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Abstract: In every country, large steel bridges, such as cable-stayed bridges, are actively being
constructed, and the number of such bridges has been progressively increasing. These bridges are
often inspected using drones, but inspection techniques have not been established because of strong
winds and thunder. Therefore, robots capable of working in difficult environments are desired.
In the present study, a prototype of a rotary actuator system combining two iron disks and two
electromagnetic-vibration-type actuators was fabricated. A new operation principle was developed
that drives the system using the reaction force of the vibration-type actuator. Two shape memory
alloy coils and two friction pads were integrated into the system to enable it to carry out turning
operations, which were successfully demonstrated. The proposed actuator system can thus move in
any direction. In addition, with this actuator system, both slide-on-ceiling and wall-climbing motions
are possible.

Keywords: actuator system; magnetic wheel; electromagnetic vibration; shape memory alloy coil;
slide-on-ceiling motion

1. Introduction

In every country, large steel bridges, such as cable-stayed bridges, are actively being constructed,
and the number of such bridges has been progressively increasing. These large structures are subjected
to a surface inspection once every five years. At present, inspections of large bridges with spans of over
200 m are conducted by combining elevated work vehicles and telephoto vision. Furthermore, it is
necessary to regularly inspect large iron tanks with outer diameters of over 100 m. These inspections
are made possible by building scaffolds for such large tanks. However, there are problems with current
inspection methods in that microcracks cannot be reliably detected. Inspections using drones have
also been conducted, but inspection techniques have not been established because of strong winds and
thunder. Therefore, on the basis of the above considerations, robots capable of working in difficult
environments are desired.

Previously proposed adhesion methods for wall surface movement include the following:
a permanent magnetic adhesion system [1,2], the adhesive force generated by a suction cup [3]
or flexible rubber [4–8], controlling the attractive force of an electromagnet [9], a permanent magnet
combined with an iron wheel [10–13], the negative pressure of a pump [14,15], the wind force produced
by a propeller [16], the vibration of the many caps [17,18], a claw gripper [19–21], and adhesive
materials [22,23]. However, these methods involve complicated mechanisms and require the
adhered device to have a relatively large weight. The authors have previously proposed a magnetic
actuator capable of moving on a magnetic structure by coupling a magnetic force and mechanical
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resonance [24,25]. This magnetic actuator has a simple structure and is inexpensive to manufacture.
However, this actuator is limited to movement in one direction, and cannot move if there is rust or
corrosion on the surface of the target structure.

In the present study, a prototype of a rotary actuator system combining two iron disks and two
electromagnetic-vibration-type actuators was fabricated. A new operation principle was developed in
which the system is driven by the reaction force of the vibration-type actuator. Two shape memory alloy
(SMA) coils and two friction pads were integrated into the actuator system to achieve rotational motion.
This actuator system was demonstrated to be capable of turning operations. This magnetic-wheel-type
actuator system is able to climb upward at a speed of 24 mm/s while pulling a load mass of 120 g
when the attractive force of the rubber magnet is 1.78 N, and can realize both slide-on-ceiling and
wall-climbing motions. The actuator system was confirmed to be able to move on a magnetic substance,
such as an iron rail, supplied by only a function generator and a power amplifier.

