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Abstract— This paper describes design and development of
omnidirectional magnetic climbing robots with high maneu-
verability for inspection of ferromagnetic 3D human made
structures. The main focus of this article is design, analysis
and implementation of magnetic omnidirectional wheels for
climbing robots. We discuss the effect of the associated problems
of such wheels, e.g. vibration, on climbing robots. This paper
also describes the evolution of magnetic omnidirectional wheels
throughout the design and development of several solutions,
resulting in lighter and smaller wheels which have less vibration
and adapt better to smaller radius structures. These wheels are
installed on a chassis which adapts passively to flat and curved
structures, enabling the robot to climb and navigate on such
structures.

I. INTRODUCTION

Climbing robots have been developed during the past two
decades in order to facilitate some jobs such as periodi-
cal inspections for detection of cracks, corrosion, material
degradation and welding defects on tanks and piping. Other
applications of interest include ship hull grooming, cleaning,
and painting of such structures. Gas and oil tanks, Wind
turbines, pipelines and marine vessels are examples of the
structures which are target of this research work. Such
structures share three common aspects:

o They need periodic inspection, maintenance or cleaning
« Their exterior circumference is convex
e Most of them are built from ferromagnetic material

For climbing a surface, design of the locomotion mechanism
and the surface adherence mechanism are the main
challenges. Excluding the biological imitation adherence
mechanisms, adherence systems developed up to now are
based on suction cups (See for instance [1], [2]), attraction
force generated by propeller (negative pressure) [3], [4]
or magnets [5], [6]. Robots whose end-effectors match
engineered features of the environment like fences or porous
materials, pipes or bars [7], [8], [9], [10], [11], [12] were
also developed.

As the desired structures for this project are ferromagnetic,
and not always flat, usage of negative pressure is not the
best choice due to the energy consumption and curvature
adaptability problems. In such situations, magnetic adherence
is a more appropriate choice. Some of the applications e.g.
painting or cleaning or periodical inspection need the robot
be able to scan the whole structure or to reach to a pose on
the structure rapidly and then perform in situ maintenance
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(welding, repairing, etc.). In both cases high navigation
velocity is desirable.

Furthermore, in all cases high maneuverability is desired.
One of the most important limitations of many pole climbing
robots is that they can not rotate around the pole [13], or
in order to rotate around the pole, they have high energy
and time costs [14], [15], [16], while rotating around the
pole is necessary for being able to scan the whole structure.
Another important aspect is adaptability of the robot to
various structures.

The main objective of this research is to implement a
robot which is able to climb and navigate over ferromagnetic
structures considering:

« High maneuverability.

« High speed.

« Adaptability to a reasonable range of curvature.

« Adaptability to a reasonable range of structure’s ferro-

magnetic materials and thickness.

« Simplicity.
Climbing robots based on permanent magnets have also
been developed for different purposes. They were based on
a magnetic caterpillar[17], magnetic array wheel [18] or
permanent magnetic wheels [6]. Yet there is a lot of space
for improvements on many aspects of magnetic wheel based
climbing robots. In the current research we tried to concen-
trate on aspects of climbing robots such as maneuverability
and adaptability to various structures. The first version of
the omnidirectional climbing robot, the OmniClimber-I, was
introduced in [19]. Results from OmniClimber-I showed a
good maneuverability and adaptability to several structures.
However due to the discontinuous movement nature of
omnidirectional wheels, the robot could not achieve a smooth
movement. We will discuss how a climbing robot based on
omnidirectional wheels suffers more from a chattering in
movement than a terrestrial robot, and will try to improve
such problem. Some other parameters such as size and
weight of the wheel, normal attraction force, friction coef-
ficient and adaptability to curved structures were also con-
sidered and novel designs of the wheel were implemented.
Some improvements on central and side magnets were also
achieved. The results obtained and improvements achieved
to the overall performance of the robot are described in this

paper.
II. OMNICLIMBER CONCEPT

In design of OmniClimbers we try to address maneuver-
ability on the structure and adaptability to different struc-
tures. Here we shortly describe the Omniclimbers concept.
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Fig. 1. Omniclimber-I is composed of a central magnet unit, a flexible
chassis and side magnets, and omnidirectional wheels coupled with ring
magnets

More detailed description can be found in [20]. Omni-
Climbers involve the following main novelties (figure 1
shows the 3D model of OmniClimber-I):

1) Utilizing omnidirectional wheels in order to in-
crease maneuverability

2) Flexible chassis with side magnets for non-actuated
adaptation to the curvature: We used an elastomer in
the chassis and integrated permanent magnets in order
to enable the robot to adapt to a range of curvatures
with a simple non actuated (passive) system (figure 1).

