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ABSTRACT

This paper proposes a novel pipe inside a magnetic actuator that operates on the elastic
energy of a vibration component excited by electromagnetic force. Flexible material such
as rubber was used to support the actuator in the pipe and was used as a means of
transferring elastic energy. The actuator is moved by the difference between forward and
backward forces of support point of actuator. In the experiment, the actuator that was
shielded by a thin acrylic hollow cylinder for movement inside a pipe with an inner
diameter of 11 mm was prototyped. Characteristics of movement for the actuator were
measured in air and water. The actuator could climb at 14.1 mm/s when pulling a load
mass of 30 g. In the water, the speed of the actuator compared to the air was approximately
50 % by viscosity resistance of the water. In addition, a prototype of a new magnetic
actuator combined with a memory alloy (SMA) wire and an electromagnetic vibration
component was proposed and fabricated. In the actuator, the supporting force inside the
pipe can be varied by the SMA wire. The speed of the actuator was measured in a pipe
soiled with oil. In a pipe with a coefficient of friction of 0.28, it can pull vertically at a
speed of 2 mm/s while generating a traction force of 0.088 N. Experimental results
demonstrated that this actuator can be used in various environments such as atmospheric
air, underwater, and piping with corroded parts. In the future, it is possible to observe the
damaged condition inside the piping by mounting a micro CCD-camera on the actuator.

Keywords: magnetic actuator, pipe inside mover, supporting force, frictional force,
shape memory alloy.

INTRODUCTION

There are several pipes in water, gas, and chemical plants. The inspection of existing
corrosion and cracks is conducted to find the damage of these pipes. A tool capable of
inspecting the condition of a pipe surface is required for safety reasons. Besides, a visual
inspecting robot to pick up the damage in small pipes is required. Pipes with an inner
diameter from 15 mm to 45 mm, which is the pipeline size, was used for water and gas
services. Many studies have investigated the mechanisms for a robot that is capable of
inspection in a thin pipe. The robots include devices using magnetic attraction force [1,
2], shape-memory-alloy wires [3, 4], AC magnetic fields [5-7] from the outside, and
electromagnetic motors [8-10]. An actuator combined with an electromagnetic force and
mechanical vibration was previously proposed by the authors [11-15]. However, for these
robots and actuators, a clean inner wall surface of the pipe is assumed, such as water pipe
and plant piping, the pipe inner surface used for many years is contaminated with rust and
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oil. A magnetic actuator of the cable type for movement inside a pipe filled on air and
water with an inner diameter of 11 mm was firstly prototyped. The actuator was shielded
by a hollow shield cover. Characteristics of movement for the actuator in air and water
were measured in detail. Furthermore, it was assumed that the inner surface of the pipe
was contaminated with mold or oil. In order to deal with this problem, a method of
changing a supporting force of the actuator by using a shape memory alloy coil was
proposed. The movement characteristics of the actuator were inspected by the
measurement when the pipe inner wall surface was contaminated with oil. Experimental
result demonstrated that the actuator could climb at 2 mm/s when pulling a load mass of
9 g. Due to the increase in auxiliary force by using the SMA coil even if the coefficient

of friction is small, this actuator produces a tractive force of approximately 1.9 times its

own weight. In general, vibration is treated as harmful, and research on vibration analysis
[16-18] and vibration control has been conducted [19-22]. On the other hand, an attempt
to utilise vibration is an interesting problem. In this paper, in order to achieve in-pipe
inspection under various environments, a new actuator was used with resonance vibration
for inspection in a piping, which combines a shape memory alloy wire and an
electromagnetic actuator, was prototyped and tested. By changing the supporting force
on SMA wire, the experimental results show that it is possible to move inside the
atmosphere, underwater, and pipe soiled with oil.

METHODS AND MATERIALS

Structure of A Pipe Inside Magnetic Actuator

Figure 1 is a diagram of a magnetic actuator that moves within an inner diameter pipe of
11 mm. The actuator consists of a permanent magnet to reinforce the magnetic exiting
force, an electromagnet, and a translational helical coil spring and a rubber leg to support
the actuator’s body in a small pipe. The permanent magnet cylindrical NdFeB is
magnetised in the axial direction. The magnet has a diameter of 8 mm and height of 3
mm. The surface magnetic flux density measured by using tesla meter is 325 mT. The
spring is the strong steel type with an outer diameter of 8.0 mm, total free length of 14.0
mm, and the spring constant as k = 2870 N/m. The gap between the permanent magnet
and the electromagnet is 3 mm. The electromagnet consists of an iron core 1.7 mm in
diameter with 810 turns of 0.14 mm diameter copper wire. The electrical resistance of the
electromagnet is 12.3 Q. The rubber used to support the actuator is constructed from
natural rubber and has a length of 22 mm, width of B mm, and thickness of 1 mm.
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Figure 1. Structure of magnetic actuator.
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The rubber was attached to the frame by a plastic bar having a diameter of 5 mm
as shown in Figure 1. The component constituted by mass- spring vibration model is
shielded by a hollow shield cover made of 30 mm in length, 9.5 mm in diameter, and
acrylic of thickness at 0.2 mm. If the actuator is inserted underwater, the water does not
penetrate inside of the vibration component. The actuator is 47 mm in length and the total
mass is 3.8 g. The specifications of the spring and electromagnet are given in Table 1.

