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Abstract: To discuss and consider the necessary conditions for magnetic-wheeled robots with
planetary-geared magnetic wheels, this paper provides comparing static calculations about three
orientations in running a flange with real experiments. SCPREM-I, a magnetic-wheeled robot, was
developed for running through a flange from the bottom to the top. This robot has four magnetic
wheels with a built-in planetary gearset. In experiments, however, the robot sometimes fails to run
through a flange in three orientations. In this study, we statically analyze SCPREM-I to find the
conditions necessary for running through the flange. We calculate the forces around the front and
rear wheels in the three orientations. As a result, it has been found that the chassis of the SCPREM-I
applies a forward force to the wheels when it runs through the flange. In addition, it has been
found that the normal force of the A-Legs is balancing with the driving force of the wheels when the
SCPREM-I fails to run through the flange.

Keywords: mobile robots; magnet wheels; force model

1. Introduction

Large-scale plant equipment and infrastructures should be inspected regularly for
early detection of damage [1,2]. However, if large-scale inspection equipment or scaffolding
is required, these inspections are costly, time-consuming, and dangerous for workers.
Therefore, robots are required to inspect instead of humans [3–13].

Magnetic-wheeled robots are a type of adhesion that runs on steel structures with
magnetic wheels [14–26]. Because this type of robot is equipped with permanent magnets
for adhesion to structures, it does not consume electric power other than movement.
Therefore, it can work for a longer time than drones that need to fly continuously. In
addition, it can improve the payload capacity [13]. The robots also do jobs that require
getting close to structures and inspecting them safely. Today, magnetic-wheeled robots
are being actively studied in the area of control technology, such as three-dimensional
positioning or sensing of running surface. Therefore, they are put to practical use in
infrastructure and ship inspections. On the other hand, there is insufficient study on their
ability and mechanisms to move on complex structures.

When the robots run on steel structures, they need to travel on a bolted splice part and
complex three-dimensional paths. In particular, it is very difficult to move from the bottom
to the top of the flanges.

The main reason why it is difficult to run on the flanges is the reaction torque of a
motor and gravity. Even if the robots attempt to move from the bottom to the top of the
flanges, the anti-torque and gravity push the robot down, as shown in Figure 1. Therefore,
it is difficult to run through the flanges [27].

Planetary-geared magnetic wheels are devised for running on flanges [28]. The planetary
gear mechanism that the wheel has built-in can reverse anti-torque, so this wheel assists in
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running on the flanges. Furthermore, we built a four-wheeled robot, SCPREM-I, equipped
with these wheels and conducted a running experiment on the flanges. As a result, SCPREM-I
could break through a 15 mm thick flange with only forward movement. On the other hand,
the robot sometimes could not move forward while driving. However, the specific conditions
for success or failure in running through the flange are not known yet.
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ifications are shown in Table 1. The wheel has a built-in planetary gear mechanism com-
posed of a sun gear, planetary gears, an internal gear, and a planetary gear carrier. 
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Figure 2. A planetary-geared magnetic wheel (PGMW). 

Table 1. Specifications of the PGMW. 

Parameter Value 
Diameter 52.0 mm 

Mass 0.096 kg 
Max magnetic force 34.7 N 

Teeth number 
Sun gear 𝑍  18 

Planetary gear 𝑍  12 
Internal gear 𝑍  42 

Reduction ratio 𝑖 = 𝑍 𝑍⁄  7 3⁄  

Figure 1. The magnetic-wheeled robot, which is stacked on the flange path.

In this study, static calculations of SCPREM-I running on the flange were performed
to determine the conditions necessary for running through.

2. SCPREM-I
2.1. Planetary-Geared Magnetic Wheels

The external appearance of the planetary-geared magnetic wheel (PGMW) developed
is shown in Figure 2, the internal structure is shown in Figure 3, and the main specifications
are shown in Table 1. The wheel has a built-in planetary gear mechanism composed of a
sun gear, planetary gears, an internal gear, and a planetary gear carrier.
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Figure 2. A planetary-geared magnetic wheel (PGMW).

