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Abstract Economic development in many parts of the world has led to the construction of large structures. In 

Japan in particular, the proportion of social infrastructure that is 50 years old is around 55%. So far, methods for 

moving mechanisms on walls have been developed, such as suction systems using permanent magnets. On the 

other hand, robots based on drone technology have been actively developed. However, they are large and weigh 

more than 5 kg. In addition, due to their susceptibility to gusty winds and thunderstorms, inspection techniques 

based on drone technology are not yet fully established. In this study, a new actuator system is proposed which 

improves on the actuator proposed by the authors and has excellent propulsion characteristics and can move in 

all directions. It has been shown that the propulsion characteristics of the actuator can be improved by exciting 

the permanent magnets of the vibration component with two electromagnets placed opposite each other in an 

acrylic frame. A prototype actuator system was also developed in which the actuator was coupled to two pieces 

of flexible silicone rubber material. Tests on the actual machine have shown that this actuator system can 

provide more than twice the propulsive force and control the direction of movement compared to a single 

actuator. The possibility of using the actuator system as a drive source for inspection robots is demonstrated in 

this paper. 

 

Keywords Actuator system, Vibration, New drive source, linear and rotational movement. 

1. Introduction  

Economic development in many parts of the world has led to the construction of large structures. In Japan in 

particular, the proportion of social infrastructure that is 50 years old is around 55%. Large structures built in 

recent years meet seismic standards. On the other hand, social infrastructure built in the past has not yet been 

built to seismic standards and may collapse in the event of a disaster. In addition, the number of bridges with 

vehicle weight restrictions is increasing every year due to age-related damage and deterioration. Therefore, 

establishing inspection and maintenance methods for social infrastructure such as large bridges is one of the 

most important issues worldwide. However, bridges are extremely difficult to inspect due to their location. For 

this reason, various inspection robots have been developed to ensure worker safety and reduce costs. 

So far, methods for moving mechanisms on walls have been developed, such as suction systems using 

permanent magnets [1, 2], attraction control systems using electromagnets [9], coupled models of permanent 

magnets and magnetic wheels [10, 11], vacuum systems using pumps [12-14], wind power systems using 

propellers [15], coupled models of suction cups and vibrations [16, 17], models using claw grippers [18-20] and 

models using roller [21, 22]. These inspection robots use a number of electromagnetic motors as the drive 

source. Most of the reduction gears and additional devices inserted between the motors and the mechanical part 

limit the improvement of the drive characteristics. Thus, robots with built-in electromagnetic motors increase 
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the weight and cannot be used for the inspection of large structures. On the other hand, robots based on drone 

technology have been actively developed [23-25]. However, they are large and weigh more than 5 kg. In 

addition, due to their susceptibility to gusty winds and thunderstorms, inspection techniques based on drone 

technology are not yet fully established.  

The authors proposed an vibration type actuator that can move on magnetic materials with a new drive principle 

using electromagnetic forces and inertial forces generated by mechanical resonance [26, 27]. The prototype is 

smaller and lighter than existing robots and has many advantages in terms of operating efficiency and scalability. 

However, with this drive, the direction of motion was limited to one direction. Furthermore, although it has 

excellent propulsion characteristics per its own weight, the traction force is low at about 1 N.  

n this study, a new actuator system is proposed which improves on the actuator proposed by the authors and has 

excellent propulsion characteristics and can move in all directions. It has been shown that the propulsion 

characteristics of the actuator can be improved by exciting the permanent magnets of the vibration component 

with two electromagnets placed opposite each other in an acrylic frame. A prototype actuator system was also 

developed in which the actuator was coupled to two pieces of flexible silicone rubber material. Tests on the 

actual machine have shown that this actuator system can provide more than twice the propulsive force and 

control the direction of movement compared to a single actuator. The possibility of using the actuator system as 

a drive source for inspection robots is demonstrated in this paper.  

 

2. Structure of vibration actuator  

Figure 1 shows a vibration actuator that can move on magnetic surfaces such as iron. The actuator consists of a 

square acrylic frame, a vibration component and primary and secondary NdFeB permanent magnets attached to 

the underside of the frame. These NdFeB permanent magnets are bonded to a 1mm thick natural rubber material 

to increase friction. Conventional actuators consist of a permanent magnet, a spring and an electromagnet for 

excitation [26, 27]. However, the actuator proposed in this study can excite the permanent magnet with two 

opposing electromagnets, which is expected to improve the propulsion characteristics. A square frame with a 

width of 10 mm and a side length of 65 mm was machined from acrylic material. The vibration component is in 

the form of an NdFeB permanent magnet held by two springs. Two compression coil springs with a length of 25 

mm, an outer diameter of 12 mm and a spring constant of 2178 N/m were used as the spring material.  

