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Abstract 

Overhead crane plays a vital role into the industries for the transportation of heavy goods. Due to heavy 
repetitive loading and harsh environmental condition, it is primary task to perform the health monitoring 

of bridges and girders of cranes. To perform the inspection task, few magnetic wheeled climbing robots 

have been proposed for many industrial applications of ferromagnetic structures. To achieve a reliable 
system, good payload abilities, minimize the power consumption of robot, the design of magnetic circuit 

and calculation of adhesion forces of magnetic wheel are drive factor to achieve all these. In this paper 

a four permanent wheeled robot is proposed to climb on the bridges and girders of the overhead cranes 

for health monitoring. An improved design of magnetic wheel is presented in this paper. Finite element 
method is performed on the wheel to get the magnetic flux distribution and calculate the attractive forces 

between the wheels and inspection area. By the simulation distribution of magnetic flux lines were 

compared on the plane inspection area and a curved concave and convex surface. In this paper we have 
designed a flexible robot for climbing on the surface of overhead crane bridges .To avoid the slippage 

of wheels, wheel traction was enhanced by putting a rubber layer on the surface. The novel design of 

magnetic wheel, with light weight and high adhesion forces is presented for the climbing robots.  

Keywords: Permanent magnet, Climbing robot, Overhead cranes, Optimization, FEM 

1 Introduction 

Now a day with increase in demand of overhead cranes in industries, it is necessary to perform the 

health monitoring of overhead cranes. Traditionally   visual inspection method is mostly in use for the 

inspection of surface defects of overhead cranes. Some NDT (nondestructive techniques) such as eddy 

current ( EDT), magnetic flux ( MFT), ultrasonic testing, are also some methods employed for the 

structural health monitoring of heavy steel structures.  Availability of inspector and cost of inspection 

also influence the process of heavy steel structures such as overhead cranes. As the inspection target is 

always located at a few meters of heights, it is crucial task to access the inspection area with heavy 

inspection devices. To access the inspection area at some height, scaffolding and aerial working 

platforms are in use [2]. From safety and economical point of view present methods to access the target 

are not so effective. A manual inspection method for surface inspection has some major drawbacks such 

as low operating efficiency, safety issues, poor inspection quality [3]. Overhead cranes are in many 

industries working into hazardous environment and to perform the surface inspection can cause 

operator’s death.  Therefore  

for an automated inspection, an unmanned vehicle for continuous inspection of heavy steel structures 

of overhead crane is essential to enhance safety of human and efficiency by minimizing the cost and 
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errors in calibration [1]. Overhead cranes bridges are made up of ferromagnetic steel mounted on a 

heavy steel frame structure. As these cranes work into a harsh environment, this environmental changes 

causes the structures suffered from many problems such as corrosions, fatigue cracks and metal loss. In 

order to enhance the overhead cranes, work lifecycle for longer time, it is necessary to perform 

inspection of surfaces on regular intervals by performing non destructive techniques. This study mainly 

focuses to develop an autonomous mobile robot for inspection of overhead crane bridges. To perform 

the climbing operation many technologies have been developed by researchers [4]. For a climbing 

operation on steel surface a proper adhesion   mechanism, contributes a major role. It provides adhesive 

forces to generate required friction for keeping the weight of the robot and also contributes in movement 

to the robot with high velocity and maneuverability. Currently for wall climbing robots, a variety of 

adhesion- locomotion methods are available depending upon the required payload capacity. To achieve 

high capacity of payload, mobility, and high velocity, for the inspection of ferromagnetic structures, 

permanent magnet wheeled type locomotion is mostly preferable for climbing robots [5]. In climbing 

operation of robot on overhead crane bridges magnetic technique is well- advised efficient method to 

attain good results as compared to other adhesion locomotion.  

At present many inspection robot with magnetic adhesion mechanism have been proposed and applied 

in many industries such as oil and gas tank inspection, steel pipes inspection, and many structural 

inspections[6][7]. In case to achieve high reliability, payload capacity and minimize the power 

consumption of the robot, it is necessary to perform the calculation of the magnetic circuit design and 

attractive force.  

In the past years for wall climbing robots   some permanent magnetic track components were designed 

for oil tanks and weld line inspection.  In that permanent magnets were used for locomotion of robot 

[8]. 