Table 1. Specifications of the spring and electromagnet.

Parameters Value
Spring constant, & (N/m) 2870
Diameter of spring, d (mm) 8
Length of spring, L (mm) 14
Coil turn of electromagnet 810

Diameter of electromagnet, D (mm) 0.14
Resistance of electromagnet, R () 12.3
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(a) Initial supporting force F (b) Force acting on inside wall of the pipe due
to variable force P by vibration

Figure 2. Supporting force due to vibration component.

Principle of Motion

It is assumed that the shielding cover of the vibration component is taken off. The actuator
is held in the pipe by the initial supporting force F by using the rubber leg, as shown in
Figure 2. The actuator can be vibrated by having vibration amplitude A because it is held
inside the pipe. The alternating inertia force due to vibration of the vibration component
is P. When the vibration component is displaced with amplitude A in the +x direction, the
supporting force P (=0) is basically unchanged. This means that the actuator slides in the
pipe. Conversely, when a vibration component is displaced by amplitude A in the -x
direction, the tip of the rubber leg as shown in Figure 2 (a) is transformed, and locked in
the pipe inside the wall. If the angle 6 between the rubber leg and pipe wall is 45 degrees,
the supporting force of 0.5 kA xsin 6 cos 0 per vibration component acted on the pipe, as
shown in Figure 3. In the case of vibration component, the force of approximately 0.25
kA acts on the pipe. Thus, the actuator moves while alternately sliding and stopping as
shown in previous study [15].
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Figure 3. Principle of linear motion.
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Figure 4. Experimental apparatus.

Basic Movement Characteristics of Magnetic Actuator in Air and Water

An experimental test was conducted by using an apparatus as shown in Figure 4. The
vibration component model was driven at the resonance frequency using a function signal
generator and an amplifier. The resonance frequency of this actuator measured by using
experimental apparatus was 112 Hz. An acrylic pipe with inner diameter of 11 mm was
used. The coefficient of friction between the rubber leg and the acrylic pipe measured in
the experiment was 0.78. The experimental test of the actuator in the air was firstly carried
out. Figure 5 shows the relationship between width B of the rubber leg and supporting
force F of the actuator in the pipe as measured by the force gauge with changing width of
3 mm, 4 mm, 5 mm, 6 mm, 7 mm and 8 mm of the rubber leg, respectively. The support
force increased with increasing width B of the rubber leg. This was because the bending
rigidity in the pipe increased as the width of the rubber leg material increased. When the
rubber leg material is held inside the pipe as a cantilever beam, as the rubber width
increases, the supporting force of the actuator increases.
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Figure 5. Relationship between width of rubber and vertical upward speed (Air).

Figure 6 shows the relationship between the supporting force F and vertical climb
speed of the actuator when input current into the electromagnet was changed to 150 mA,
200 mA, 250 mA and 300 mA. For each supporting force F, an input current maximised
the speed of the actuator. The maximum speed of the actuator was 240 mm/s when the
supporting force F was 0.16 N and the input current was 300 mA. In Figure 6, an optimal
supporting force maximised the speed of the actuator. By using the rubber leg on the
optimal flexural rigidity, all of the energy due to the resonance vibration of the vibration
component is more efficiently converted into movement in one direction as shown in the
previous chapter.
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Figure 6. Relationship between supporting force and supporting force (Air).

Figure 7 shows the relationship between the tilt angle aof the pipe and the speed of
the actuator when the supporting force F of the actuator in the pipe was 0.1 N, 0.16 N and
0.2 N and the input current into the electromagnet was 200 mA. The supporting force F
was changed by varying the width of the rubber leg at 4 mm, 6 mm, and 7 mm. The tilt
angle varied from o = -90° (straight downwards) to o = 90° (straight upwards).

2910



Capability of pipe inside an actuator to move in various fluid and oil surfaces

In Figure 7, an angle of -90 degrees indicates a vertical downwards, 90 degrees indicates
a vertical upwards, and O degrees indicates a horizontal movement. The difference
between the upwards and downwards speeds for this actuator was about 1.5 times, when
the supporting force was 0.1 N. This is due to the effect of the weight of the actuator itself.
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Figure 7. Relationship between angle and speed (Air).