Table 1. Specifications of the PGMW.

Parameter Value

Diameter 52.0 mm
Mass 0.096 kg

Max magnetic force 34.7 N

Teeth number
Sun gear ZA 18

Planetary gear ZB 12
Internal gear ZC 42

Reduction ratio i = ZC/ZA 7/3
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the carrier. 

2.2. Actual Equipment of SCPREM-I 
SCPREM-I, as shown in Figure 5, is a magnetic-wheeled robot. This robot is equipped 

with four PGMWs, and all of the wheels have motors and gearboxes. All wheels can be 
driven forward by remote control from a radio transmitter. The chassis is divided into the 
front and rear parts, and they are connected by a hinge. 

As shown in Figure 6, the A-Legs with different shapes are unified with the front and 
rear wheels. The A-Legs on the rear (Figure 6a) can be fixed to the chassis by locking 
mechanisms. This mechanism can be switched between “Locked” and “Unlocked”. On 
the other hand, the A-Legs on the front (Figure 6b) can be “Locked” by partially touching 
on the chassis. When the tip of this A-Leg contacts the running surface and loses contact 
with the chassis, it can be “Unlocked”. 

Figure 3. Inside of the PGMW.

When torque is applied to the axle (sun gear) in the CCW direction, the rim (internal
gear) output torque is in the CW direction and the carrier output torque is in the CCW
direction. When rotating either the carrier or the internal gear, the other needs to be fixed.

The PGMW is equipped with a bar-shaped part called the Assistant Leg (A-Leg). This
part can rotate together with a planetary gear carrier in the wheel. As shown in Figure 4, when
the sun gear drives in CCW, the carrier tries to rotate in CCW. However, if the tip of the A-Leg
contacts the running surface, a normal force from the running surface prevents the A-Leg and
the carrier from rotating. Therefore, the rim of the wheel can rotate in CW. In addition, the
chassis applies anti-torque from the motor in the CW direction. Accordingly, the robot can
run through the flange path without the anti-torque which pushes down the body.
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Figure 4. Movement of the PGMW and the A-Leg.

As another way to rotate the rim in the CW direction, the A-Leg can be fixed to the robot
body. In this case, the body applies torque from not only the motor but also from the carrier.

2.2. Actual Equipment of SCPREM-I

SCPREM-I, as shown in Figure 5, is a magnetic-wheeled robot. This robot is equipped
with four PGMWs, and all of the wheels have motors and gearboxes. All wheels can be
driven forward by remote control from a radio transmitter. The chassis is divided into the
front and rear parts, and they are connected by a hinge.
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Figure 5. SCPREM-I. (a) Front view. (b) Rear view. (c) Hinge (a small block in the red circle).

As shown in Figure 6, the A-Legs with different shapes are unified with the front
and rear wheels. The A-Legs on the rear (Figure 6a) can be fixed to the chassis by locking
mechanisms. This mechanism can be switched between “Locked” and “Unlocked”. On the
other hand, the A-Legs on the front (Figure 6b) can be “Locked” by partially touching on
the chassis. When the tip of this A-Leg contacts the running surface and loses contact with
the chassis, it can be “Unlocked”.
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2.3. Running Experiment

A steel structure for running experiments is shown in Figure 7. The straight edge of
this in the left front of the figure is the flange with a uniform thickness of 15 mm. SCPREM-I
can run through this flange with only forward movement. A schematic diagram of running
on the flange is shown in Figure 8. The driving procedure is shown below.

(1) Move forward from the starting point (a) toward a side of the flange by four-wheel
drive (b).

(2) Bring the tip of the rear A-Legs into contact with the bottom surface of the flange and
drive the rear wheel to push up the robot (c).

(3) While pushing up the robot with the rear wheels, drive the front wheels to move
forward (d).

