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The magnetic adhesion of ring magnets classified under permanent magnets, which are employed in 
magnetic wheels for In-Pipe and Out-Pipe robots, is investigated in this paper. The study is carried out using 
FEMM software for ring magnets by changing their inner diameter and thickness against a minimum pipeline 
thickness. The results show that the adhesion force increases as the magnet thickness increases and reduces 
as the magnet's inner diameter increases. When it comes to inner and outer pipelines, the positioning of ring 
magnets is also a challenge. This is demonstrated using solidworks software by modelling a ring magnet and 
laying it over the inner and outer pipelines. Ring magnets of various thicknesses were found to be necessary 
for diverse pipeline diameters. So based on FEMM simulation and visualization from solidworks the optimal 
thickness and inner diameter for the ring magnet are derived. The simulation results help researchers choose 
the optimal ring magnet for the magnetic wheel for both In-Pipe and Out-Pipe robots. 
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1.    Introduction 

Pipelines are used in industries to transport fluids, liquids, and gases. They are also one of the 
most efficient methods, but they must be monitored on a regular basis to function properly. 
Since humans are unable to enter small pipes and it is dangerous for them to inspect pipelines 
at great heights, robotic-based inspection was developed. The pipeline inspection robots are 
classified into two types: In-Pipe Inspection Robots [1], [2] and Out-Pipe Inspection Robots [3], 
[4]. Out-Pipe robots are preferred over In-Pipe robots because they do not require the pipeline 
to be shut down during inspection [5]. In industries, inspecting pipelines at high altitudes is 
difficult, necessitating the use of robots capable of climbing vertical pipes. The adhesion 
systems used for climbing vertical pipes are divided into five types [6], [7]. It consists of 
biometric [8]–[11], vacuum suction[12], rail-guided[13]–[15], gripping [16], [17] and magnetic 
adhesion[18]. 
 
The biometric adhesion mimics geckos and gives the required stickiness to climb [19], [20]. 
Suction cups are used in vacuum suction to create a pressure difference, which provides the 
necessary adhesion force to climb the surface. This is not limited to a single surface, but can be 
extended to a variety of surfaces such as glass, tiles, and steel [21]. Rails are used in rail-guided 
adhesion to give the necessary traction for climbing vertically. The robot follows the path of the 
rails and slide over it [13], [14]. Places that require force monitoring uses gripping mechanism 
and this provides the necessary adhesion to move in uneven surfaces and sophisticated 
environments [16], [17]. 
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Ferromagnetic pipes are used in industry to transfer liquids and gases [22]. As a result, a robot 
capable of moving across ferromagnetic surfaces is required. Hence, robot uses magnetic 
adhesion of permanent magnets to move vertically and the magnets are used as tracks, wheels 
and in some they are attached to the body. The magnetic adhesion provides high payload 
capability, safer even during power failure with zero power consumption. The wheeled magnetic 
adhesion is best suited since magnets attached to the robot causes stress on its body [23]. 
 
The focus of this work is solely on wheeled magnetic adhesion based on permanent magnets. 
The wheels climb vertically on ferrous surfaces by using a permanent magnet and its adhesion. 
The variation of adhesion for ring magnets is investigated by varying their inner diameter and 
thickness. The Finite Element Method for Magnetics (FEMM) software is used to simulate the 
study. The results from simulation assists researchers in selecting the optimal ring magnet for 
the robot wheel, which is utilised to move in the inner and outer ferromagnetic pipes. 

2.    Materials Used 

In this study Neodymium ring magnets are used to provide the necessary magnetic adhesion to 
climb vertical pipes. The wheel holds the ring magnet which acts as the adhesion module. The 
magnetic wheel is shown in figure 1. 

 

Figure 1. Magnetic wheel 

 

2.1.    Permanent magnet 

The simulation uses ring magnet that come under the classifications of neodymium magnets. 
These are one of the most powerful permanent magnets and their name starts with ‘N’ followed 
by two numbers. ‘N’ stands for Neodymium and the two numbers show the maximum energy 
product in Mega-Gauss Oersteds (MGOe). The commercially available magnets range from 
N30 to N52. In this simulation, a N35 magnet is utilised, and the material properties are 
extracted from the FEMM software's built-in library. Table 1 shows the properties of N35 
magnet. 
 

Table 1. Properties of N35 magnet [18] 
 

Grade of 
Magnets 

 
Energy product of the 

magnet 
 

BH max, MGOe 

 
Remanent 

magnetization 
 

Br, T 

 
Coercive force 

 
HcB, KA/m 

 
Electric 

Conductivity 
 

γ, MS/m 

 
N35 

 
34 

 
1.2 

 
905 

 
0 
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2.2.    Ferromagnetic surface 

The simulation uses 1020 steel for the surface. This comes under the category of low carbon 
steel and these are widely used in industries. It is seen from studies [18] [24] that surface 
thickness has a significant impact on magnetic adhesion, and magnetic adhesion increases as 
surface thickness increases. So, in this simulation, the pipeline surface thickness is maintained 
to a minimum so that we may determine the maximum magnet adhesion force generated by the 
magnet for an extremely low surface thickness. Table 2 shows the properties of 1020 steel. 
 

