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ABSTRACT: In Japan, the percentage of bridges over 50 years old is rapidly increasing. Some bridges are
restricted to vehicular traffic due to damage and deterioration caused by aging. However, bridge inspection is
extremely difficult due to the location of some sites. Although many types of inspection robots have been
developed to ensure worker safety, inspection techniques for bridges have not been fully established. In this
study, a phase-controlled electromagnetic vibration actuator with four orthogonally arranged vibration
components is proposed for moving on complex iron structures such as bridges. A prototype actuator system, in
which two sets of actuators are mounted for inspection and connected in parallel to control the direction of
movement and improve propulsion characteristics, is developed. Tests confirm that two receivers, a video
capture device, and a personal computer can be used to perform visual inspections inside an iron structure. The
actuator system has a maximum traction force of 1.1 N. It can transmit inspection images wirelessly, allowing
inspection inside structures over long distances. The actuator system can move in any direction by combining
rotational and translational reciprocating movements. The operation of an industrially useful inspection device is
thus established. The actuator system is capable of visual inspection of iron structures on flat surfaces but not on
stepped surfaces. Furthermore, heavy objects, such as an automatic percussion device with a mass of 260 g,
cannot be mounted on the actuator system. By improving the magnetic circuit of the vibration component, the
movement characteristics of the actuator system can be improved.
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1. INTRODUCTION improve movement characteristics. On the other
hand, robots [8-9, 11-12] without electromagnetic
In Japan, the percentage of bridges that are more motors have low propulsion characteristics and
than 50 years old is rapidly increasing. Some bridges controllability difficulties.
are restricted to vehicular traffic due to damage and Robots based on drone technology have been
deterioration caused by aging. Therefore, the extensively developed [16, 17]. However, they are
inspection and maintenance of infrastructure, such as generally large and weigh more than 5 kg. Smaller
large bridges, is an important task. However, bridge drones have also been proposed, but they cannot
inspection is extremely difficult due to the location carry heavy objects. Furthermore, wind gusts and
of some sites. Various inspection robots have been thunderstorms affect the inspection performance of
developed to ensure worker safety. drones. For this reason, inspection techniques using
Inspection robots can move on walls using drone technology have not yet been fully established.
mechanisms such as suction systems using Attempts have been made to establish inspection
permanent magnets [1, 2], attraction control systems techniques for bridges based on theoretical analysis
using electromagnets [3], coupled models of [18-21], but verification using actual machines is
permanent magnets and magnetic wheels [4, 5], needed.
vacuum systems using pumps [6-8], coupled models Generally, vibration and noise are considered
of suction cups and vibrations [9, 10], models using harmful in engineering, and vibration control is
claw grippers [11-13] and models using roller [14, applied [22-24]. On the other hand, attempts to
15]. These inspection robots use a number of effectively utilize mechanical vibration are an
electromagnetic motors with good controllability as interesting engineering problem with few practical
the driving source. However, robots [1-7, 10, 13-15] examples. As one example of vibration use, the
with  built-in  electromagnetic motors require present authors previously proposed a phase-
reduction gears or other devices to be inserted controlled actuator that can move on magnetic
between the motor and mechanical components. materials [25, 26]. This is achieved by orthogonally
Therefore, built-in electromagnetic motors increase arranging multiple vibration components and
weight, which is disadvantageous for inspecting combining mechanical resonance and friction. The
walls and ceiling surfaces. Based on the above, the prototype actuator is compact, lightweight, and
previously  proposed robots equipped  with controllable. However, although this actuator has
electromagnetic motors cannot be expected to excellent propulsion characteristics per unit weight,
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its traction is low and heavy objects such as
inspection systems have not been mounted on it.
Furthermore, the actuator does not take into account
the space required for the inspection system.

In this study, a phase-controlled actuator with
four orthogonally arranged vibration components in
a square acrylic frame is proposed to improve the
propulsion characteristics and provide a mounting
location for the inspection system. In addition, a
prototype actuator system, in which actuators with
identical characteristics are connected in parallel by
a flexible silicone rubber material, is developed.
Two inspection systems consisting of a small camera
with a transmitter and a battery are attached to the
actuator system. The actuator system is capable of
translational and rotational movement. Tests on
actual equipment verify that two receivers, a video
capture device, and a personal computer allow visual
inspection within iron structures.

A future task is to improve the propulsion
characteristics. The magnetic circuit of the vibration
component proposed by the authors [25] needs to be
further improved. The actuator proposed in this
paper can be applied to various industrial fields as a
new device for driving robots.