Figure 8 shows the relationship between the load mass loaded in the actuator and
the vertical climb speed when the supporting force F in the pipe was 0.1 N, 0.16 N and
0.2 N and input current into the electromagnet was 200 mA. This figure indicates that the
actuator is able to climb at 14.1 mm/s when the load mass is 30 g. This magnetic actuator
produces a tractive force of approximately 7.9 times its own weight.
This actuator demonstrates a good performance compared to other types of actuators
powered by the electric cable, considering this size and mass. On the other hand, an acrylic
water had a width of 40 cm, length of 45 cm and height of 30 cm was prepared, and water
was poured inside. The actuator was inserted in the water tank, and movement properties
were measured in air by the same method. In this case, the coefficient of friction and the
resonance frequency are the same in the air.
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Figure 8. Relationship between load and speed (Air).
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Figure 9 shows the relationship between the tilt angle a of the pipe and the speed of the
actuator when the supporting force F of the actuator in the pipe was 0.1 N, 0.16 N and 0.2
N. The supporting force F was changed by varying the width of the rubber legs at 4 mm,
6 mm and 7 mm. In the water, the difference of the upwards and downwards speeds for
this actuator was about 1.4 times, when the supporting force was 0.1 N. The ratio of the
speed is smaller than in the atmosphere. This is because the density of air and water were
different. Figure 10 shows the relationship between the load mass loaded in the actuator
and the vertical upward speed when the supporting force F was 0.1 N, 0.16 N and 0.2 N
and input current into the electromagnet was 200 mA. The actuator could climb at 2.2
mm/s when the load mass was 25 g. Viscous resistance of water was greatly increased in
water compared to the atmosphere. The movement speeds of the actuator were
considerably lower than in the atmosphere.
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Figure 9. Relationship between angle and speed (Water).
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Figure 10. Relationship between load and speed (Water).
Figure 11 shows the relationship between input current into the electromagnet and

the vertical upward speed when the supporting force F was 0.1 N. In this figure, 0 and A
indicate the experimental values in air and water, respectively. In water, the speed of the
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actuator compared to the air is approximately 50 %. Viscous resistance between
underwater and the atmosphere is about 45 times. Generally, the viscous resistance force
is proportional to square of the speed. As the input current increases into the
electromagnet, the speed of the actuator increases. Therefore, when the input current
becomes large, the difference between both curves becomes larger.

200

100

Vertical upward speed (mm/s)

0 L L L L | L L L L | L L L L
150 200 250 300
Input current (mA)

Figure 11. Relationship between input current and speed (Air and Water).

Movement Characteristics as Oil Attaches to the Pipe Surface

The initial supporting force F in the pipe of this actuator was decided by the width of the
rubber leg. Therefore, for mold or oil attached to the pipe surface, the actuator cannot
move as the supporting force F decreases. Two shape-memory-alloy (SMA) coils were
attached to the tip of the rubber leg, and the supporting force was changed by using
expansion and contraction of SMA coil. The SMA coil is the shape of a spring type with
an outer diameter of 0.4 mm and length of 15 mm when it is completely contracted. The
outer diameter of a SMA coil is 0.15 mm. The SMA coil has an electrical resistance of 400
Q per one meter. The electrical resistance of the SMA coil is 6 Q. As shown in Figure 12,
the magnetic actuator is composed of the vibration component, two SMA coils labelled A
and B, a rubber leg, four copper conductors, four wires and a shielded cover as shown in
the previous section. If a direct current is applied to the SMA coil by connecting it to a DC
power supply, the SMA coil contracts when the temperature of the SMA coil becomes
higher than the transition temperature. From this action, the total supporting force by the
rubber leg and two SMA coils can change voluntarily. Table 2 shows the material
properties of the SMA coil. The prototyped actuator has a length of 47 mm, and the total
mass is 4.8 g. An experimental test was conducted by using an apparatus as shown in
Figure 13. To apply electrical current onto two SMA coils, the DC power supply was used.
The resonance frequency of the actuator measured by using an experimental apparatus
was 112 Hz. Oil film by using spray was evenly spread to the surface of the pipe inside.
The acrylic pipe with an inner diameter of 11 mm was used. The coefficient of friction
between the rubber leg and the acrylic pipe measured in the experiment was 0.28.
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Figurel3. Photograph of experimental apparatus.

Table 2. Properties of the SMA coil.