(4) The front wheel reaches the top of the flange. On the other hand, the rear wheel
cannot move forward on the side (e).

(5) When only the front wheel is moved forward, the tip of the front A-Legs contacts with
the top surface of the flange (f).

(6) When the front wheels are driven further, the front chassis pulls up the rear chassis (g).
(7) The rear wheel is pulled up. The rear A-Legs are retracted by the rotation of the rim

of the rear wheels (h).
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2.4. Problem

SCPREM-I can run through the flange by using the A-Legs. However, the robot
sometimes cannot move forward in (d), (e), and (f). Figure 9 is a reproduction of the case
where the SCPREM-I fails to run through the flange.
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Figure 9a is the case where the front wheels cannot move in (d) and (e) in Figure 8.
Figure 9b is the case where the robot cannot pull up the rear wheels in (f) from Figure 8. In
both cases, the front wheels slip on the running surface and cannot move forward.

We can speculate that the reason for these cases is that the A-Legs are blocking the
forward movement of the wheels with a strong normal force from the running surface.
However, the specific relationship between these forces is not yet clear.

3. Static Characteristics of SCPREM-I

We analyzed equations of the front and rear wheels to find characteristics of SCPREM-I.
Hereinafter, the horizontal right direction is the positive X-axis direction, and the

vertically upward direction is the positive Y-axis direction. Moreover, the counterclockwise
direction is the positive direction of rotation and torque.

3.1. Geometric Definition

We describe a SCPREM-I model used in the calculations. In this model, the connected
front and rear chassis are the same shape. A model of the chassis and wheels on one side
is shown in Figure 10 using the subscript j. Here, j = 1 indicates the front case, and j = 2
indicates the rear case. The rotational axes of the wheels are the point Oj, and the axis of the
hinge is the point O3. The angle of the chassis is defined as the angle θj to the X axis. Both
the front and rear wheels have a radius of rw and the length of the straight line OjO3 is Lb.
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The position of the gravity point of the chassis is expressed as the distance from point
Oj and the angle to the straight line OjO3. Since the A-Legs are very light compared to the
carrier shaft and neodymium magnets that rotate together, the gravity point of PGMW is
assumed to be at point Oj.

A model of the robot with front and rear chassis is shown in Figure 11. In this figure,
the chassis is shown as the line OjO3, and the A-Legs are not drawn. The angle formed by
the two bodies is θ1 − θ2 = θ3. However, there is a stopper to prevent the distance between
the front and rear wheels from becoming too wide, so θ3 ≤ θ3l(< π). Here, θ3l is the limit
angle of the hinge.
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Figure 11. Geometric model of front and rear chassis of the robot. The chassis is shown as the line
O1O3 and O2O3.

When defining the coordinates of the front and rear wheel axes as O1(xO1, yO1) and
O2(xO2, yO2), a wheelbase l12 is expressed with the following formula:

l12 =

√
(xO1 − xO2)

2 + (yO1 − yO2)
2. (1)

θSWj is the angle that the surface touching the wheel makes with the X-axis.
We describe the A-Legs. PLj

(
xLj, yLj

)
is the contact point of the A-Leg and the running

surface. As shown in Figure 10, the A-Legs can touch in two ways. In Figure 12a, the tip of
the A-Leg is touching on the running surface. In Figure 12b, however, a point on the A-Leg
is touching on the corner of the running surface.
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In the case of SCPREM-I, the A-Leg on the front wheels can use both methods of
Figure 12a,b. However, the A-Leg on the rear wheels can use the method of Figure 12a
because of the shape of the A-Leg.