Table 2. Properties of 1020 steel [18] 
Saturation flux density Bsat NaN 

Coercivity Hc, A/m 0 
Relative permeability µ 760 

Electric conductivity γ, [MS/m] 5.8 

 
 

3.    Simulation using FEMM 

The FEMM software is used to simulate the magnetic adhesion of ring magnets [25] [26]. As 
this is a 2D software, the pipe and ring magnet are drawn in 2D as well. Since the magnet cannot 
come into direct contact with the surface, it is kept at a minimum standoff distance (SOD) of 
0.5mm. The simulation is divided into three stages: pre-processing – processing – post-
processing [25]. The problem is characterised as magnetostatics in the first stage, and the depth 
is given for both the ring magnet and the surface, along with the units. The 2D diagram of the 
ring magnet and pipe is then created using the built-in tools. The built-in library is then used to 
specify the material attributes for the components. The entire model is then encased in a circle, 
which serves as the boundary. Figure 2 shows the entire model with assigned materials in 
FEMM. In the second stage, the software meshes the entire model using the triangle meshing 
process, and the analysis is done. In the final stage, the findings are viewed, and the flux density 
and magnetic adhesion force are calculated using the tools. This process is then repeated by 
changing the internal diameter and thickness of the ring magnet. 
 

 
Figure 2. Entire model with assigned materials in FEMM 
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4.    Results and Discussions 

The simulation is performed to determine the magnetic adhesion of ring magnets used as wheels. 
This study is for robots that employ magnetic wheels in ferromagnetic pipes, both within and 
outside the pipe. The simulation study shows the magnetic adhesion of three different inner 
diameter and thickness ring magnets. The adhesion generated by the ring magnets is shown in 
table 3. The outside diameter of the ring magnet is 50 mm, and it is set at a SOD of 0.5 mm from 
the pipe surface, with a thickness of 2 mm, both of which remain constant during the 
simulations. 
 

Table 3. FEMM simulation results for magnetic adhesion of ring magnets 

Varying Inner Diameter (ID) of 

ring magnet (mm) 

Thickness of ring 

magnet (mm) 

Force Experienced by Pipe surface in 

Newton 

 (N)  

10 5 20.91 

10 10 41.82 

10 15 62.72 

20 5 17.86 

20 10 35.73 

20 15 53.59 

30 5 12.85 

30 10 25.69 

30 15 38.54 

 
The simulation results show that the adhesion force increases as the thickness of the ring magnet 
increases for all internal diameters of the ring magnet. A ring magnet with a high thickness and 
a small internal diameter achieves the maximum adhesion force of 62.72 N. Figure 3 shows the 
graphical represents of Table 3 data. 
 

 
Figure 3. Graphical representation of table 3 data 

 
While selecting ring magnet for the wheels the optimal thickness must be known because the 
wheels will be in contact with the convex (Out-Pipe) and concave (In-Pipe) part of the pipe. 
This is tested by modelling a ring magnet and placing it on a modelled In-Pipe and Out-Pipe 
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using solidworks. When the wheels are in contact with the convex part of the pipe the bigger 
the thickness of the magnet the weight of the magnet increases and as the pipe surface is convex 
the edges of the magnet will not be in contact. When the wheels are in contact with the concave 
part of the pipe only the edges of the magnet will be in contact. So, the point of contact differs 
for both Out-Pipe and In-Pipe. Thus, the excess thickness causes the magnet to create a natural 
standoff distance in the case of In-Pipe and in the case of Out-Pipe the excess thickness is bigger 
than the contact area of the surface. The contact area of magnet for both Out-Pipe and In-Pipe 
is shown in table 4. 
 

Table 4. Contact area of ring magnet for both Out-Pipe and In-Pipe 
Pipeline 

Diameter 

Magnet 

Thickness 
Out-Pipe In-Pipe 

Outer: 50 mm 

 

Inner: 46 mm 

5 mm 

  

10 mm 

  

15 mm 

  

 
Table 4 shows that increasing the thickness of the magnet causes a standoff distance from the 
surface at the centre of the magnet for the In-Pipe and at the magnet's edges for the Out-Pipe. 
This shows that the robot requires magnetic wheels of variable thicknesses to move over In-
Pipe and Out-Pipe of varying diameters. So, to lower the weight of the magnetic wheel while 
maintaining a constant thickness for the magnet, a ring magnet with a thickness of 5 mm and an 
inner diameter of 10 mm is chosen as a constant that can manuver across inner and outer 
pipelines with diameters larger than 50 mm. This configuration of magnet has an adhesion force 
of 20.91 N when kept at a standoff distance of 0.5 mm from the surface. 
 

5.    Conclusion 

In this research, the influence of ring magnet inner diameter and thickness on magnetic adhesion 
of Neodymium magnets is investigated using simulations. FEMM software is used to find the 
adhesion force generated by N35 ring magnet. For ring magnets, the simulation is carried out 
by varying the inner diameter and thickness while maintaining the outer diameter at 50 mm, 
pipe surface thickness at 2 mm and standoff distance at 0.5 mm. The results show that the 
adhesion force increases when the thickness of the magnet increases and decreases when the 
inner diameter of the magnet increases. 
 
Solidworks is used to model a ring magnet and place it on the inner and outer pipe to find the 
optimal ring magnet. It is found that for the In-Pipe the edges of magnet will be in contact with 
the pipe surface while for the Out-Pipe the edges of the magnet will not be in contact and this 
creates a natural standoff distance. The higher the standoff distance lower will be adhesion force. 
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So, for varying pipeline diameter, ring magnets of different thickness needs to be used. Hence, 
an optimal ring magnet which can be used to manuver over outer and inner pipeline having 
lesser weight with a constant thickness is selected from the simulation results. The optimal ring 
magnet found has an inner diameter of 10mm, outer diameter of 50 mm, thickness of 5 mm and 
this configuration has an adhesion force of 20.91 N when kept at a standoff distance of 0.5 mm 
from the surface. The work done is limited to simulation and this can further be verified using 
experiments. 
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