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Robots are expected to substitute for humans for work performed in locations at a height, 
such as the inspection of an airplane surface. The authors propose a traveling-wave-type 
wall-climbing robot simulating a snail movement. To this end, in this study, the negative 
pressure adsorption method was employed to develop a wall-climbing robot that could 
move on curved surfaces for high-altitude work. 
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1.   Introduction 

High-altitude work includes the inspection of airplane surface, maintenance of 
high-rise buildings, maintenance of storage tanks, and operation of petrochemical 
product facilities at nuclear power plants, among others. These operations are 
performed regularly, wherein the assembling and footing of a tower wagon are 
necessary each time, thus affecting the time and cost. Furthermore, it is a problem 
to ensure the safety of workers performing work at high altitudes [1]. Therefore, 
to reduce time and cost and ensure worker safety, the development of a robot 
capable of performing these tasks is required. 

The application of multicotters and the development of a wall-climbing robot 
can help realize high-altitude work robots. [2]-[6]. Multicotters have the 
advantages of light weight, easy transportation, and fast running speed of the robot. 
However, the robot is not robust against the weather and has low loading capacity, 
among other issues. [2]. Nevertheless, the wall-climbing robot is less influenced 
by weather and rain compared with the multicotter, and the load carrying capacity 
is higher [3]-[6]. In addition, the existing wall-climbing robot has adopted vacuum 
suction using a suction cup to obtain high adsorption power [3]. However, in 
vacuum adsorption, objects cannot adhere well to a rough surface or a surface 
with irregularities, and suction cup wear is a problem. Negative pressure 
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adsorption by a fan, however, always discharges air to generate and maintain 
adsorption force. Therefore, adsorption to a rough surface or a surface with 
irregularities is possible. As such, in recent years, a negative pressure adsorption-
type wall-surface climbing robot has been proposed as a high-altitude work robot 
having high versatility [4]-[6]. The existing robot was confirmed to be adsorptive, 
and it could move on a rough surface. However, owing to the reduction in the 
adsorption power on the uneven surface, the robot cannot obtain sufficient grip 
and stacks [4] [5]. In order to solve this problem, a robot having a plurality of 
adsorption parts has been proposed; however, a passive joint and correspondence 
to a curved surface have not been realized to help increase the robot size [6]. 

To this end, the authors propose a traveling-wave-type mobile robot 
simulating a snail traveling [7]-[9]. In this robot, several adsorption units are 
respectively connected by a universal joint, and the robot progresses by the 
propagation of expansion and contraction between the units. At this time, the 
moving unit slides on the wall surface, and the unit that does not move is fixed 
with a strong force, such that each unit switches the frictional force [7] [8]. 
Consequently, the robot has a wide ground contact surface, thus maintaining a 
high adsorption force and stable traveling. Further, even if some of the units 
become insufficient owing to disturbance, they can be supported without being 
dropped by other units. Furthermore, the curved wall surface can also be traversed 
[9]. However, this robot can move only on magnetic surfaces to satisfy the 
properties of adsorption and friction switching with magnets. 

In this study, we adopt the negative pressure adsorption method for the 
traveling-wave-type mobile robot and aim for the development of a wall-climbing 
robot to be used for high-altitude work. We propose a negative pressure 
adsorption unit and evaluate the traveling of the mobile robot composed of that 
unit, as well as examine the application to the work robot.  

2.   Outline of High-altitude Work in Airplane Surface Inspection 

The surface of an airplane can be damaged by hail, bird collision, and lightning. 
Further, small scratches and dents are generated on the surface of the airplane 
during operation. Large damages are visually observed [10] and damages that are 
difficult to confirm visually are inspected using nondestructive inspection 
techniques such as penetrant inspection, magnetic particle inspection, X-ray 
inspection, and ultrasonic inspection.  

The radius of curvature of the airplane surface is approximately 1 m or more 
[11]. In addition, gaps and steps of approximately 5 mm exist at locations of door 
installation and other installations. [12].  
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3.   Proposal of Wall-climbing Robot  

3.1.    Required performance for robots 

The inspection robot requires adsorption while traversing the airplane body 
surface, which is made of nonmagnetic duralumin, and it must be able to inspect 
equipment. Furthermore, the robot is required to traverse the doors, window gaps, 
and oversteps. Therefore, the robot must satisfy the following performance 
requirements:  
  Adsorption movement on the wall surface and curved surface of nonmagnetic 

metal surface. 
 High adsorption power capable of mounting nondestructive inspection 

equipment and other equipment. 
 Ability to move on a surface with steps and gaps. 