2. RESEARCH SIGNIFICANCE

As mentioned above, the inspection of bridges
is extremely difficult due to the location of some
sites. Although many inspection robots have been
developed to ensure worker safety, inspection
technology based on such robots has not been
established. The significance of this research is that
the proposed actuator system, which is easy to
operate, allows the visual inspection of iron
structures. The actuator system can be used to
establish inspection technology for large iron
structures.

3. STRUCTURE OF PHASE-CONTROLLED
ACTUATOR

In order to improve the propulsion characteristics
and incorporate an inspection system, an actuator
with multiple vibration components that act as the
propulsion source was developed within an acrylic
frame. Fig. 1 shows a schematic diagram of the
actuator prototype developed in this study, in which
four vibration components (A, B, C, and D) with
identical characteristics are orthogonally arranged in
a square acrylic frame (thickness: 5 mm, width: 10
mm, side length: 110 mm). The coil springs that
make up the vibration components are made of
stainless steel and have an outer diameter of 12 mm
and a free length of 25 mm. The permanent magnet
is a NdFeB magnet with a diameter of 12 mm and a

height of 2.5 mm, magnetized in the height direction.

The electromagnets were fabricated by winding a
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Fig. 1 Structure of actuator: (a) front view, (b) side
view and (c) vibration component (cross section of
center) of actuator

(b)

Fig. 2 Photograph of actuator: (a) front view
and (b) side view of prototype actuator

0.2-mm-diameter copper wire 840 times around a
3.8-mm-diameter iron core. The gap between the
iron core and the permanent magnet is 5 mm in the
stationary state. When prototyping the actuators,
more than 10 vibration components were prototyped
and only four vibration components with nearly
identical characteristics were selected.

In order to reduce magnetic interference between
the permanent magnets of the vibration components
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mounted in the acrylic frame, an iron plate 14 mm in
diameter and 2 mm thick was bonded to the
permanent magnets, as shown in Fig. 1(c). This
allows shielding of the magnetism between the
permanent magnets. When an alternating current is
applied to the electromagnets, electromagnetic
excitation forces due to attraction and repulsion act
on the permanent magnets, causing the vibration
component to vibrate. In addition, to attract the
actuator to the magnetic material, a main NdFeB
magnet with an outer diameter of 20 mm and a
thickness of 3 mm, magnetized in the height
direction, and a natural rubber sheet with a thickness
of 2 mm were bonded to the center of the acrylic
frame to increase the frictional force, as shown in
Figs. 1(a) and (b). A secondary permanent magnet
with an outer diameter of 8 mm and a thickness of 1
mm was mounted 21 mm from the center of the
frame to ensure stable linear movement of the
actuator. The secondary permanent magnets were
also bonded with a 2-mm-thick natural rubber sheet.
The mounting positions of the secondary permanent
magnets were determined from preliminary
experiments.

When four vibration components were mounted in
the corners of the acrylic frame, vibration
interference caused by four components occurred.
For the purpose of avoiding this effect, four
vibration components were mounted in the center of
the acrylic frame as shown in Fig. 1. The opposing
vibration components (A/B and C/D) are vibrated as
a set at the same frequency and phase. By
controlling the phase difference between these
components, the actuator can achieve reciprocating
translational movement. In preliminary experiments,
when two sets of vibration components placed
opposite each other were driven at the same
frequency, vibration interference occurred due to
vibration waves propagating through the acrylic
frame, which adversely affected the movement
characteristics. To reduce this effect, eight pieces of
flexible silicone rubber material, each 5 mm thick,
35 mm long, and 10 mm wide, were attached to the
inside of the frame. The dimensions of the actuator
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Fig. 3 Principle of locomotion : (a) sliding and
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are 116 mm (height) x 110 mm (length) x 20 mm
(width). The total mass mis 113 g. Fig. 2 shows a
photograph of the prototype.

For the operation of vibration components A/B
and C/D, the displacement coordinates x and y are
defined as shown in Fig. 3 to illustrate the operating
principle of the actuator. It is assumed that vibration
components A and B and vibration components C
and D vibrate in phase, respectively. As shown in
Fig. 3, when the actuator is set on a magnetic
material, the attractive force exerted by the main
permanent magnet is P; and that exerted by the
secondary permanent magnet is P,. The attractive
force P ( P1 + 2P;) holds the actuator and allows the
vibration component to vibrate.