2. Structure of the Vibration-Type Actuator and Actuator System

Figure 1 shows a diagram of the developed vibration-type actuator capable of moving on
a magnetic substance. The vibration-type actuator consists of a cylindrical permanent magnet,
a translational spring, an electromagnet with an iron core, a triangular acrylic frame, and a rubber
permanent magnet attached to the bottom of the frame. The cylindrical permanent magnet is composed
of NdFeB and is magnetized in the axial direction. It has an outer diameter of 12 mm and a thickness
of 5 mm. The surface magnetic flux density measured by a Tesla meter was 322 mT. The translational
spring is a stainless steel compression coil with an outer diameter of 11 mm, a free length of 18 mm,
and a spring constant k of 2178 N/m. The vibration component consists of the translational spring
and the cylindrical permanent magnet, and the electromagnet is inserted into the translational spring.
The rubber permanent magnet is magnetized in the thickness direction and has a length of 9 mm,
a width of 15 mm, and a thickness of 2.8 mm. The average surface magnetic flux density measured by
a Tesla meter was 116 mT. The angle α of the mass-spring model was set to 60◦ based on the results
obtained in a previous study [24]. The actuator has a height of 42 mm, a width of 15 mm, and a total
mass of 13.5 g. The attractive force generated by the flexible rubber magnet attached at the support part
acts on the actuator when it is placed on a magnetic structure, as shown in Figure 2. The frictional force
between the flexible magnet and the magnetic substance alternates periodically during the vibration.
Since the horizontal component of the inertial force exceeds the frictional force, the vibration-type
actuator is propelled by the difference between the frictional forces in the forward and backward
directions acting on the flexible rubber magnet in the support, as shown in a previous study [25]. First,
the movement characteristics of this vibration-type actuator were examined.Actuators 2019, 8, x 3 of 12 
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An iron rail of 50 mm in width, 50 mm in thickness, and 400 mm in length was used as the
target magnetic structure. The vibration component of the vibration-type actuator was driven at the
resonance frequency using a function signal generator and an amplifier. The resonance frequency
was 97 Hz. The coefficient of friction between the iron rail and the flexible magnet measured in the
experiment was 0.67. The attractive force F of the flexible magnet measured using a force gauge was
1.78 N. The coefficient of friction and the attractive force F were fixed during the experiment.

Figure 3 shows the relationship between the power input to the electromagnet and the speed
of the vertical upward movement when the mass loaded on the actuator was set to 50 and 100 g.
Figure 4 shows the relationship between the tilt angle α of the iron rail and the speed of the actuator at
input powers of 100 and 150 mW. From these results, considering the size and weight of the system,
this vibration-type actuator shows good movement characteristics. However, the vibration-type
actuator is capable of movement in only one direction, and to inspect the state of a target structure,
it is necessary to move in all directions. As described above, the vibration-type actuator realizes
unidirectional movement by periodically changing the frictional force of the rubber magnet adhered to
the support portion. This means that the movement characteristics of the actuator are also dependent
on the rust and corrosion conditions of the surface of the target iron structure.Actuators 2019, 8, x 4 of 12 
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In the present study, a new actuator system capable of movement on a magnetic surface was
developed. Figure 5 shows the proposed rotary actuator system, which combines a magnetic
wheel, composed of two iron disks and an electromagnet, with the electromagnetic-vibration-type
actuator. The actuator system consists of two electromagnetic-vibration-type actuators, labeled A
and B; an E-shaped acrylic material; four magnetic rings; an acrylic shaft; and two iron disks.
Electromagnetic-vibration-type actuators A and B are held by the E-shaped acrylic frame and rotate
the two iron disks using the reaction force of the vibration-type actuator. In this actuator system,
magnetic paths are formed by the magnetic wheels, electromagnets, and iron structures. Furthermore,
because the frictional force between the iron disk and the rubber magnet of the vibration-type actuator
can be kept constant, the frictional force during the rotational movement of the actuator system on the
structure does not change. Figure 6 shows a photograph of the magnetic actuator system and parts
and assembly.Actuators 2019, 8, x 5 of 12 
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In the production of a prototype of the magnetic-wheel-type actuator system, two vibration-type
actuators with the same driving frequency and moving characteristics were produced. The E-shaped
acrylic frame was made from a 1 mm-thick flat plate using a three-dimensional (3D) processing
machine. The dimensions of the E-shaped frame in this figure correspond to iron disks of 40 mm
in diameter.

3. Principle of Locomotion

As shown in Figure 7, the vibration-type actuator is vibrated by the attractive force of the rubber
magnet. The vibration-type actuator moves as a result of the vertical and horizontal components of
the forces generated by the vibration component attached at an angle of 60◦. When the vibration-type
actuator with a rubber magnet is placed on a fixed iron disk, the vibrating body of the actuator moves
in the direction in which the vibration component is tilted.Actuators 2019, 8, x 6 of 12 
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When a supported state is imposed to prevent the motion of the vibration-type actuator, the iron
disk rotates as a result of the reaction force of the actuator as a center on the acrylic shaft. By inserting
the vibration-type actuator into the E-shaped acrylic frame in such a way that it is attracted to the
iron disk, as shown in Figure 7, it is possible to rotate the disk while preventing the movement of the
actuator. In the present actuator system, vibration-type actuators A and B rotate the corresponding
iron disks A and B, thereby enabling the system to move linearly over an iron structure.