As described in [19] omniClimber-I is a 3-DOF robot
composed of 3 rotational actuators and 3 Omnidirectional
wheels placed at 120°. It also includes a central magnet to
hold the robot attached to the climbing surface, side magnets
and a flexible chassis for curvature adapting system and ring
magnets installed close to the wheels in order to increase the
wheel traction (figure 1).

III. OMNIDIRECTIONAL WHEELS FOR CLIMBING ROBOTS

Omnidirectional wheels form the most important part
of the omniclimbers which enables high maneuverabilities.
However they have some disadvantages such as vibration. It
is important to consider the effect of vibration on terrestrial
robots using omnidirectional wheels and analyze how vibra-
tion affects a climbing robot with such wheels. Figure 2 [21]
shows various types of omnidirectional wheels.
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Fig. 2. Various types of Omnidirectional wheels and their traces; (a)
Classic 1 row omniwheel, (b) Mecanum, (c) Classic 2 rows omniwheel,
(d) continuous alternate wheel [21].

As discussed in [21], the classic type of omnidirectional
wheels (figure 2-a) makes discontinuous contacts with the

ground due to the gaps between the successive rollers, which
causes vertical vibration. To minimize this gap, Mecanum
wheels, double row wheels, alternate wheels and half wheels
were developed. In none of these wheels the gap is totally
removed. In our case we used double row wheels which has
a better coverage relative to the classic wheels and is also
simple to develop with standard elements and commercially
available magnetic rings. Yet double row wheels suffer also
from horizontal vibrations. Small vibrations may not be
a problem in terrestrial robots, but in case of climbing
robots, such vibration affects the normal adhesive force. In
case of omniclimbers, horizontal vibrations on the chassis
affect the normal magnetic force of the side magnets and
traction magnets, considering that the climbing structure is
not flat and horizontal movements change the distance of the
magnets with the structure. The magnetic force has an inverse
relation with the cubic order of the distance from surface (see
equation 1). Therefore as we experienced with OmniClimber-
I, small vibrations changes the normal magnetic force on
each wheel which causes undesired vibrations in the direction
normal to the surface and thus results in a non smooth
movement. Furthermore a difference on normal magnetic
force causes a difference on each wheel’s traction, resulting
in a low trajectory following accuracy. To manage such
vibrations, the normal force is a critical aspect. Higher
normal forces reduces vertical vibrations. In omniclimber-I
we calculated normal forces generated from side magnets
and traction magnets in such a way that not only they
guarantee adherence to the surface in static and dynamics
modes but also they establish enough traction on the wheels.
But to reduce the vibrations, normal forces should be higher
than the calculated values in Omniclimber-I, so that the
traction is guaranteed even in case of existence of vibrations
and that such vibration could not detach the wheel from
the structure. However excessive magnetic force requires
bigger and heavier magnets, and results in higher torque
requirements, and thus the goal is to find the right balance
between magnetic force and weight on the wheels. We also
tried to improve other important aspects of omnidirectional
wheels for climbing robots, such as weight, size, adaptation
to curved structures and traction. In any climbing robot,
the weight is a crucial aspect. All components of the robot
should be lightweight, including the wheels. The size of
the magnetic omnidirectional wheel is also a key aspect.
Smaller wheels result in reduction of the weight of the
whole robot and the bending forces to the chassis. Reducing
the size of the wheels contributes to a higher driving force
at the same motor driving torque, but also a reduction
on the climbing speed. Four versions of omnidirectional
wheels with magnetic adherence were designed, developed
and tested, and the results are reported in this paper.