As shown in Fig. 3(a), when vibration
components A and B are displaced in the +y
direction, the friction force Fr decreases due to the
force generated by the permanent magnets of
vibration components A and B. When components C
and D are displaced in the -x direction, the actuator
tends to slide in the -x direction due to the force
generated by the permanent magnets of vibration
components C and D. On the other hand, as shown
in Fig. 3(b), when the permanent magnets of
vibration components A and B are displaced in the
-y direction, the friction force F; increases due to the
generated forces and the actuator does not move
even when components C and D are displaced in the
+x direction. Therefore, the actuator can only move
in the -x direction. The direction of translational
movement of the actuator can be switched by
operating two sets of vibration components at the
same frequency and setting the phase difference in
vibration between the sets to 0 or 180 degrees.

4. MOVEMENT CHARACTERISTICS OF
PHASE-CONTROLLED ACTUATOR

4.1 Experimental Setup

The movement characteristics of the prototype
actuator were measured. Fig. 4 shows a schematic
diagram of the experimental setup. An iron surface
plate 300 mm wide, 300 mm long, and 60 mm thick
was used as the magnetic material. A phase-
controlled actuator was installed on the surface plate.
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The actuator was driven by two two-channel
signal generators and two amplifiers. The copper
wires of the electromagnets in vibration components
A/B and C/D were wired in parallel. Vibration
components A/B and C/D were each connected to an
amplifier so that they vibrated in phase. A digital
stroboscope was used to confirm that the phase
difference between the vibrations was 0 degrees. The
input current and power to the electromagnets of the
vibration components were measured using a two-
channel power analyzer. The attractive force on the
main permanent magnet to which the natural rubber
sheet was attached was P; = 7.67 N and that on the
secondary permanent magnet was P, = 1.26 N. The
coefficient of friction between the natural rubber
sheet and the surface plate was x = 0.84. The driving
frequency in each vibration component is 105 Hz.

4.2 Translational Movement Characteristics

Fig. 5 shows the relationship between the phase
difference  of vibration between vibration
components A and B and vibration components C
and D and the translational movement speed when
the actuator was set in a horizontal plane. The input
current to vibration components A and B was fixed
at 100 mA and that to vibration components C and D
was set to 100 or 150 mA. The figure shows that the
translational speeds are almost equal when the phase
difference is 0 or 180 degrees, which means that the
actuator is capable of reciprocating translational
movement at a given speed.

Fig. 6 shows the translational movement speed of
the actuator in the horizontal plane when the input
current to vibration components A and B was fixed
at 250 mA and that to vibration components C and D
was varied. The O and A marks in the figure show
the results when the phase difference of vibration at
vibration components A/B and C/D is 0 and 180
degrees, respectively. In the horizontal plane, this
actuator is capable of reciprocating movement at
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approximately the same speed even when the input
current is varied.

Fig. 7 shows the translational movement speed of
the actuator when the input current to vibration
components A and B was fixed at 250 mA and that
to vibration components C and D was varied. The
phase difference between the vibration components
was set to 0 or 180 degrees. In the figure, the
symbols O and A mark the results for the ceiling
plane and the symbols @ and A mark the results for
the vertical plane. It was confirmed that by changing
the phase difference between vibration components
AJ/B and vibration components C/D, the direction of
movement could be switched while maintaining
almost the same speed. The figure shows that the
speed of translational movement is almost the same
when the phase difference is 0 or 180 degrees and
that the actuator can reciprocate at a given speed in
the ceiling and vertical planes. The speed of the
actuator increases almost linearly with increasing
input current to the electromagnets.

The phase difference between vibration
components A/B and vibration components C/D
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were set to 0 degrees and measurements were taken.

Fig. 8 shows the relationship between the tilt
angle of the surface plate and the translational
movement speed of the actuator with the input
current to vibration components A and B set to 150
mA and that to vibration components C and D set to
50, 100, or 150 mA. In the figure, -90 degrees
indicates vertical downward movement, 0 degrees
indicates horizontal movement and 90 degrees
indicates vertical upward movement. The dashed
line shows the quadratic approximation of the
measured values obtained using the least-squares
method. As the angle of the steel surface plate is
increased, the speed of the actuator gradually
decreases.
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Fig. 8 Relationship between tilt angle and speed
(translational movement in the variable plane)

4.3 Load Characteristics

In the following figures, dashed lines show the
quadratic approximation of the measured values
obtained using the least-squares method.

Fig. 9 shows the relationship between the load
mass attached to the actuator and the vertical upward
speed, with the input current to vibration
components A and B set to 250 mA and that to
vibration components C and D set to 160, 180, or
200 mA. The load mass was attached to the acrylic
frame of the actuator using a thread. The actuator is
capable of vertical upward movement at a speed of
4.4 mm/s while pulling a 130-g mass.