As shown in Figure 12a, θSLj is the angle that the surface touching with the A-Leg
makes with the X-axis.
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3.2. Mechanical Definition

We define the mechanical elements. Figure 13 shows the forces and moments applied
on the front or rear wheels. mbj is the mass of the chassis. mwj is the mass of the rim. mLj is
the combined mass of the A-Legs and carrier in the wheels. Fj is the frictional force received
from the running surface. Mj, Nj are the adhesion force and normal force that the wheels
receive from the running surface, respectively. fbj is the translational force applied from the
chassis to the wheels. fLj is the translational force applied from the A-Legs to the wheels.
Inherently, the magnetic force is affected by the irregularity of the surface, moving speed,
and so on. To simplify calculations, however, this study assumes that the robot runs on a
smooth surface at low speed and the adhesion force Nj is constant. In addition, the rolling
friction is weak because the rim of the wheels is made of SS400. Therefore, it is omitted
for calculations.
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τbj, τLj, and τwj are the torques applied to the chassis, the A-Legs, and the rim when
motor torque τj is applied to the drive shaft of the wheel.

For simplicity, the moment τmbj around point Oj generated by the weight of the chassis
is defined as follows:

τmbj = −mbjg·Lgj·cos
(
θgj + θj

)
. (2)

3.3. Equation of the Chassis

We describe the balance of forces between the front and rear chassis. When the hinge
rotates freely, the torque from one chassis is not applied to the other, but only the coupling
force is applied. However, on θ3 = θ3l(< π), the front and rear chassis unite, and the
torque from one chassis is applied to the other.

We assume that the hinge can be switched between free rotation and fixed at any angle,
and the forces applied from the chassis to the front and rear wheels are calculated for each.

Figure 14a shows the forces applied to the front and rear chassis when the hinge
rotates freely. At this time, fbj is obtained by using the following formula:

fb1 =

[
(τb1+τmb1)cos θ2+(τb2+τmb2)cos θ1

Lbsin θ3
(τb1+τmb1)sin θ2+(τb2+τmb2)sin θ1

Lbsin θ3
− mb1g

]
(3)

fb2 =

[
− (τb1+τmb1)cos θ2+(τb2+τmb2)cos θ1

Lbsin θ3

− (τb1+τmb1)sin θ2+(τb2+τmb2)sin θ1
Lbsin θ3

− mb2g

]
. (4)
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Figure 14. The forces and torques applied on the chassis.

Figure 14b shows the forces applied to the front and rear chassis when the hinge is in
a fixed rotation. At this time, fbj is obtained by using the following formula:

fb1 =

 − (τb1+τb2)(yO1−yO2)

l12
2

(τb1+τb2)(xO1−xO2)

l12
2 + τmb1+τmb2

xO1−xO2
− mb1g

 (5)

fb2 =

 (τb1+τb2)(yO1−yO2)

l12
2

− (τb1+τb2)(xO1−xO2)

l12
2 − τmb1+τmb2

xO1−xO2
− mb2g

. (6)

3.4. Equation of the A-Legs

We describe a balance of force in the A-Legs. Figure 15 shows the A-Legs that touch
on the running surface in τLj ≥ 0.
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Figure 15. The forces and torques applied on the A-Legs. (a) The tip of the A-Leg touches on the
running surface; (b) a point on the A-Leg touches on the corner of the running surface.

In the running experiments, the SCPREM-I with the A-Legs contacting on the running
surface did not decrease the speed from when the A-Legs does not contact. It means that
the friction force between the A-Legs and the running surface makes little difference to the
movement of the robot. Therefore, we assume that there is no friction force between the
A-Leg and the running surface.
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When the tip of the A-Leg touches on the running surface, as shown in Figure 15a,
the direction of NLj is perpendicular to the running surface. NLj is obtained as in the
following formula:

NLj =

− τLjsin θSLj

(xOj−xLj)cos θSLj+(yOj−yLj)sin θSLj
τLjcos θSLj

(xOj−xLj)cos θSLj+(yOj−yLj)sin θSLj

. (7)

However, when the A-Legs touch on the corner, as shown in Figure 15b, the direction
of NLj is perpendicular to the straight line OjPLj. NLj is obtained as in the following formula:

NLj =

−
(yOj−yLj)τLj

(xOj−xLj)
2
+(yOj−yLj)

2

(xOj−xLj)τLj

(xOj−xLj)
2
+(yOj−yLj)

2

. (8)

fLj is the force that the A-Legs apply on the wheels. This force is obtained as in the
following formula:

fLj = NLj +

[
0

−mLjg

]
. (9)

However, if the A-Leg does not touch on the running surface, then NLj = 0.

