Progress in Human Computer Interaction
2022 Volume 2, Issue 1

ART &TECHNOLOGY ISSN: 2630-4635

PUBLISHING PTE. LTD.

Screw Transformation Mechanism of Screw-Propelled
Robot for Efficient Void Detection in Grease Pipe

Dongseon Kim', Hojoong Kim’, Jinhyun Kim’*

'Future Mechanical Technology Research Center, Seoul National University of Science and Technology (SeoulTech), Seoul, Republic
of Korea

*Department of Mechanical & Automotive Engineering, Seoul National University of Science and Technology (SeoulTech),
Seoul, Republic of Korea

*Corresponding author: Jinhyun Kim, jinhyun@seoultech.ac.kr

Copyright: © 2022 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), permitting distribution and reproduction in any medium, provided the original work is cited.

Abstract Keywords
In general, detection robots using ultrasonic sensors are equipped with Screw-propelled
sensors to protrude outward or to contact objects. However, in the case of Overlapped-screw
a screw-propelled robot that detects the inside of a reactor tendon duct, if Magnetic clutch
the ultrasonic sensor protrudes to the outside, resistance due to grease is Grease robot

generated, and thus the propulsion efficiency is reduced. To increase the
propulsion efficiency, the screw must be sharp, and the sharper the screw,
the more difficult it is to apply a high-performance ultrasonic sensor, and the
detection efficiency decreases. This paper proposes a screw shape-changing
mechanism that can improve both propulsion efficiency and detection
efficiency. This mechanism includes an overlapped helical ring (OHR)
structure and a magnetic clutch system (MCS), and thus the shape of a screw
may be changed to a compact size. As a result, the Screw-propelled robot
with this mechanism can reduce the overall length by about 150 mm and
change the shape of the screw faster and more accurately than a robot with a
linear actuator.

1. Introduction they are resistant to noise generated by various media,
In general, mobile robots use various sensors to identify although they lack range and resolution compared
the environment, and in particular, light detection and to other sensors °\. Ultrasonic sensors can measure
ranging (LiDAR), radar, and ultrasonic sensors are used the distance to the object being detected, which is
to detect objects ). Among them, ultrasonic sensors are calculated by measuring the time it takes for a pulse
widely used in non-destructive testing (NDT) because sent from a transmitter to bounce off the boundaries
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of the medium and arrive at the receiver . Therefore,
robots using ultrasonic sensors must either project the
sensor outwards or position the sensor in contact with
the object to be inspected to efficiently measure the
distance to the defect ),

Among the inspection robots that use ultrasonic
sensors is a small-diameter screw-driven robot
which was developed to inspect internal defects in the
post-tensioning of nuclear reactors. The reactor post-
tensioning consists of a 100 m long tendon channel
with strands to increase the strength of the structure and
grease to fill the remaining space to prevent corrosion
of the strands, as shown in Figure 1 7. However, there
have been cases of grease leakage in nuclear reactors at
home and abroad, and when voids occur due to grease
leakage, the strand exposed to the air can be corroded,
and in severe cases, the strand can even break. To
prevent this, the proposed robot, which is inserted into
the tendon duct to inspect the inside directly, uses an
ultrasonic sensor to detect voids in the grease in the

tendon duct, unlike general robots that detect objects in

the air.

~ 60 mm (

152 mm

100 m

Figure 1. Tendon duct in an atomic pile

Since it is difficult to see the inside of the tendon
canal with the naked eye, a high-resolution ultrasonic
sensor is required to improve the reliability of detection.
Therefore, considering the acoustic impedance of
grease and its semi-solid state, a high-frequency sensor
should be used to increase the resolution, and a large-
diameter sensor should be used to stably receive signals
disturbed by grease .

In addition, the robot uses the rotation of the screw
to move in the low-liquid grease and to avoid noise

caused by the rotation of the screw, the ultrasonic
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sensor is mounted at the front of the robot to detect
grease voids inside the duct. In the event of a grease
void, the ultrasonic sensor calculates the distance from
the robot to the void to determine if a void exists, as

shown in Figure 2.