Based on the results obtained in Fig. 9, Fig. 10
shows the relationship between the load mass and
the efficiency of the actuator. The efficiency 7 of
this actuator is expressed as follows:
7 (%) = (Ma+ Mm) vyp X100/ Py Q)
where M is the total mass of the actuator, My, is the
load mass, vyp is the vertical speed, g is the

acceleration due to gravity, and P, is the input power.

The maximum efficiency of this actuator was 1.6%,

116

@ 40 L L A
S Input current to components Cand D |
E @ : 200 mA
5 30 A 180 mA 1
] H : 160 mA
=% .
n ‘\‘
g 20 \,“\ '\.\\ .
= . AL %
s B A el
E R <A ..

E 10 ‘l\\l‘:t\‘. ‘~\“\ -
2 ‘-‘\. TA\i\‘z\Q‘
= = --ATC®
<5 E
> PR T R R S SR |

0 20 40 60 80 100 120

Load mass (g)

Fig. 9 Relationship between load mass and vertical
upward speed (translational movement in vertical
plane)

3 T T T T T T T T T T T T
Input current to components C and D
@® : 200 mA
= A 180 mA
S 2+ B : 160 mA -
>
= R I
2 3 *e
2 ¢ oA A A A, ® e
E 1l e-m-u--0-8 glrA-, , e
L u-- A,
- AL o
TA
L | L | L | L | L | L |
0 20 40 60 80 100 120

Load mass (g)

Fig. 10 Relationship between load mass and
efficiency (translational movement in the vertical
plane)

indicating low-efficiency characteristics. In this
paper, multiple vibration components are placed in
the frame structure, and the mounting positions of
vibration components C and D are increased. The
reason is that the large moment acting on the support
part of the actuator inhibits the movement of the
actuator. The low efficiency of this actuator system
is due to the fact that the four vibration components
in the system have the same resonant frequency.
Since there is vibration interference between the
components, methods to reduce these effects will be
investigated in the future.

5. MOVEMENT CHARACTERISTICS OF
PHASE-CONTROLLED ACTUATOR
SYSTEM

5.1 Structure of Actuator System

The prototype actuator described above is only
capable of translational reciprocating movement. In
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order to control the direction of movement and
improve the propulsive characteristics, a new
actuator system, in which the previously shown
actuators are connected in parallel, is proposed. As
shown in Fig. 11, two actuators, A and B, with
identical characteristics were fabricated. When both
actuators were connected with a stiff plastic material,
the actuator system could not move due to increased
vibration interference between the vibration
components. Therefore, an actuator system was
fabricated in which actuators A and B were joined by
five pieces of flexible silicone rubber (thickness: 6
mm, width: 15 mm, length: 75 mm), as shown
in Fig. 12.
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9-V battery

9-V batter
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Fig. 11 Structure of two sets of actuators: (a) actuator
A and (b) actuator B making up actuator system
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Fig. 12 Structure of actuator system: (a) plan view,
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view of actuator system connected by silicone rubber
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As mentioned above, this actuator has a frame
structure for mounting an inspection system. Image
signals from small cameras, which are commonly
used as inspection devices, are subject to increased
resistance and loss of electric power when long
cables are used, resulting in degraded image quality.
To prevent this, commercially available cables made
specifically for image transmission can be used. A
thin cable with a diameter of 4 mm has a mass of 230
g per 10 m. Therefore, when two cameras are
mounted on the actuator system, an extremely high
traction force is required, taking into account the
mass of the cables and the friction force.

Considering these issues, two wireless inspection
systems (A and B) were attached to the actuator
system, as shown in Figs. 11 and 12. The two
inspection systems allow visual inspection of the
front and rear surfaces of the structure. System A
consists of a small camera (with a built-in 1.2-GHz
transmitter and four infrared LEDs) and a 9-V battery.
System B consists of a small camera (with a built-in
2.4-GHz transmitter) and a 9-V battery. The mass of
the small cameras of systems A and B is 8.5 and 10 g,
respectively, and the mass of the 9-V battery is 43 g.
Fig. 13 shows a photograph of the prototype actuator
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system.

As shown in Fig. 14, the actuator system enables
visual inspection of iron structures using two
receivers, a video capture device, and a personal
computer. The prototype actuator system is 110 mm
long, 97 mm wide, and 116 mm high, and has a total
mass of 354.5 g. The total mass of the system
without the two inspection systems is 250 g. Two
sets of the experimental apparatus shown in Fig. 4
were prepared to drive the actuator system.