Tache. F. et.al. presented a magnetic motorbike robot with two magnetic wheels in a motorbike 

arrangement to climb and inspect the inner casing of ferromagnetic pipes with complex shaped 

geometry.  The locomotion was based on an adapted magnetic wheel unit integrating two lateral lever 

arms [9].   

W.Fischer et. al 2007[10] designed a robot for the inspection of very thin and fragile surface based on 

a pair of wall climbing robot with magnetic wheels. The robot uses magnetic wheels for adhesion. For 

passing the most of the obstacles some of the robots are equipped with special mechanism within their 

structures. It consists of 10 magnetic wheels in parallel through which they achieved a force of 580 N. 

Raul  Fernandez et. al [2010] presented   a wall climbing robot for tank inspection consisting magnetic 

wheels. The magnetic wheel structure consists of a cylindrical nylon structure in the center with 12 
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holes which surround Neodymium ( NeFBe) magnet all of which are enclosed in steel plates to pass the 

magnetic flux on the inspection area[11].  

The paper is segmented as follows: A conceptual design of robot with four permanent magnetic wheels 

for climbing on overhead crane bridges to perform the surface inspection is presented. In other section 

of this paper some other designed permanent magnetic wheel  are presented for climbing  Next FEMM 

method is shown for the particular wheel to calculate the magnetic field intensity. An optimal design of 

selected wheel is presented to achieve the adhesion forces on curved as well as plane surface.  

 

2 Inspection Robot with Permanent Magnetic wheel Adhesion  

To design a robot for the inspection of overhead crane bridges, some special requirement such as smooth 

movement on concave and convex surface, obstacles such as bolts and nuts, and high adhesion ability 

is necessary to be considered during the design. Here a robot with flexible joint for overhead crane 

bridges inspection is presented below in figure 1.  

 

Figure 1. (a) Designed robot with 4 wheels                                        (b) Bending body 

The robot equipped with magnetic wheels has simple driving mechanism and greater mobility as 

compared to the legged and tracked drive mechanism. The front and rear axle of robot act as driving 

source equipped with two geared DC motors. The flexible joint between the structures have servo motor 

to bend the structure so robot can cross 90 degree corners. The middle joint enables robot to adaptively 

work on concave and convex surface overhead crane bridges. The total weight of the robot is 

approximately 4.5kg including the light weight body of robot, magnetic wheels, servo motors, Sensors, 

electrical devices, navigation and cameras.  
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 This paper is mainly concentrating on the magnetic wheels of the inspection robot. Magnetic wheels 

are responsible to generate enough adhesion forces for the designed robot. In this study several 

configurations of permanent magnets were studied to generate a constant magnetic field. By employing 

the novel permanent magnet in the design of magnetic wheel as proposed in this paper a reliable and 

efficient magnetic wheel is developed. An NdFeB magnet can provide a great adhesion force that 

corresponds to more than 100 times its own mass. For an improved design of magnetic wheel, magnet 

poles should face to steel surface. The designed wheel consists three ferromagnetic steel rings of 

thickness 2mm, 2mm and 10mm on both side of the wheel and two neodymium magnets of thickness 

5mm.  

 

     Fig.2 1st Designed magnetic wheel (b) Magnetic ring of 5mm thickness (c) Modified designed wheel 

Table.1 Geometric parameters of a multi- ring ferromagnetic permanent wheel 

Parameters       Motor shaft     Magnetic ring     Magnetic wheel    Rubber grip   Magnetic ring   

Magnetic wheel    Wheel diameter  

                          Diameter         inner diameter    outer diameter         thickness          width                width   

w/0rubber 

                                (d)                      (𝑑𝑖)                      (𝑑𝑜)                     δ𝑟                  w𝑚   w𝑤                         d𝑤 

 

 Value 

(mm)  

10mm 34.5 mm 60 0 to 1mm 5mm 24 61 
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To make the more magnetic lines pass through the thick steel ring of thickness 10mm, it is placed in 

middle of the two ferromagnetic rings of thickness 2mm. In this case permanent magnet faces three 

steel surfaces and these ferromagnetic rings get highly magnetized as they are in direct contact with 

magnet. By doing this two magnetic close loop circuit can be established between the magnet and steel 

surface and more magnetic lines will pass through steel surface. Passage of more magnetic lines through 

steel surface generates 2 times more adhesion forces. Second advantage of this designed wheel is that 

as the magnet and steel surface are not in direct contact with each other so chances of corrosion and 

metal loss are less.  