IV. DESIGN AND DEVELOPMENT OF MAGNETIC
OMNIDIRECTIONAL WHEELS

In this section we present the design, analysis and de-
velopment of the wheels, their testing, results and problems
observed. The fourth generation of the magnetic omnidirec-
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tional wheel is the result of all the studies and lessons taken
and learned with the previous solutions.

A. 1% Generation

DIMENSIONS

Fig. 3. Design of the 1% generation of magnetic wheels.

The first generation wheel, used in Omniclimber-1, was
70 mm diameter, 55 mm width and 150g of mass (figure 3).
It used a ring magnet as the traction magnet. In order to avoid
the direct contact between the magnetic rings and the surface,
a high distance between the ring magnet and the surface was
necessary (figure 4). However, such distance prevented the
magnets from providing significant force, especially in thin
metallic surfaces.

Fig. 4. To avoid direct contact of the magnet with the surface and tilting
of the wheel, the ring magnet should be small enough to keep a certain
distance from the surface, which reduces the normal magnetic force.

B. 2" Generation

DIMENSIONS

Fig. 5. Design of the 2" generation of magnetic wheels, with adjustable
distance between the magnets and the surface.

The second generation of the OmniClimber wheel offered
some improvements on the adjustability of the system. It
consisted on an array of individual magnets, where the
distance between the magnets and the surface could vary, by
means of manual adjustment (figure 5). This improved the
wheel adherence and traction to thin metallic surfaces. The
problem was that they did not provide a continuous magnetic
adhesion. To select the number of magnets in an array (figure
6), we analyzed the magnetic force of the wheel with 6
to 16 magnets, comparing dimensions, mass, minimum and
maximum magnetic force and its variation and prototyping
limitations (graph 7 and table I).

The maximum magnetic attraction force occurs when one
of the magnets is parallel to the surface and minimum

Adjustable [EEERERTEE—
Magnet "4
~=7% Position

Fig. 6. On the left: Adjustable Magnet Positioning System. On the right:
2D Magnetic Flux Field Representation.

Magnetic Force vs Number of Magnets

Force [Newton]

WheelRotation [Degree]

Fig. 7. Magnetic Force Analytically determined for each solution, for
90°degree rotation of the wheel.

attraction force occurs when all magnets are tilted relative
to the surface (figure 8). Magnetic force for each solution
was estimated, considering the influence of the number of
magnets, the tilt of each magnet on the wheel (@) and its
distance to the surface (d), illustrated on the figure 9. The
influence of the tilt of a permanent magnet on its force was
determined by magnetic field simulation software (figure 10).

We used the following equation for estimating the attrac-
tion force at certain distance, based on the attraction force
on zero distance, according to the HKCM website[22]:

Fy

1+

Where F; is the attraction force at the distance of s, and Fj,
is the attraction force at the distance of zero. This equation
provides an estimate and not a precise value. With the
knowledge of the magnet’s distance to surface and tilt we
were able to calculate the attraction force for each array. The
best trade off was achieved with a wheel with array of 14
cylindrical magnets with 12 mm in diameter and adjustable
distance to surface (table I). As can be seen in figure 12,
for lower number of magnets, e.g. 6 magnets, the maximum

(D

r

Number of Magnets | 6 8 10 12 14 16
Wheel mass [g] 125 | 135 | 145 | 155 | 165 | 175
Min Force [N] 020 | 097 | 1.90 | 561 | 9.50 | 1243
Max Force [N] 19.19| 19.20| 19.26| 19.39 | 19.66| 20.13
Average Force [N] | 9.69 | 10.08| 10.58| 12.50| 14.58 | 16.28

Average force rela-

1.68
tive to array of 6 1.00 | 1.04 | 1.09 | 1.29 | 1.50

TABLE I
PERFORMANCE TABLE FOR EACH SOLUTION, REGARDING 90°DEGREES
OF WHEEL ROTATION.
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Array of 14 Magnets

Minimal Magnetic
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Maximal Magnetic
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Fig. 8. Wheel positions for maximal and minimal magnetic force. The
maximum magnetic attraction force occurs when one of the magnets is
parallel to the surface and the minimum attraction force occurs when all
magnets are tilted relatively to the surface.