4. Locomotive Characteristics of Actuator System

In this actuator system, a magnetic path is formed by the two iron disks and the iron
structure being inspected. Therefore, the effect of the thickness and diameter of the two iron disks
and the material of the four magnetic rings attached to the center of the disk on the attractive
force was investigated, as shown in Figures 8 and 9. Figure 8 also gives an overview of the
experimental apparatus.
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The attractive force between the two iron disks and the iron structure has a great influence on
the movement characteristics of the actuator system. In this actuator system, a magnetic circuit is
constituted by two iron disks, four ring pieces, and an iron structure. For this reason, leakage of the
magnetic flux of the permanent magnet is prevented reduced to a minimum, and an effective attractive
force is generated. Magnetic materials were used for all four ring pieces.

Figure 9 shows the three conditions considered in the evaluation of the effect of the material
of the four magnetic rings. Type A has four permanent magnet rings of the same size, type B has
three permanent magnets and one iron ring, and type C has two permanent magnets and two iron
rings. The permanent magnet and iron rings have an outer diameter of 11 mm, an inner diameter
of 7.8 mm, and a width of 5 mm. Additionally, the arrangement of the four rings in each type was
as shown in Figure 9. The permanent magnet ring is made of NdFeB and is magnetized in the axial
direction. The surface magnetic flux density measured using a Tesla meter was 396 mT. The effect of
the dimensions of the iron disks was also evaluated. Thicknesses of 1, 1.5, and 2 mm, and diameters of
40, 50, and 60 mm were considered in this evaluation. E-shaped acrylic frames were produced with
dimensions corresponding to the considered diameters of the iron disk.

Prior to the measurement of the attractive force, the total mass of the magnetic-wheel-type actuator
system with the two vibration-type actuators was measured. Table 1 gives the total mass of the type
A system with two vibration-type actuators for each combination of the considered diameters and
thicknesses of the iron disks. As the thickness of the iron disk increases, the total mass of the actuator
system increases sharply.
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Table 1. Total mass of the type A magnetic-wheel-type actuator system for different diameters and
thicknesses of the iron disks.

Diameter (mm)
Total Mass (g)

Thickness: 1 mm Thickness: 1.5 mm Thickness: 2 mm

40 mm 56.4 66 75.64
50 mm 73.5 83.1 92.7
60 mm 103.8 113.4 123

The force of the attraction of each type of magnetic wheel to the iron rail was measured using
a spring balance. Table 2 gives the attractive force of each system type for iron disks with different
thicknesses and a diameter of 40 mm. For each type, the attractive forces of the iron disks with
thicknesses of 1.5 and 2 mm were very similar. Considering the tradeoff between the total weight of
the actuator system and the need for a relatively strong attractive force when moving over a structure,
a disk thickness of 1.5 mm was selected.

Table 2. Attractive force of magnetic-wheel-type actuator systems with different disk thicknesses
(disk diameter: 40 mm).

Magnetic Ring Attractive Force (N)

Thickness: 1 mm Thickness: 1.5 mm Thickness: 2 mm

Type A 9.3 15.1 16
Type B 9 14.9 15
Type C 8.9 14.3 14.8

For the actuator system with the two vibration-type actuators shown in Figure 1, Table 3 gives
the speed of the actuator system in the horizontal direction for different iron disk diameters when
the power input to the electromagnet of one vibration-type actuator was set to 100 mW. The type A
actuator system with a disk diameter of 40 mm achieved the highest speed among the considered
cases. In this measurement, the driving frequency of the actuator system was 97 Hz.

Table 3. Horizontal speed of magnetic-wheel-type actuator system types with different disk diameters.

Diameter (mm)
Speed (mm/s)

Type A Type B Type C

40 mm 41.7 37.9 34.5
50 mm 35.77 32.1 30.3
60 mm 29.1 26.7 25

In this study, the magnetic wheel actuator system with a disk of 40 mm in diameter and 1.5 mm
in thickness was adopted. Figure 10 shows the relationship between the mass loaded on the actuator
system and the upward speed for the type A actuator with different iron disk thicknesses. In the
measurement, the power input to the electromagnet was set to 685 mW. Even under a load mass of
120 g mounted on the actuator system, vertical upward movement at a speed of 24 mm/s was possible
on the magnetic surface.