For calculation of magnetic field analysis such as material properties, loads apply, element attribution 

and magnetic boundaries finite element method is employed [12]. 2D model of model for magnetic flux 

lines on wheel was performed in FEMM and for 3 D model ANSYS Maxwell software was considered.  

To perform the analysis of magnetic field it is necessary to define the material properties. As the wheel 

consists of a silicon rubber covering and aluminum central hub so for non magnetic components relative 

permeability was considered 1.0 in the air medium. For the inspection surface of stainless steel the 

relative permeability is approximately 2000 and 1000.  

The most important step is to decide the material for the permanent magnet. Permanent magnets are 

categorized in four category: neodymium iron boron ( NDFeB), Samarium cobalt (SmCo), alnico, and 

ceramic or ferrite magnets. NDFeB types of magnet are composed of rare earth metal and high coercive 

force. They have high energy product range, up to 50 MGOe because of this property a high energy 

product can be designed compact and small in size. NDFeB magnet of grade N42 is considered for the 

magnetic wheel design of its property of being light in weight and higher strength. Some of the 

properties of used magnet N42 is presented below in table. 

Table 2. Characteristics of Neodymium magnet (N42) 

Grade N42 magnet  

Diameter  30mm  

Thickness  5mm  

Remanence  1300 BR mt  

Normal Coercivity  950 kA/m 
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Mass energy product  318 KJ/𝑚3 

 

In FE method arrangement the magnetic ring of NDFeB acts as an excited component to apply loads 

with magnetic boundary. As the magnetic wheel consists of two magnets and three ferromagnetic steel 

rings, it forms two closed magnetic circuit. High relative permeability steel, permanent magnet, silicon 

rubber layer and inspection area are part of the FE method and contributes in calculation of flux density 

and magnetic forces.  

2.1 Comparison of the designed wheels 

Some of the designed wheels in Inventor 3D software show below in figure 3 (a) to 3(c). Minor changes 

in the design of the magnetic wheels induce major changes in adhesion forces. 

The first designed wheel has one neodymium N42 permanent magnet sandwiched between two 

ferromagnetic rings of stainless steel. To keep the weight low, motor shaft hub is made up aluminum. 

1st designed wheel is light in weight and very compact in design but lacking behind in adhesion forces 

as compare to other two designed wheels. To enhance the adhesion forces in next design, 16 small 

magnets are embedded into the wheel instead of using a single ring of permanent magnet. By doing that 

a considerable increase in adhesion forces was achieved. Due to higher number of magnets and 

complicated design and arrangement of magnets, the wheel weight was heavier.   In 3rd design of wheel 

to generate more adhesion forces and keeps the weight of low neodymium N42 magnets are placed in 

between three ferromagnetic rings. For a smooth climbing operation, wheel should have to generate 

enough friction so it can avoid the slippage. To produce enough friction a rubber layer of varying 

thickness places on the magnetic wheel. Some experiments and simulation action were performed for 

the calculation of adhesion force and frictional force. 

                        

      (a)                                      (b)                                     (c)  

Fig.3 Inventor 3D designed magnetic wheel  (a) Single magnet wheel with rubber covering (b) 16 

hollow magnetic wheel with aluminum hub(c) Double magnet wheel with aluminum hub  
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In the testing process of adhesion and frictional forces wheels are placed on a ferromagnetic surface 

area of varying thickness from 1mm to 10mm.  A pull force was applied on the wheel by using a digital 

gauge meter. When the applied force become more than the adhesion force, the wheel start detaching 

from the steel surface. During the experiment on the designed wheel, permanent magnet is magnetized 

axially. Some major properties such as effect of air gap on adhesion force, effect of varying thickness 

on the adhesion forces, calculation of tilt angle and adhesion force are studied in the experimental form. 

To avoid the slippage or roll off the wheels coefficient of friction has been studied.   Below graphs 

represents the adhesion forces of three different magnetic wheels on the steel surface of varying 

thickness.   

Table.3 Test results comparison of designed magnetic adhesion force with varying thickness of 

inspection area.  

 Adhesion Force (N)  

Surface Thickness  Wheel 1 Wheel 2 Wheel 3 

0 0 0 0 

1 45 75 75 

3 53 170 210 

6 52.5 171 227 

9 52.3 171 210 

12 52.17 150 219 

15 50.9 150 219 

18 50.4 137 209 

21 51.2 149 209 

24 51 149 208.5 

 



3rd Singapore International Non-destructive Testing Conference and Exhibition (SINCE2019) 

  8 

 

Fig.4 Relation between the adhesion force and Surface thickness. 