Fig. 9. For each wheel with an array of magnets from 6 to 16, we calculated
the magnetic force for the closest magnets to the surface, taking into account
its distance and angle.

magnetic force (19.19 N) is almost 100 times bigger than
the minimum magnetic force (0.20 N). In a solution with
14 magnets this ratio is as low as 2. The 16 magnets wheel
proved to be impractical to be prototyped due to the size
restrictions. Giving the adjustment possibility to the new
wheel, the tilting problem (figure 11) was reduced for curved
structures, which allows a closer distance between magnets
and the surface and a higher attraction force on the wheel.
This wheel is 70 mm in diameter and 49 mm in width, and has
a mass of 165 g. Yet the tilting problem was not completely
addressed. To address this problem, we decided to put the
traction magnets in the center (and not in the side) of the
omnidirectional wheel.

C. 3" Generation

This third generation of the omni-wheel integrates the
magnetic array into the omnidirectional wheel, resulting in
reduction of the overall size of the system. Similar to the

Magnetic Force vs Tilt Angle

Percentage of 10p%
Magnetic Force

80%

60%

40%

20%

0%

0 10 20 30 40 50 60 70 80 90
Tilt Angle [degree]

Fig. 10. Influence of the tilt of the magnet on the magnetic force to a fixed
ferromagnetic structure, determined by magnetic field simulation software.
The force increase after 45° is due to summation of attraction force from
two sides of the permanent magnet.

Fig. 11. The normal force of the 2" generation of the wheel is 2.45 times
of the first generation, however the tilting problem is not yet solved.

DIMENSIONS

Fig. 12. 3"¢ generation of magnetic omnidirectional wheels.

second generation, the distance between the magnets and
the surface are adjustable. Placing the magnet array between
the rollers, eliminated the tilting problem of the wheel in
the previous two generations. Therefore magnets could be
placed at a distance very near to the surface, thus providing
a bigger adherence force and a better traction compared to the
previous solutions. Thus we were able to reduce the number
of magnets to 12. Yet the resulting wheel has a mass of
185 gr, which means it is slightly heavier than the previous
solution only because we had to develop the whole wheel
rather than using commercial wheels.

Our experiments showed this wheel represented major
improvements compared to the previous generation in terms
of motion smoothness and trajectory following, since it
suffered from less vibration. Yet with this design, the roller
coverage was not perfect (-5.73°gap between the rollers as
shown in picture 13), which causes some vibrations. The
other problem is that the wheel is too wide, which is not
desired for curved structures and relatively heavy (74 mm in
diameter, 43 mm in width, 185g of mass, see picture 12).

D. 4" Generation and current development

From the three previous developments, and several tests,
we concluded that the magnet adherence elements for wheel

Fig. 13. Gap of the roller coverage in the 3" generation of the magnetic
omni-wheel.

DIMENSIONS

Fig. 14. Design of the 4" generation of magnetic wheels.
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Fig. 15. Roller coverage of the 47 generation of magnetic wheels.

Magneticadhesion force for 1/4 rotation of the wheel

Magoork ocalh] 5

g tracmion oagoe]

Fig. 16. Magnetic force for the 4" generation of the magnetic wheel for
a 90°degrees rotation.

tracking should be placed on the wheel itself rather than
on its side. We also concluded that in climbing robots,
vibration resulting from omnidirectional wheels reduces the
robot trajectory following accuracy and may totally impair
the climbing process. It is important to reduce the vibration
effect as much as possible. Therefore we considered the
previous factors, and simultaneously we tried to reduce the
wheels’ size and weight. In The fourth generation (figure 14),
we integrated magnetic rollers, resulting in a much smaller
and lighter solution (65 mm in diameter and 30 mm in width,
105 g of mass, representing 12%, 30% and 43% reduction
compared to the previous generations, respectively). Each
roller is composed of two ring magnets with same polarities
facing each other. In this way the magnetic flux and thus the
magnetic force is increased by 30% (Simulated by magnetic
field simulation software and also verified experimentally).
We achieved the optimal solution by an array of 14 magnetic
rollers disposed in two rows. This design allows for a better
coverage and less gap between the rollers (2.31°, compared
to 5.73%n the previous design as can be seen in figure 15)
and thus there exist less vibration. The magnetic adherence
provided by the wheel during its rotation was calculated
using the same method described before. The values achieved
for the magnetic forces are inferior to the ones in previous
designs. However, since we are dealing with a lighter and
smaller wheel, the required magnetic adhesion forces is also
smaller (figure 16). The smaller wheel size allows for a
smaller chassis, resulting in a lighter solution and a more
compact robot design. Nickel coated magnets, have a low
friction coefficient on steel and the friction coefficient should
be increased for a better traction, and thus it was necessary to
cover them with a high friction material. On the other hand
this cover would reduce the normal magnetic force and thus
a trade off should be achieved. We tested the magnetic rollers
in three cases: without cover, with a 0.4 mm thick thermal
shrink layer, and with a 1 mm thick silicone rubber tire (we
tested the commercially available solutions). We performed
two tests (see figure 17) in order to measure the normal force
and also the coefficient of frictionut. In the first experiment