Figure 11 shows the relationship between the mass loaded on the actuator system and the upward
speed for each magnetic ring configuration. In this measurement, the power input to the electromagnet
was set to 367 mW. The type A actuator system showed excellent traction properties.
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The effect of the tilt angle of the iron structure on the actuator system speed was then studied.
Figure 12 shows the definition of the tilt angle β and the two cases that were considered in investigating
its effect on the speed. The tilt angle was varied, and the actuator system speed was measured in the
case of motion along the front and slide-on-ceiling planes of the iron rail.Actuators 2019, 8, x 9 of 12 

 

 
Figure 12. Experimental setup to measure the effect of the tilt angle of the iron rail on the speed of 
the magnetic-wheel-type actuator system for motion in the front and slide-on-ceiling planes. 

 
Figure 13. Speed of the actuator system in the two considered planes of motion plotted against the 
tilt angle β of the iron rail. 

5. Turning Properties of the Actuator System 

In this actuator system, movement is limited to one direction by its movement principle. Two 
SMA (TOKI Corporations, Trademark: BioMetal, 143-0006, 4-1-23 Heiwajima, Tokyo, Japan) coils 
and two friction pads were incorporated into the magnetic-wheel-type actuator system, and its 
ability to execute turning operations was examined. Figure 14 shows an overview of the actuator 
system capable executing turning operations. An SMA coil spring and a friction pad were 
respectively attached to rods A and B, forming the E-shaped acrylic frame via a conductor. Table 4 
gives the properties of the SMA coil spring. The length of the SMA coil spring, with no current 
flowing through it, is 40 mm. 

As shown in Figure 15, when a direct current is applied to the SMA coil spring by connection to 
a direct current (DC) power supply, the temperature of the SMA coil spring surpasses the transition 
temperature. The iron disk and the friction pad are then put into contact with each other by the 
contracted SMA coil spring, forming a fulcrum where the iron disk does not rotate. In this state, 
when vibration-type actuator B is operated, a moment is applied at the fulcrum, and the actuator 
system can turn in a clockwise direction. Since two SMA coil springs and two friction pads are 
employed in this setup, the actuator system can be turned clockwise or counterclockwise, depending 
on which SMA coil spring is contracted. In this way, the actuator system can move in any direction. 

Figure 12. Experimental setup to measure the effect of the tilt angle of the iron rail on the speed of the
magnetic-wheel-type actuator system for motion in the front and slide-on-ceiling planes.



Actuators 2019, 8, 4 9 of 12

Figure 13 shows the speed of the actuator plotted against the angles β1 and β2 of the iron rail with
respect to the horizontal plane under an input power of 150 mW. In this figure, the solid line and dashed
lines represent variation in β1 and β2, respectively, as defined in Figure 11. The tilt angles β1 and β2

were varied from −90◦ (straight downward) to 90◦ (straight upward). In this figure, β1 corresponds to
movement along the front plane, and β2 corresponds to movement along the slide-on-ceiling plane.
Since the attractive force F of the support part changes as a result of the influence of the weight of the
actuator system, for β1 = β2 = 0◦, the speeds of the two movement types are different. In addition,
for β1 = β2 = 90◦, the movement is equivalent to the wall-climbing movement.

Actuators 2019, 8, x 9 of 12 

 

 
Figure 12. Experimental setup to measure the effect of the tilt angle of the iron rail on the speed of 
the magnetic-wheel-type actuator system for motion in the front and slide-on-ceiling planes. 

 
Figure 13. Speed of the actuator system in the two considered planes of motion plotted against the 
tilt angle β of the iron rail. 

5. Turning Properties of the Actuator System 

In this actuator system, movement is limited to one direction by its movement principle. Two 
SMA (TOKI Corporations, Trademark: BioMetal, 143-0006, 4-1-23 Heiwajima, Tokyo, Japan) coils 
and two friction pads were incorporated into the magnetic-wheel-type actuator system, and its 
ability to execute turning operations was examined. Figure 14 shows an overview of the actuator 
system capable executing turning operations. An SMA coil spring and a friction pad were 
respectively attached to rods A and B, forming the E-shaped acrylic frame via a conductor. Table 4 
gives the properties of the SMA coil spring. The length of the SMA coil spring, with no current 
flowing through it, is 40 mm. 

