


while the attractive force is modulated by tilting the foot
against the steel surface. A robot with magnetic wheels
was developed by Wang et al. [18] carrying Giant Magneto
Resistive sensor array for crack and corrosion detection. Liu
et al. also proposed a bridge inspection method using a wall-
climbing robot based on negative pressure adhesion mech-
anism which collects crack images with a high-resolution
camera so that the crack could be extracted and analyzed
precisely [19], [20]. Taking advantage of attraction force
created by permanent magnets, Leibbrandt et al. [21] and
Leon-Rodriguez et al. [22] developed different wall-climbing
robots carrying NDE devices to detect weld defects, cracks,
corrosion testing that is capable of inspecting oil tanks or
steel bridges. San-Millan [23] presented the development of a
teleoperated wall climbing robot which can be equipped with
various testing probes and cameras for different inspection
tasks. Zhu et al. [24] used a magnetic wall-climbing robot
capable of navigating on steel structures, measuring struc-
tural vibrations, processing measurement data and wirelessly
communicating information to investigate �eld performance
of �exure-based mobile sensing nodes (FMSNs). The FM-
SNs were deployed to identify minor structural damage,
illustrating a high sensitivity in damage detection enabled
by �exible mobile deployment.

In this paper, the design and implementation of a four-
wheeled robot for steel bridge inspection is introduced.
Taking advantage of adhesion force created by permanent
magnets, the robot is able to move freely on steel surface,
carry several sensors for visual crack detection and struc-
ture mapping, and wirelessly controlled. With an advanced
mechanical design, the robot is able to carry a decent load
(approximately 4kg) while climbing on both inclination and
upside-down surfaces. The robot can also transition from one
surface to another surface with up to 90 degrees change in
orientation. Collected data are sent to a ground station in
for real time monitoring and further processing. In addition,
magnetic �eld sensors and range sensors are also integrated
to help robot move safely on steel surfaces.

The rest of the paper is organized as follows. Section
II describes the overall robot design. Section III illustrates
the robots control. Section IV shows various experiments to
verify robot design and section V gives the conclusion and
future work.

II. OVERALL DESIGN

A. Mechanical Design

A four motorized wheels robot design is proposed which
takes advantage of permanent magnets for adhesion force
creation. Therefore, it allows the robot to adhere to steel
surfaces without consuming any power. In addition, cylinder
shaped magnets are used for convenience and �exibility in
adjusting the attraction force. Moreover, eight high torque
servo motors are modi�ed to use for driving four wheels
and four shafts which are used for robot lifting. The robots
parameters are shown in Table I while motors parameters are
listed in Table II.

TABLE I
ROBOT PARAMETERS

Length 220.9 mm
Width 130 mm
Height 241.26 mm
Weight 14 lbs. (without payload) and 20 lbs. (full load)
Drive 4 motorized wheels

Controller Embedded controller + onboard computer

TABLE II
MOTOR PARAMETERS

Torque 525 g/mm (2S Li-Po)
Speed 0.12 sec/60O (2S Li-Po)

Length 40.13 mm
Width 20.83 mm
Height 39.62 mm
Weight 71 g
Voltage 6-8.5V (2S Li-Po battery)

Each wheel contains slots which can be �lled with up
to 36 Neodymium magnet cylinders with poles on �at ends
as shown in Fig. 2. This design gives us the �exibility in
determining the amount of magnetic force and helps reduce
the weight of the robot. According to on [25], if there is
an air gap between magnet cylinders and steel frame, the
pull force is greatly affected. Table III and Fig. 3 describe
the relationship between magnetic pull force and the air gap.
Additionally, four wheels are designed such that the robot
can overcome several situations including transitioning from
one surface to another surface with up to 90 degrees change
in orientation or getting rid of being stuck. Additionally, four
shafts have been added in order to lift either front or rear
wheels off the ground if the robot is stuck on rough terrains
as shown in Fig. 4.

From this wheel design, there are always either four or
�ve magnet cylinders which are within 1mm from the steel
surface as shown in Fig. 5. From Table III, the magnetic force
created from each wheel can be calculated if7=16′′�7=16′′

magnet cylinders are used is as following:

Fmagi,i=1,..,4
= 50:6 � 2 + 19:6 � 2 = 140:4(N)

or
Fmagi,i=1,..,4

= 50:6 + 19:6 � 4 = 129(N)

whereFmagi = k~Fmagik is the Euclidean norm of~Fmagi .

TABLE III
PULL FORCEOVER A IR GAP (7/16� X 7/16� M AGNET)

Distance PullForce (N)

(mm) Magnet to
steel plate

Between two
steel plates

Magnet to
magnet

0 50.6 57.7 50.4
1 19.6 26.9 29.3
2 10.8 16.7 20.9
3 6.5 11.1 15.6
4 4.1 7.7 12
5 2.7 5.4 9.5
6 1.8 3.9 7.5
7 1.3 2.9 6.1
8 0.9 2.2 4.9
9 0.6 1.6 4
10 0.5 1.3 3.3
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Fig. 2. Wheels with magnet cylinders.

Fig. 3. Pull force over air gap of 7/16 x 7/16 magnet cylinder.