5.2 Principle of Rotation Operation

In this actuator system, two actuators with
identical specifications are arranged in parallel.
Therefore, the system can be rotated to move to any
position. In this actuator system, actuator A is
operated and actuator B is stationary, as shown in
Fig. 15(a). A moment is generated and applied to the
center (fulcrum) of actuator B on the stationary side,
allowing the actuator system to rotate
counterclockwise. Actuator B is operated as shown
in Fig. 15(b). By applying a moment to the fulcrum
of actuator A, the actuator system can rotate
clockwise. Thus, by driving actuator A or B, the
actuator system can rotate in any direction. By
combining rotation and translational movement, the
actuator system can move in any direction.

Actuator B I

e
Moment)

(b)

Fig. 15 Principle of turning: (a) counter-clockwise
and (b) clockwise direction of actuator system

Fulcrum
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@

5.3 Movement Characteristics of Actuator

System

The rotational speeds in the prototype actuator
system were measured. Fig. 16 shows the
relationship between the input current to vibration
components C and D and the rotational speed of the
system in the horizontal and vertical planes, with the
input current to vibration components A and B
fixed at 250 mA. In this figure, O and @ mark the
results when the phase difference between
vibration components A/B and C/D is 0 and 180
degrees, respectively, in the horizontal plane, and A
and A mark the results when the phase difference
between vibration components A/B and C/D is 0 and
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180 degrees, respectively, in the vertical plane. The
figure shows that this actuator system can be rotated
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at almost the same rotational speed in both the
horizontal and vertical planes.

Fig. 17 shows the relationship between the load
mass attached to the system and the vertical upward
speed, with the input current to vibration
components A and B fixed at 250 mA and the input
current to vibration components C and D fixed at
200 mA. In the figure, o marks the results for a
single actuator, A marks the results for the actuator
system with the inspection systems, and ® makes the
results for the actuator system without the inspection
systems. The figure shows that the vertical upward
speed decreases as the load mass increases. The
traction force of the actuator system without the
inspection systems is twice that of the actuator. The
maximum traction force of the actuator system with
the two inspection systems was only 110 g (1.1 N).

In this actuator system, the maximum input
voltage and current to a single electromagnet are 3.3
V and 0.25 A, respectively. Considering these input
values, only eight cables with a diameter of 0.3 mm
are required to drive the electromagnets. The mass
per 10 m of the eight cables is about 43 g. Since the
maximum radio wave range of an inspection system
is about 30 m, this actuator system can be used to
inspect a structure over long distances.

Based on the results obtained in Fig. 17, Fig. 18
shows the relationship between the load mass and
the efficiency of the actuator system and the single
actuator. From the figure, the maximum efficiency
of the actuator system with inspection system is
about 1.4%. Two inspection systems increase the
moment in the support part of the actuator system,
further reducing its efficiency compared to the single
actuator. However, the actuator system with two
wireless inspection systems has adequate propulsion
characteristics. The operation of inspection system
beneficial to bridge inspection was established by an
actual machine test.

All results for the actuators and actuator systems
prototyped in this study are averaged from data
measured three times. Therefore, the driving
characteristics of the actuator system presented in
this paper are easily reproduced.

This actuator system can operate on iron
structures that have some rust and water droplets.
Based on the results obtained above, bridge
inspections in the field can be performed by carrying
one portable power supply, a mobile PC, two two-

channel signal generators, and four power amplifiers.

6. CONCLUSIONS

This study proposed a phase-controlled
electromagnetic vibration actuator for inspection
applications. A prototype of this actuator consisted
of four orthogonally arranged vibration components
in a square acrylic frame. Tests on the actuator
showed that it could move on ceilings and vertical
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planes. In addition, a prototype actuator system with
two inspection systems, which is capable of
translational and rotational movement, was
developed. The actuator system has a maximum
traction force of 1.1 N. It can transmit inspection
images wirelessly, allowing inspection inside
structures over long distances. The actuator system
can move in any direction by combining rotational
and translational reciprocating movements. The
operation of an industrially useful inspection device
was thus established. In addition, this actuator
system can also be stuck to the iron bridge by the
attraction force of the permanent magnet to monitor
its appearance over time.

The propulsion characteristics and efficiency of
the actuator system proposed in this paper are low.
These are mainly due to small magnetic excitation
forces and vibration interference between multiple
vibration components. Based on vibration analysis
of the frame structure, a new frame should be
redesigned to improve the propulsion characteristics,
including improvement of the magnetic circuits of
vibration components.
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