we determined the magnetic force, F,,, for each solution by
measuring the required force to detach the assembly from
the vertical steel wall.

Roller

Fm Platform to

add weight

Digital scale Vertical Vertical

Steel wall

Steel wall

AR

Fig. 17. Assembly of the 1 (Left) and ond (right) experiments for
measuring the normal force and coefficient of friction of the rollers

In the second experiment, the roller rotation was restricted
so that it can only slide. This allows us to evaluate the static
friction coefficient for each tire solution. This is when the
weight (P) of the assembly is equal to the friction force Fy.
Therefore we determined the friction coefficient for each
solution:

FA=P
FN=Fm

UFN =mg — u= £
As can be seen in table II, even though the magnetic
adherence of the roller with silicone tire was inferior to the
one with the thermal shrink tire (-25%), its performance was
better in providing grip for the wheels (+84%). The product
between the static friction coefficient and the magnetic force
for each solution is maximum for the silicone layer (II) and
thus we used the silicon tube cover for the rollers. So that

Layer

O Magnetic| Mass | uxFm
Type of Roller thick force(N) | held (g) Hstatic
ness(mm)

No cover layer | 0 3.09 50 0.16 | 049
Thermal  shrink 0.4 1.91 9 050 | 0.96
layer

Silicone layer 1 1.42 134 0.92 | 1.31

TABLE II

RESULTS OF THE ROLLER EXPERIENCES.

was the solution adopted for the rollers.

After all the best uy.Fy value was achieved by placing
two ring magnets with same poles facing each other, and
covering the assembly by a silicon tube. Figure 14 shows
dimensions of the 4" generation of the wheel.

E. Comparison

Table III compares the characteristics of all four gen-
erations. A key factor for thes comparison is the normal
magnetic attraction force to weight ratio for all solutions.
As can be seen in the table, this value is increased through
evolution of the wheels. Another important factor is how
well the double row wheels adapt to a curved surface. While
the first two generations suffer from the tilting problem, this
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is solved in the third generation, and thus both rows of

Parameters

Wheel mass [g] 150 165 185 105

Size (Diam x Width) [mm] 70 x 55 70 x 49 74 x 43 65 x 30

Normal Force [N] 0.80 1.97 4.49 3.20

Normal Force/Weight ratio [N/g] | 0.005 0.012 0.024 0.030

Double row adaptation to curvature | * * ok HAx
TABLE IIT

COMPARISION BETWEEN THE DEVELOPED SOLUTIONS.

[7]

wheels have effective contact with the surface. In the forth

generation, the coverage of the rollers was increased and

[8]

thus the vibration was decreased, allowing for a smoother

movment. Also the size and the weight of the wheel was

[9]

reduced, resulting in a smaller robot.

This article is accompanied by a video showing the exper-

[10]
VIDEO ATTACHMENT

(11]

iments of the Omniclimbers on flat and curved structures.

V. CONCLUSIONS AND FUTURE WORKS
[12]

In this paper we presented evolution of omnidirectional
magnetic wheels, which resulted in a lighter and smaller

wheels which suffers from less vibration, and adapt better to

[13]

curved structures. Future works includes development of a
fully round omnidirectional magnetic wheels and integration

of exteroceptive sensors to compensate the odometry errors,

[14]

and a vision system for inspection of the structure.
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