and battery installation.

Additionally, the current requirement for continuous visual inspection of the transmitted video
from inside the piping reduces work efficiency. To improve this, future research will focus on
transitioning to an Al-based information processing method that can automatically detect issues and
incorporate notification and storage functions into the monitoring system.

5. Conclusions

In this study, an inspection robot system was developed to inspect Ondol piping used for
residential heating in Korea. The characteristics of Ondol piping were analyzed, and the performance
requirements for the inspection robot system were derived based on these characteristics. A
prototype was developed reflecting these requirements, and performance experiments were
conducted to verify that the system achieved a performance level suitable for field use.

Ondol piping is used for residential heating and is embedded in cement mortar, leading to
significant damage when repairs are necessary due to defects. Therefore, it is essential to inspect the
piping condition from the installation stage, and regular inspections are required during the
maintenance stage. In the case of Korean apartments, there are numerous units, and the piping to be
inspected is extensive. Speed and accuracy in inspections are crucial requirements due to the need
for regular inspections during both the installation and maintenance stages. The system proposed in
this study is considered a customized solution for these needs.

If this system is applied in the field, it will enable visual confirmation of the construction quality
of heating pipes that were previously uncheckable and facilitate the early detection of pipe
deformation and damage, thereby eliminating potential defect factors. Furthermore, it will allow for
the accumulation of data related to Ondol piping, which is used in most Korean residences, and
minimize labor and costs through non-destructive inspection technology. Ultimately, it will
contribute to reducing maintenance costs and extending the lifespan of buildings. This study can also
aid in establishing inspection systems for similar small-diameter piping.
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