As shown in Figure 15, when a direct current is applied to the SMA coil spring by connection to 
a direct current (DC) power supply, the temperature of the SMA coil spring surpasses the transition 
temperature. The iron disk and the friction pad are then put into contact with each other by the 
contracted SMA coil spring, forming a fulcrum where the iron disk does not rotate. In this state, 
when vibration-type actuator B is operated, a moment is applied at the fulcrum, and the actuator 
system can turn in a clockwise direction. Since two SMA coil springs and two friction pads are 
employed in this setup, the actuator system can be turned clockwise or counterclockwise, depending 
on which SMA coil spring is contracted. In this way, the actuator system can move in any direction. 

Figure 13. Speed of the actuator system in the two considered planes of motion plotted against the tilt
angle β of the iron rail.

5. Turning Properties of the Actuator System

In this actuator system, movement is limited to one direction by its movement principle. Two SMA
(TOKI Corporations, Trademark: BioMetal, 143-0006, 4-1-23 Heiwajima, Tokyo, Japan) coils and two
friction pads were incorporated into the magnetic-wheel-type actuator system, and its ability to
execute turning operations was examined. Figure 14 shows an overview of the actuator system capable
executing turning operations. An SMA coil spring and a friction pad were respectively attached to
rods A and B, forming the E-shaped acrylic frame via a conductor. Table 4 gives the properties of the
SMA coil spring. The length of the SMA coil spring, with no current flowing through it, is 40 mm.

Table 4. Properties of the shape memory alloy (SMA) coil spring.

Outer
Diameter

Diameter of
Wire

Transformation
Point

Resistance per
Meter

Input
Current

SMA coil spring 0.62 mm 150 µm 60–65 ◦C 400 Ω 180 mA

As shown in Figure 15, when a direct current is applied to the SMA coil spring by connection to
a direct current (DC) power supply, the temperature of the SMA coil spring surpasses the transition
temperature. The iron disk and the friction pad are then put into contact with each other by the
contracted SMA coil spring, forming a fulcrum where the iron disk does not rotate. In this state,
when vibration-type actuator B is operated, a moment is applied at the fulcrum, and the actuator
system can turn in a clockwise direction. Since two SMA coil springs and two friction pads are
employed in this setup, the actuator system can be turned clockwise or counterclockwise, depending
on which SMA coil spring is contracted. In this way, the actuator system can move in any direction.
In the measurement, the input power to the electromagnet of each vibration-type actuator was set to
405 mW.
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Table 5 gives the clockwise and counterclockwise turning speeds when the horizontal and vertical
planes are set as the plane of motion of the actuator system. The results given in this table demonstrate
that the turning speeds in the counterclockwise or clockwise directions are approximately equal.
The rotation speed in the vertical plane of motion (wall surface) is lower than that of the horizontal
plane of motion. This is because the weight of the actuator system affects its movement in the
vertical plane.
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Table 5. Turning speed of magnetic-wheel-type actuator system in the vertical and horizontal planes.

Vertical Plane Horizontal Plane

Clockwise
(◦/s)

Counter Clockwise
(◦/s)

Clockwise
(◦/s)

Counter Clockwise
(◦/s)

12 11 20 21

6. Conclusions

An actuator system combining two iron disks and two electromagnetic-vibration-type actuators
was proposed and tested. The experimental results reveal that the proposed actuator system can pull
1.8 times of its own weight when the power input into the electromagnet is 685 mW. In addition,
a configuration capable of turning operations combining SMA coil springs and friction pads was
proposed. It was demonstrated that the actuator system is capable of turning in any direction.
The actuator system can rotate at a rotation speed of 11 ◦/s, even if it is set on a vertical plane.
The possibility of using such a system to perform the inspection of large structures was demonstrated.
Future work will involve exploration of methods of improving the pulling characteristics and the step
movement of the system and investigation of the coupling of multiple actuator systems.

Author Contributions: H.Y. initiated and supervised the development of the actuator and wrote the paper,
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