T

Figure 2. Void detection of screw-propelled robot

However, in this set-up, where the ultrasonic
sensor is positioned at the front of the robot, as the
robot advances, the friction from the grease impacts
the overall surface of the ultrasonic sensor, thereby
hampering its efficacy in propelling the robot forward
(see Figure 3). As the cross-sectional area of the
ultrasonic sensor increases, the efficiency of propulsion
decreases. Beyond a specific size, the resistance of
the grease surpasses the propulsive force of the robot,

leading to immobilization.

Ultrasonic sensor

Figure 3. Shapes for ultrasonic sensor’s size

To increase propulsion efficiency, it is necessary
to sharpen the robot’s leading edge. However, since
the robot’s screw diameter must be smaller than
60 mm, it becomes more challenging to apply an
ultrasonic sensor of adequate size and performance
the sharper the leading edge is. Thus, when the screw
head is sharpened to improve propulsion efficiency,
the efficiency of void detection decreases due to the
inability to install a sufficiently performing ultrasonic
Sensor.

To address this issue, the paper introduces a

mechanism capable of optimizing propulsion and
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inspection efficiency. The said mechanism entails
modifying the shape of the screw-propelled robot head
based on the prevailing situation. A combination of
an overlapped helical ring and a magnetic clutch is
employed to implement this screw structure change
mechanism. This approach enables the mechanism’s
application without requiring significant changes to the

robot’s size.

2. Mechanism modeling
2.1. The concept of the mechanism

The screw structure change mechanism for efficient
propulsion and inspection of the robot is divided
into two modes, propulsion and inspection modes,
and changes modes depending on the situation. As
illustrated in Figure 4, during the propulsion mode, an
ultrasonic sensor is embedded within the robot while
the leading edge maintains a sharp shape to reduce
grease resistance and improve the robot’s efficiency of
propulsion. In contrast, the probe mode involves cutting
the screws on the head to accommodate the ultrasonic
sensor, which protrudes from the robot’s head to detect
grease voids.

To enable the ultrasonic sensor to protrude from
the robot, linear motion is necessary, which is typically
generated using a linear actuator. However, this
requires more space than the distance the ultrasonic
sensor needs to move (see Figure 5). Therefore, the
application of a linear actuator augments the robot’s
overall length, by including the motor-driver for

operation.

Ultrasonic sensor
module

C—r

l+«

Figure 5. Schematic diagram of a linear actuator’s motion

This paper presents a modification mechanism of
the screw structure, integrating an overlapped helical
ring configuration that allows rapid and efficient
movement of the ultrasonic sensor while limiting
changes in the robot’s overall length. Additionally, the
integration of a magnetic clutch enables power supply
from the robot’s propulsion motor, without the need for

an added rotary motor to maneuver it.

2.2. Overlapped helical ring mechanism

The overlapped helical ring (OHR) mechanism is based
on the principle of a screw, which converts rotational
motion into linear motion. It comprises multiple
rings with overlapped helical grooves. As illustrated
in Figure 6, when one helical ring rotates due to the
motor, other helical rings are gradually deployed and
the extent of linear motion can be modified based
on the number of rings and the helix pitch. The
abbreviations of technical terms will be explained

during their first use.

Grease ~1_¥

Figure 4. Schematic diagram of screw transform mechanism
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Figure 6. Schematic diagram of the overlapped
helical ring (OHR) mechanism
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Figure 8. Schematic diagram of magnetic clutch
system (MCS)

In this paper, we developed an OHR model to
produce a linear displacement of 40 mm within a 20
mm area, as demonstrated in Figure 7. Both the screw-
opening/closing mechanism and the ultrasonic sensor-
moving mechanism operate simultaneously, enabling

alterations to the screw structure.