3.2.   Proposal of a robot for airplane surface inspection 

The outline of the proposed robot is shown in Fig. 1, and the method of operation 
of the robot is shown in Fig. 2. The robot consists of four units that adsorb negative 
pressure using a centrifugal fan. Each unit is connected by a universal joint and 
can be adsorbed to a curved surface (Fig.1 (b)). In addition, each unit changes its 
frictional force simultaneously with expansion and contraction (called high-
friction unit during high friction, and low-friction unit during low friction). By 
this friction-force switching, the expansion and contraction of the unit facilitates 
the propagation, as shown in Fig. 2. Therefore, even during movement, a high 
adsorptive power can be maintained constantly and running stability can be 
secured. Furthermore, the lower part of the unit is a detachable part, and the 
friction material and seal material can be changed against the suction surface, as 
shown in Fig. 3. Consequently, the friction material and the sealing material can 
be changed with respect to the shape and material of the attracting surface. 

  
(a) Top view of a traveling-wave-type 

wall-climbing robot
(b) Traveling-wave-type wall-climbing 

robot on a curved surface 
Fig. 1 Overview of a traveling-wave-type wall-climbing robot 
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Fig. 2 Movement of a traveling-wave-type wall-climbing robot 

 
Fig. 3 Under material of a traveling-wave-type wall-climbing robot 

 

3.3.   Calculation of frictional force and attractive force required for robot 

We calculate the frictional force and attractive force required for the adsorption 
at an angle  made by the proposed robot to the wall surface. The dynamic 
equilibrium model of the robot is shown in Fig. 4, and the parameters are listed in 
Table 1. Because the unit changes the frictional force simultaneously with 
expansion and contraction, at the time of movement, a maximum of two low 
friction units are generated. Therefore, in the dynamic equilibrium model of the 
robot, these two are set as low friction units. Furthermore, the weight of the 
proposed unit is assumed to be 0.70 kg, and the weight of the model unit including 
the weight of the loaded equipment is set to 1.5 kg. The height of the center of 
gravity of the model unit is 70 mm, which is the proposed unit height. Further, the 
robot is a rigid body, and the attraction force and friction force are concentrated 
loads acting on the center of the face. Here, Equation (1) represents the sum of the 
necessary attraction forces obtained from the force components perpendicular to 
the attracting surface. Equation (2) indicates the required attraction force obtained 
from the moment around the lower part of the unit. When the robot is regarded as 
a rigid body, the center of rotation of the moment is the point that is the most 
difficult to support (Fig. 4, point A), and the two low-friction units are located as 
the unit with the weakest supporting force. Equation (3) shows the necessary 
friction coefficient obtained from the force component horizontal to the attracting 
surface.  

(Ah + Al) ≧ 2mgcos  

Ah(2a + l) + Al(2a + 5l) ≧ (4a + 6l)mgcos+ HGmgsin (2) 

 ≧ 2mgsin/ (Ah + Al - 2mgcos) (3) 

High
friction

Low
friction

Under material BNone Under material A
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To calculate the maximum required adsorption force and friction coefficient, 
we calculate  that maximizes the value of each right side. From the differential 
function of Equations (1)–(3), the right-hand side is maximum when  = 0°, 87°, 
and 8.8°, respectively. Equations (4)–(6) show the expressions in which the 
numerical values of  and the values listed in Table 1, are substituted into the 
respective expressions.  