Parameters Value
Outer diameter (mm) 0.62
Diameter of wire (mm) 0.15

Transformation point (°C) 50-60
Resistance per meter () 400

Figure 14 shows the relationship between the time and the total supporting force
when direct current into the SMA coil was changed to 150 mA and 200 mA. The
supporting force F by using the rubber leg with width of 8 mm was 0.25 N. After 90
seconds, the total supporting force by using two SMA coils and the rubber leg was 0.48
N and 0.64 N, respectively. The total supporting force changed to the steady state in about
75 seconds. In this paper, the SMA wire of TOKI Corporation (Trademark: BioMetal)
was used. This is a feature of BioMetal SMA wire, which takes about 60 seconds to reach
the steady state. Figure 15 shows the relationship between the input current into the
electromagnet and the vertical upward speed of the actuator when direct current into the
SMA coil was changed to 150 mA and 200 mA when the supporting force F was 0.25 N.
This figure indicates that the actuator could climb at 63.3 mm/s when input current into
the electromagnet is 300 mA. The actuator slipped down in the pipe as the direct current
into the SMA coil was 0. When a current of 300 mA was input to the SMA wire and the
supporting force of the actuator was increased, the movement speed of the actuator
increased with the increase of the current into the electromagnet. On the other hand, when
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using a current of 200 mA, the movement speed of the actuator decreased. This is because
the actuator slipped in the pipe due to low coefficient of friction.

0.8 i T T T T T T T
=3
[<B]
e 06
NS
=4
t 04
o
o
S 1
>
2 o2k O:150mA |
S A 200 mA
o
'_
| | L | |
0 20 40 60 80

Time(s)

Figure 14. Relationship between time and total supporting force.
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Figure 15. Relationship between input current and speed (Oil).

Figure 16 shows the relationship between the load mass loaded in the actuator and
the vertical upward speed when direct current into the SMA coil was changed to 150 mA
and 200 mA when the supporting force F was 0.25 N. The input current into the
electromagnet was 200 mW. The actuator could climb at 2 mm/s when the loading mass
was 9 g. Due to the increase in auxiliary force by using the SMA coil even if the
coefficient of friction is small, this actuator produces a tractive force of approximately
1.9 times its own weight not shown at a condition in water and oil film [11-15]. The
efficiency in the actuator is fairly low. The main reason for the low efficiency is probably
because of the transformation loss of energy affected by the rubber leg, in which the
resonance energy is transformed into locomotive power as shown in the operational
principle in the previous chapter. A high loss is probably not unique to this actuator but
inevitable in any actuator for which the propulsion relies on highly frictional pressure
applied by an elastic material. A prototype of a new pipe inside actuator combined with a
shape memory alloy wire and an electromagnetic actuator was produced. The actuator
can vary the supporting force by applying the current to the SMA wire. By setting the
initial supporting force on the rubber leg to 0.2 N, the actuator can move under various
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conditions. In pipe soiled with oil, it showed pull characteristics more than twice of its
own weight. Furthermore, experimental results demonstrated that it is possible to inspect
in pipe soiled with oil as well as with air and water.

50 | T T
40 .
30- O : 150 mA

A 200 mA

e

20

10

Vertical upward speed (mm/s)

10

Load mass (g)
Figure 16. Relationship between input current and speed (Oil).

CONCLUSIONS

A novel pipe inside magnetic actuator that operates on the elastic energy of a vibration
component excited by electromagnetic force is proposed in this paper. Characteristics of
movement for the actuator were measured in air and water. In the air, the vertical upward
speed of the actuator with no load mass was 240 mm/s when an initial supporting force
by using the rubber leg was at 0.16 N and the input current into electromagnet was 300
mA. The actuator could climb at 14.1 mm/s when a loading mass was 30 g. Moreover,
underwater experiments were conducted under the same conditions. In the water, the
performance of the actuator compared to the air was approximately 50 % of the increasing
resistance in water. This actuator showed good movement performance in both air and
water. In addition, a method of changing the supporting force of the actuator by using two
shape memory alloy coils was proposed. Movement tests were carried out in pipe soiled
with oil. The actuator could climb at 2 mm/s pulling a load mass of 9 g when the direct
current into the SMA coil was 200 mA. Due to the increase in auxiliary force by using
the SMA coil even if the coefficient of friction is small, this actuator can move inside the
pipe. Based on the measurement results, this actuator demonstrated the possibility of the
inspection in the water supply pipes, power generation, chemical plants. The entire
actuator must be miniaturised, made lighter and incorporate deployment. Furthermore, by
achieving movement inside the curved pipe and mounting a micro CCD-camera, a new
inspection technology for piping facilities can be established. However, it is necessary to
improve the propulsion power by improving the magnetic circuit of the permanent magnet
and the electromagnet in vibration component. Future research will be directed towards
these goals.
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