2.3. Magnetic clutch system

Although clutches are commonly employed for
regulating power transmission in automobiles, such
bulky clutch systems are not suitable for small robots
with a diameter of 60 mm or less. Therefore, in order to
apply to small-diameter robots, a small electromagnet
motor with an on/off clutch operation type and an
armature for power transmission is configured as
presented in Figure 8.

When the armature makes contact with the
electromagnet through the application of a signal,
the OHR mechanism is activated, transmitting power
from the robot’s propelling motor. However, during
propelling mode, when the robot is in motion, the
signal to the electromagnet is disconnected, causing
the armature to drop and preventing the transfer of

power from the propelling motor to the OHR. The

6‘ %:rew’s head
opening/closing

For ultransonic sensor

Ultransonic sensor

A
o .

W

movement

Clutch OFF
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Figure 7. Modeling of the overlapped helical ring (OHR) for a screw-
propelled robot

Clutch ON

Figure 9. Modeling of the magnetic clutch system (MCS) for a screw-
propelled robot

magnetic clutch system (MCS) utilized a relay module
as an energizing switch for activating and deactivating
the electromagnet motor. This allowed for continuous
structure changes while the robot was in motion.

A model of the MCS was developed and
subsequently miniaturized to suit the size of the screw-
propelled robot, as illustrated in Figure 9. In the
propulsion mode of the robot, the clutch is disengaged
to allow movement without affecting the OHR
structure. When switching to inspection mode, a signal
activates the clutch to transfer power to the OHR. The
activated OHR alters the screw structure, enabling the

robot to identify grease voids.

3. Experiment Results

A model of the screw structure change mechanism
was developed using OHR structure and MCS. The
screw is made relatively sharp in the propulsion mode
to enhance the propulsion efficiency, while in the
inspection mode, the ultrasonic sensor is moved to the
robot’s front to minimize the impact of screw rotation
while maintaining contact with the grease. Refer to

Figure 10 for a depiction.
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Figure 10. The sequence of the screw transform mechanism

60 mm

Volume of grease around screw

Figure 11. Volume of grease

Table 1. Various volume values

Volume of grease in the duct (V)

Volume of the screw (V)

Volume of grease around the screw (V,— V)

635.10 cm’

32.98 cm’

602.12 cm’

Based on the previous modeling, a 3D printer
produced a prototype of the screw structure modification
mechanism that can be implemented in the screw-
propelled robot. The minimum force required to cut
the screw was assumed to be the weight of the grease
surrounding the modified screw, which is illustrated
in Figure 11. Therefore, the amount of grease
encompassing a screw with an outer diameter of 60 mm
was determined by calculating the volume of grease
present inside a duct with an inner diameter of 152 mm
and subtracting the volume of the screw (see Table 1).

By utilizing the density of RP 600 grease, which
was used in the field (0.9 g/cm) ', the weight of the
grease surrounding the screw was evaluated as 5.3 N.
Thus, a minimum force of 5.3 N was necessary to sever
the screw. As the amount of grease in the duct is lower
than that assumed in Table 1, due to the insertion of a
lecture wire in the actual field, a screw can be incised
with a force greater than 5.3 N in the actual field.

By measuring the force required to cut the screw
with the OHR in the air using a load cell, it was

determined that the screw is cut with a maximum

force of approximately 25 N, as depicted in Figure
12. Therefore, it is hypothesized that by adequately
expelling the surrounding grease, the screw can be cut

within a second.
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Figure 12. Result of the screw opening force
Furthermore, a testbed was constructed to examine

the operation of the prototype MCS and confirm its

ability to transmit power (see Figure 13).
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Figure 13. Change of MCS state

Linear actuator

for screw shape-changing

Linear actuator based
Total 4 - Actuator(motor)

Screw closed
(Propulsion mode)

Screw opened
(Detection mode)

Figure 14. Applying the mechanism to the robot

Motor for propulsion

OHR & MCS based
Total 2 -Actuator(motor)

780 mm

The screw structure change mechanism prototype,
which integrates OHR and MCS, was installed on
the robot’s testbed for driving experiments. Through
airborne experiments illustrated in Figure 14, the screw
structure was adjusted according to the situation.