The permanent magnet is a cylindrical NdFeB, axially magnetised. Its dimensions are 12 mm in diameter and 5 

mm in height. The surface magnetic flux density measured with a Teslameter was 358 mT. An electromagnet 

with an iron core 3.75 mm in diameter and 22 mm in length with 900 turns of 0.2 mm copper wire was used in 

the experiment. By applying an alternating current to the electromagnets, an excitation force could be generated 

in the permanent magnets to cause the vibration components to resonate. The primary NdFeB magnet attached 

to the bottom of the frame has a diameter of 10 mm and a thickness of 2 mm; the secondary permanent magnet 

has a diameter of 6 mm and a thickness of 1 mm. The primary NdFeB permanent magnet mounted to hold the 

actuator to the magnet material. The secondary permanent magnet was mounted at 22 mm from the end of the 

frame to ensure stable linear motion of the actuator. The actuator has a height of 70 mm, a length of 70 mm and 

width of 10 mm and a total mass of 45.6 g. 

 
(a) Front view     (b)Photograph 

Figure 1: Structure of vibration actuator. 
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(a) Sliding       (b) No sliding 

Figure 2: Principle of locomotion. 

As shown in Figure 2, when the actuator is placed on a magnetic material, the holding section of the actuator is 

attracted by two permanent magnets attached to the support. Being held by the attraction of the permanent 

magnets, the vibration component vibrates and generates an alternating force on the holding section.  

The displacement coordinates of the permanent magnets forming the vibration component are x. The vibration 

components mounted at a 45 degrees angle generate forces in the direction of 45 degrees during vibration. This 

force can be split into vertical and horizontal forces. The vertical force component changes the frictional force 

of the support section. As shown in Figure 2(a), if the vibration component is displaced in the +x direction, the 

frictional force is reduced by the vertical component force and the actuator can move in the direction shown in 

Figure 2(a). On the other hand, if the vibration component is displaced in the -x direction, the frictional force 

increases due to the vertical partial force and the actuator cannot move in the direction shown in Figure 2(b). 

Thus, in a vibration cycle, the actuator moves in the direction in which the vibration component is tilted, 

repeatedly moving and stopping as shown in Figure 2.  

 

3. Locomotion characteristics of vibration actuator 

In the experiment, an iron plate (width: 350 mm, length: 350 mm, thickness: 60 mm) was used as the target 

magnetic material. The vibration component in the actuator was driven at the resonance frequency of 130 Hz 

using a function signal generator and an amplifier. During the measurement, the coefficient of friction was 0.8. 

An experimental test was conducted using the apparatus shown in Figure 3. The holding force of the primary 

permanent magnet attached to the bottom of the frame is 3.4 N and that of the secondary permanent magnet is 

2.9 N.The attractive force was measured by attracting the actuator to the iron rail and pulling the actuator body 

by using a spring balance. This actuator is capable of flat plane, ceiling and wall climbing motions. 

Figure 4 shows the relationship between the input current to the respective electromagnets inserted in the 

vibration component and the linear speed for the flat plane, ceiling and vertical planes. The amplifier and the 

two electromagnets were connected in parallel. In the figures, the solid lines show the results of the 

measurements approximated by the method of least squares. Subsequently, the curves in all figures show the 

results of the least squares approximation of the measurements. The limear speed of the actuator increases in all 

planes as the input current increases. In the ceiling plane, the speed increases more than in the flat plane because 

gravity reduces the attraction of the permanent magnets in the holding area. In addition, the decrease in speed in 

the vertical plane is due to the greater effect of the weight of the actuator on the linear speed. 

Figure 5 shows the relationship between the load mass on the actuator and the vertical upward speed as the input 

current to the respective electromagnets is varied. The load mass on the actuator was mounted by means of a 

thread. The figure shows that the vertical up speed decreases as the load mass increases. When a current of 

0.35A is applied to the electromagnets of this actuator, the actuator can pull an additional mass of 180g, which 

is four times its own weight. 
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The above results show that the actuator has high propulsive characteristics, as demonstrated by the tests on the 

actual machine. However, the actuator can only move in one direction and the direction of movement cannot be 

controlled. Further improvement of the propulsion characteristics is necessary as various sensors need to be 

mounted to inspect the structure. 

 
Figure 3: Experimental apparatus. 

 

   
Input current 

Figure 4: Relationship between input current and speed. 

 

 
   Load mass 

Figure 5: Relationship between load mass and vertical upward speed. 

 

4. Locomotion characteristics of vibration actuator system 

In order to change the direction of movement and to improve the drive characteristics, a new actuator system 

was proposed in which the actuators shown above were connected in parallel. In Figure 6, actuators A and B 
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have the same parameters and have been adjusted to obtain the same driving characteristics at the same resonant 

frequency. Two flexible silicone rubbers with a thickness of 5 mm, a width of 20 mm, a length of 90 mm and a 

mass of 10 g were used to connect actuators A and B. When actuators A and B were connected, the actuator 

system could not operate due to vibration interference when both were connected with rigid materials such as 

acrylic. After trial and error, the dimensions and length of the silicone rubber described above were determined. 