Therefore, the total magnetic force in theory can be at
least:

∑4
i=1(Fmagi) � 129 � 4 = 516(N).

However, each wheel is covered with a 1mm layer of cloth
to increase the friction with the steel surface. Therefore, the
real magnetic force is calculated as:

Fmagi,i=1,..,4 = 19:6 � 2 + 10:8 � 2 = 60:8(N)

or
Fmagi,i=1,..,4 = 19:6 + 10:8 � 4 = 62:8(N):

Theoretically, the total magnetic force is at least:

Fmag =
4∑

i=1

(Fmagi) � 60:8 � 4 = 243:2(N):

More details in the robots design and �rst prototype are
shown in Fig. 6 and Fig. 7.

Regarding moving on steel surfaces, there are problems
needed to be addressed in order to maintain stability of the
robot which are sliding and turn-over failure as illustrated in
Fig. 8.

1) Sliding Failure Investigation:In general case, the robot
should be able to climb on different degree of inclination
surface as shown in Fig. 9.

Where P is the total weight, ~Fmag is the magnetic
adhesion force,N is the reaction force,� is the frictional
coef�cient and� is the degree of inclination.

Denote that
∑ ~F is the total force applied to the robot and

Fx andFy are the force’s projected components tox andy
axises as shown in Fig. 9. According to Newton’s Second
Law of Motion, when the robot stops∑

~F = ~0:

Fig. 4. Two out of four shafts used to lift the robot.

Fig. 5. Wheel design with magnet cylinders.

When the robot is on top of inclined surface as shown in
Fig. 9.a:∑
Fy = P cos�+ Fmag �N = 0, N = P cos�+ Fmag∑
Fx = P sin�� �N = 0, N =

P sin�

�

P cos�+ Fmag =
P sin�

�
, Fmag =

P sin�

�
� P cos�:

Therefore, magnetic force should satisfy following condition
to avoid sliding failure

Fmag >
P sin�

�
� P cos�: (1)

In case the robot moves on bottom of inclined surface as
presented in Fig. 9.b:∑
Fy = P cos�� Fmag +N = 0, N = Fmag � P cos�∑
Fx = P sin�� �N = 0, N =

P sin�

�

Fmag � P cos� =
P sin�

�
, Fmag =

P sin�

�
+ P cos�:

Therefore, magnetic force should satisfy

Fmag >
P sin�

�
+ P cos�: (2)

In special case when robot moves on a vertical surface
(� = 90o)

Fmag >
P

�
: (3)

In general, in order to avoid sliding failure, the value of
magnetic force should satisfy

Fmag > max
{P sin�

�
� P cos�;

P

�
;
P sin�

�
+ P cos�

}
:

(4)
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Fig. 6. Robots design in 2D views (unit in millimeter).

Fig. 7. a) Robot’s 3D design; b) Initial prototype of the robot.

Note that:

0 < � � 90) cos� � 0: (5)

Therefore, the overall condition to avoid sliding failure is

Fmag >
P sin�

�
+ P cos�: (6)

From the inequality (6), in case magnetic force is a constant
value, either decreasing robot weight or increasing frictional
coef�cient can result in lowering the minimum requirement
of sliding avoidance.

Assume the frictional coef�cient� between four wheels
and steel surfaces is between 0.5 and 0.8, we notice that( sin�

�
+ cos�

)
decreases when� increases and:

0:5 < � < 0:8; 0 < � � 90

) max
{ sin�

�
+ cos�Bigg � 2:2361

) Fmag � 2:237P: (7)

In conclusion, the magnetic force created by permanent
magnets should be at least2:237 as much as the weight of
the robot.

2) Turn-over Failure Investigation:From Fig. 10, given
L as the distance between front and rear wheels, andd as the
distance between the center of mass to steel surface. Moment

Fig. 8. a) Sliding failure; b) Turn-over failure.

Fig. 9. a) Robot moves on top of inclined surface; b) Robot moves on
bottom of inclined surface.

about point A is calculated as follow∑
M = P � d� Fmag

2
� L, Fmag = 2

Pd

L
:

To avoid turn-over failure:

Fmag > 2
Pd

L
: (8)

When magnetic force is constant, we can avoid the failure
by lowering

d

l
which means making the robots center of

mass closer to the steel surface.
In general, we can avoid sliding and turn-over failure if

the magnetic force satis�es

Fmag > max
{P sin�

�
+ P cos�; 2

Pd

L

}
: (9)

B. Sensor Integration
Fig. 11 presents multiple imaging sensors equipped on

robot: a video camera for images capturing and video stream-
ing, a Hokuyo laser scanner, and a time-of-�ight camera from
MESA for capturing depth images which can be processed
later for 3D map construction.

Apart from cameras, eight Hall Effect sensors which are
able to detect the presence of magnetic �eld are also used.
Fig. 12 illustrates the sensor’s mounting as we use two
sensors which are mounted next to each other and close
to one wheel. By taking advantage of the fact that magnet
cylinders inside each wheel will move when the robot moves,
we can extract the velocity and traveling distance of each
wheel after combining the data from these two sensors.

In order to provide another input for robot’s localization,
an Inertial Measurement Unit (IMU) is used in order to help
the robot localize itself among the space. According to [26],
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