As a consequence, the mechanism alteration
utilizing OHR and MCS synchronizes the power
system, allowing effortless management of the
mechanism whilst the robot is in motion. This reduces
the robot’s total length by roughly 150 mm when
compared to a robot employing a linear actuator (Figure
15).

4. Conclusion

This paper proposes the use of the OHR structure
and screw structure change mechanism with MCS

to enhance the propulsion efficiency of the robot by

630 mm

Figure 15. Comparison of robot’s size between linear actuator-based robot and OHR & MCS-based robot
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embedding the ultrasonic sensor and maintaining a
sharp leading edge. Additionally, this approach can
improve inspection efficiency by cutting the screw and
relocating the ultrasonic sensor to the foremost position
during inspections. Experiments have demonstrated
that the screw-propelled robot using this mechanism
is capable of altering its shape to suit the situation.
It is anticipated that this will address the issue of
diminished propulsion/inspection efficiency resulting
from structural concerns associated with the robot
during inspection missions. However, to implement
it in the field, research is necessary to overcome the
manufacturing limitations of 3D printing and the
material’s durability. Furthermore, an experiment will
be required to develop a structural design that prevents
the clutch from slipping during robot operation in

grease pipes.



2022 Volume 2, Issue 1 Screw Transformation Mechanism of Screw-Propelled Robot for Efficient Void Detection in Grease Pipe

~ Disclosure statement

The authors declare no conflict of interest.

- Acknowledgment

This work was supported by Korea Hydro & Nuclear Power Co., Ltd. (No. 2019-Technology-03).

References

[11 Ahn D, Kim N, Park J, et al., 2016, 2D Indoor Map Building Scheme Using Ultrasonic Module. The Journal
of Korean Institute of Communications and Information Sciences, 41(8): 986—994. https://doi.org/10.7840/
kics.2016.41.8.986

[2] Leon-Rodriguez H, Hussain S, Sattar T. 2012 12th International Conference on Control, Automation and Systems,
October 17-21, 2012: A Compact Wall-Climbing and Surface Adaptation Robot for Non-Destructive Testing. 2012,
Jeju, 404—409. https://ieeexplore.icce.org/abstract/document/6393473

[3] Kelemen M, Virgala I, Kelemenova T, et al., 2015, Distance Measurement via Using of Ultrasonic Sensor. Journal of
Automation and Control, 3(3): 71-74. http://doi.org/10.12691/automation-3-3-6

[4] Willcox M, Downes G. A Brief Description of NDT Techniques. 2003, NDT Equipment Limited, Toronto. https://
www.insightndt.com/papers/technical/t001.pdf

[5] Kim D, Kim H, Kim J, 2021, Screw-Propelled Robot Movable From Grease Pipe. The 16th Korea Robotics Society
Annual Conference, 2021: 399-400.

[6] Dimitrov A, Minchev D. 2016 19th International Symposium on Electrical Apparatus and Technologies
(SIELA), May 29—June 1, 2016: Ultrasonic Sensor Explorer. 2016, Bourgas, 1-5. https://doi.org/10.1109/
SIELA.2016.7542987.

[71 Hong J, Park J, Lee J, et al., 1999, Inspection Technology of Post-Tensioning System of Containment Building
in Nuclear Power Plant. Machines and Materials, 11(4): 134—142. https://www.koreascience.or.kr/article/
JAKO199973336119428.page

[8] Lee KT, Lee JB, Kim JK, 2020, Grease Void Detection in the Post-Tensioning Duct. KSCE 2020 Convention, 2020:
1171-1172. https://www.dbpia.co.kr/journal/articleDetail?7nodeld=NODE10569882.

[9] Kim D. Screw-Propelled Robot for Internal Inspection of Tendon Duct in Atomic Pile. 2022, Seoul National
University of Science and Technology (SeoulTech).

Publisher's note

Art & Technology Publishing remains neutral with regard to jurisdictional claims in published maps and

institutional affiliations.

-18-