The actuator system has a length of 90 mm, a width of 90 mm and a height of 70 mm and has a total mass of 

110 g.  

Figure 7 shows the relationship between the input current to the respective electromagnets inserted in the 

vibration component and the linear speed in the prototype actuator system, for the flat plane, ceiling and vertical 

planes. In this case, the amplifier and all four electromagnets were connected in parallel. As the input current 

increases, the linear speed of the actuator system increases in all planes. The speed of the actuator system was 

lower than that of the actuator alone in all planes. This may be due to the increase in total mass due to the 

addition of the silicone rubber material and vibration disturbance.  

Figure 8(a) shows the relationship between the load mass on the actuator system and the vertical upward speed 

as the input current to the respective electromagnets is varied. The figure shows that the vertical upward  

 
(a) Front view      (b) Side view 

Figure 6: Structure of vibration type actuator system. 

 

 
   Input current 

Figure 7: Relationship between input current and speed. 
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Load mass     Load mass 

(a) Case of actuator system   (b) Comparison of single actuator and actuator system 

Figure 8: Relationship between load mass and vertical upward speed.  

 

 
(a)Counter-clockwise direction  (b) Clockwise direction  

Figure 9:Principle of turning. 

 

 
Input current       Input current 

(a) Flat plane       (b) Vertical plane 

Figure 10: Turning speed of the actuator system. 

 

speed decreases as the load mass increases. When a current of 0.35 A is applied to an electromagnet, this 

actuator system can pull an additional mass of 420 g, which is more than four times its own weight.  

Figure 8(b) compares the drive characteristics for the single actuator and the actuator system when a current of 

0.35 A is applied to each electromagnet. Essentially, at zero load mass, the movement speeds of both systems 

are the same for the same input current. Also, at the same input current, the pulling force of the actuator system 

is twice that of the single actuator. However, the speed and maximum traction force at mass 0 differed between 

the two figures. This is due to the fact that at low loads the actuator system was affected by vibration 

perturbations. On the other hand, at high loads, the silicone rubber joint stabilised the motion of the actuator 

system. 

Finally, the rotational characteristics of the actuator system were investigated. In this actuator system, when 

actuator A is moved and actuator B is stationary, as shown in Figure 9(a), a monent is generated in the support 

section of the stationary actuator to rotate the actuator system counter-clockwise. On the other hand, when 

actuator B is moved, as shown in Figure 9(b), the system can be rotated clockwise. 
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Figure 10(a) shows the results when the actuator system is set in the flat plane and the relationship between the 

input current to each electromagnet and the speed is rotated clockwise and anti-clockwise with actuators A and 

B respectively operated. On the other hand, Figure 10(b) shows the relationship between the input current to 

each electromagnet and the speed when the actuator system is set in the vertical plane and actuators A and B are 

operated respectively. The results of both figures show that the rotational speed increases almost linearly with 

increasing input current. In addition, in the two planes, almost the same rotational speeds can be achieved in 

both clockwise and counter-clockwise directions. It was also shown that the measurement results in the flat and 

vertical planes were almost identical. This is due to the fact that when the attraction force is relatively high, as in 

this actuator system, there is no difference between the measurement results in the horizontal and vertical planes 

when the actuators are installed in the vertical plane, because the moments due to gravity of actuators A and B 

cancel each other. 

 

5. Conclusion 

A new vibration actuator was proposed with a frame structure that could excite a permanent magnet with two 

electromagnets. Furthermore, an actuator system was proposed in which two actuators of identical dimensions 

were connected by a flexible silicone rubber material. The actuator system was shown to be capable of 

movement in flat plane, ceiling and vertical planes. The movement speed of the actuators can be varied 

arbitrarily by changing the input current to the electromagnets. 

In the case of a single actuator, if a current of 0.35 A is applied to an electromagnet, it can move at a speed of 5 

mm/s while pulling an additional mass of 180 g. On the other hand, in the case of the actuator system, if a 

current of 0.35 A is applied to an electromagnet, it can move at a speed of 2.7 mm/s while pulling a mass of 420  

g. This paper has shown that the method of bonding flexible silicone rubber materials can stabilise the 

movement of the actuators while reducing vibration interference between the actuators. A method has also been 

proposed to rotate the actuator system by generating a moment at the fulcrum of the stationary actuator by 

operating the actuator on one side in the actuator system. By applying a current of 0.25 A to an electromagnet, 

the actuator system can be rotated at a speed of 27 degrees/sec. 

The rotation speed is the same in the flat and vertical planes, so the direction of movement can be controlled in 

all directions. In the future, the method of excitation of the vibration component should be investigated to 

further improve the drive characteristics. 
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