Ah + Al ≧ 29 (4) 

2Ah + 7Al ≧ 1.3×102 (5) 

 ≧  
39.2 sin cos-1 39.2

Ah + Al

Ah + Al- 39.2cos cos-1 39.2
Ah + Al

 (6) 

 

 
Fig. 4 Equilibrium model 

Table 1 Parameters
 Parameter Value 

 Angle of an adhered 
surface 

0 ≧  
≧ 2 

A Half length of a unit [m] 
9.0 × 
10-2 

Hg 
Height of the center of 

gravity[m] 
8.0 × 
10-2 

M Mass of a unit [kg] 2.0  

G 
Acceleration of gravity 

[m/s2] 
9.8  

L 
Distance between each 

center point of a unit [m] 
0.30  

Al 
Adhesion force of a low-

friction unit [N] 
 - 

Ah 
Adhesion force of a high-

friction unit [N] 
 - 

Nl 
Normal force of a low-

friction unit [N] 
 - 

Nh 
Normal force of a high-

friction unit [N] 
 - 

Fl 
Frictional force of a low-

friction  unit [N] 
 - 

Fh 
Frictional force of a high-

friction unit [N] 
 - 

4.   Running Experiment

Running experiment on a horizontal plane 

The developed robot is shown in Fig. 5, and the robot parameters are listed in 
Table 2. The moving speed of the robot was measured with a horizontal metal 
surface. In addition, the unit of this robot adopted a sponge rubber having a large 
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friction coefficient to the airplane fuselage surface and a sealing effect to the 
material of the lower part of the unit [11]. Table 3 lists the adsorption force and 
friction coefficient of this unit during high adsorption and low adsorption. These 
values satisfy Equations (4)–(6). Therefore, the robot can be adsorbed on the wall 
surface at an arbitrary angle. 

After the beginning of expansion and contraction, the robot requires 25 s until 
one extension and contraction has been propagated to all the units and advanced 
(hereinafter referred to as a stroke), and the robot advances by 20 mm with one 
stroke. The time and moving distance necessary for the stroke depend on the 
performance of the linear motion servomotor.  

 

 
(a) Overview of a traveling-wave-type wall-climbing robot 

 
(b) Negative pressure suction unit 

Fig. 5 Traveling-wave-type wall-climbing robot 
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Table 2 Specifications of the traveling-
wave-type wall-climbing robot 

Parameter Value 

Weight [kg] 3.0  

Length [mm] 1.2×103 

Width [mm] 3.0×102 

Height [mm] 80 

Speed [mm/s] 0.80  

Time required for a stroke [s] 25 
Distance travelled in a stroke 

[mm] 
20 

 

Table 3 Measured values 
 

Parameter Value 

Adhesion force of 
high-friction unit[N] 

61 

Adhesion force of 
low-friction unit [N] 

30 

Coefficient of friction 1.2 
 

Wall climbing and slip of robot 

The developed robot can climb on a metal wall, as shown in Fig. 6. The trajectory 
of each unit of the robot at this time is shown in Fig. 7, and the running state is 
shown in Fig. 8. Figure 7 shows that each unit slips immediately after it is 
extruded into a linear servomotor. Further, the differences in the feed speeds of 
the linear servomotor that pushes the unit from the bottom at the time of expansion 
and contraction propagation, and the linear motion servo motor that draws from 
above were visually confirmed. This may be attributed to the difference in load 
applied by its own weight. Furthermore, from this difference in feed speed, the 
motor pulling the unit from the above stops first. Therefore, force is applied 
temporarily to the unit in the direction opposite to the climbing direction, and as 
shown in Fig. 7, slip occurs immediately after the extension of the unit. 
 

 
Fig. 6 Example of wall-climbing experiment 
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Fig. 7 Trajectory of the units 

5.   Conclusion

In this study, we developed a traveling-wave-type wall-climbing robot for high-
altitude work such as inspection of an airplane surface. The main conclusions 
obtained from the study are as follows: 
1. A new negative pressure absorption-wall-type mobile robot was proposed. 
2. The frictional force and adsorption force necessary for the robot to traverse 

the surface were calculated. 
3. A running experiment was conducted considering a horizontal surface and a 

vertical wall surface. We confirmed that the robot satisfied the performance 
requirements considered to be necessary for airplane inspection.  

In the future, we will perform a running experiment on a ceiling surface, a curved 
surface, a step within 5 mm, and on a gap. We will devise an inspection method 
suitable for this robot and perform mounting of the inspection equipment. In 
addition, if necessary, we will reconsider the used actuator and improve the 
running speed of the robot. 
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