Lift off effect has been performed on the three designed wheels. From the below graph it is investigated 

that with the increase in the lift off value, adhesion forces decrease gradually and becomes near to zero 

when the lift off value is greater than 6mm. After the experimental result it is clear that wheel 3, 

adhesion force is less affected by the change in lift off values as compared to other two wheels. 

 

Fig.5 Relation between the adhesion force and lift off value  

In case of tilting of wheel at some angle decrease in the adhesion force occurs. This decrease in adhesion 

force can result into slippage of robot from the surface. According to simulation performed in magnetic 

field simulation software, considerable decrease in adhesion forces can be seen in the below graph when 

the wheel tilted at some angel. Increase in tilt angel of wheel results decrease in adhesion force of 

wheels.  
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Fig.6 (a) Tilting of wheel on inspection area (b) Relation between the tilt angle and adhesion forces 

Table 4. Comparison of Wheels based on Adhesion force and Ratio.  

Parameters Weight 

(gm)  

Adhesion force 

on 1mm 

thickness surface 

(N) 

Adhesion force on 

3mm thickness 

surface (N)  

Adhesion ratio 

(N/gm) for 1mm 

thickness 

Adhesion 

ratio (N/gm) 

for 3mm 

thickness 

Wheel 1 275 45 53 0.163 0.192 

Wheel 2 225 75 170 0.333 0.755 

Wheel 3 180 75 210 0.416 1.166 

 

3. Magnetic flux calculation 

It is necessary to calculate the adhesion forces between the wheel and surface area. The adhesion forces 

must be enough to carry at least a weight of 5 to 6 kg robot with all inspection devices and camera. Here 

some simulation is performed on the magnetic wheel to know the flow of magnetic field lines and 

density of magnetic flux. As the wheel has to move on thin and as well as thick inspection surfaces 

which affects the magnetic flux density due to variation of thickness of inspection area. 

A finite element analysis method was performed on the wheel 3 and steel plate of thickness 10mm. The 

result of adhesion force and magnetic flux between wheel and steel plate is shown below in figure.  
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Fig.7 Magnetic flux plot of permanent magnet ring with steel surface 

 

 

                

Fig.8 Magnetic flux distribution on magnetic wheel 
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By the 2D FE method on the wheel it is clearly noticeable that ferromagnetic steel rings on both side of 

wheel have strong magnetic field. In this design only ferromagnetic rings will have direct contact with 

the inspection area that prevents corrosion of permanent magnet.    FE analysis also demonstrate that 

magnetic lines from permanent magnet inside the wheel  forms two close loop of magnetic field, that 

contributes  in  magnetization of steel surface  of thickness 10mm and no external magnetization source 

is required.  

                               

Fig.8  3-D magnetic flux simulation in ANSYS Software. 

In case of the wheeled robot it is highly required that the robot sustains forward motion without losing 

stability throughout its operation. The maximum extends up to which a robot can achieve this on a 

general structured terrain defines its Terrain-ability. 

  4. Results & Conclusion 

Extensive simulations were performed to signify the ability of magnetic wheel in avoiding the slip off 

and enhancing the robot climbing performance. The results of adhesion force and traction of magnetic 

wheel are already presented in fig.    . These results of simulations and experiments on three designed 

wheels demonstrate the relation of adhesion force and thickness of the inspection area, relation between 

the tilt angel and adhesion force, and relation between the adhesion force and lift off value. To make 

the climbing operation of robot more reliable some experiments were performed on the designed wheels 

with varying inspection thickness.  To  

The robot was tested on the smooth and uneven surface created using obstacles like sharp corners, 

concave and convex shape and weld joints. The robot was able to climb over all these obstacles that 

validate the effective design of robot and magnetic wheels. 

From the experimental and simulation results it is distinguished that designed wheel 3 design generates 

more adhesion forces as compare to other designed wheels. From the experimental observation wheel 
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3 is lighter in weight and generates nearly adhesion force as compared to wheel 2. The climbing 

operation of magnetic wheel equipped robot on steel surface of thickness more than 3mm is safer than 

climbing on surface thickness less than 3mm. In case of inspection of overhead crane bridges by using 

climbing robot, the robot must have enough adhesion forces to it can avoid sliding and toppling.   
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