3.5. Equation of the Planetary Gearsets

In the planetary gear system, when one of a sun gear, an internal gear, and a carrier
is rotated as input, the other two elements rotate as output [29]. Therefore, the balance
of force in the PGMW should consider that the three elements (the sun gear, the rim, and
the A-Leg) influence each other. When the motor torque τj is applied on the sun gear, the
interrelationships with the torque of the rim τWj and the A-Leg τLj are obtained as in the
following formula:

(1 + i)τj +

(
1 +

1
i

)
τwj − τLj = 0. (10)

When the A-Legs are fixed on the chassis, the rim rotates as an output part. The
torques on each part are obtained, as shown below:

τLj = 0 (11)

τbj = iτj (12)

τwj = −iτj. (13)

When the A-Leg does not touch the running surface, however, the rim and the A-Leg
rotate as the output parts. Therefore, multiple equations are required to obtain the torque
τLj and τwj. The torque of the chassis is shown below:

τbj = −τj. (14)

When the A-Leg does not touch the running surface, the normal force is NLj = 0,
and the torque of the motor is used only for the rotation of the A-Legs. Therefore, the rim
cannot have a driving force.

3.6. Equation of the Wheels

We describe the balance of the moment in the wheel. The equation of the force is
shown below:

τwj + Fjrw = 0. (15)
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The equation of the force is shown below. Here, R(θ) is a rotation matrix:

R
(
θSWj

)[ Fj
Nj − Mj

]
+

[
0

−mwjg

]
+ fbj + fLj = 0. (16)

When the equations described above are solved, the friction force Fj can be obtained.
This force is required for maintaining the orientation. Furthermore, this force represents
the drag force that prevents the wheels from moving forward.

In addition, the actual driving force is obtained by the following formula, where µw is
the static friction coefficient of the wheels:

Dj =

{
−τwj/rw

(
−τwj/rw ≤ µwNwj

)
µwNwj

(
−τwj/rw > µwNwj

) . (17)

This calculation considers the moment when the wheels begin moving or slipping.
Therefore, the µw is used as the friction coefficient when the wheels have high driving force
that causes slipping.

If the actual driving force Dj is higher than the drag force Fj, the wheel can move
forward. In addition, in case of Fj < 0, Fj is the force that pushes the wheels forward. We
define the extra driving force Fej by the following formula:

FEj = Dj − Fj. (18)

4. Conditions for Successful Running

The running of the flange section of SCPREM-I is evaluated by using the static balance
equation described in the previous chapter.

4.1. Model of Flange Path

A model of the flange is shown in Figure 16. The corner on the lower left of the flange is
the origin of a rectangular coordinate system. The horizontal right direction is the positive
X-axis direction. The vertically upward direction is the positive Y-axis direction. The
thickness of the flange is t. In addition, the real flange for experiments has its radius on the
upper and lower corners. To simplify calculations, however, it is omitted and considered as
corners with a right angle.
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4.2. Orientations for Verification

Figure 17 shows three types of orientations when SCPREM-I runs on the flange. We
mechanically verified these positions. The robot sometimes cannot move forward in these
orientations. In this study, the parameters for each orientation are set as shown in Table 2.
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Table 2. Parameters for each orientation.

(1) (2) (3)

(θSW1, θSW2)
(

π
2 , π

)
(0, π)

(
0, π

2
)

PL1 (0, 0) (0, t) (xL1, t)

PL2 (xL2, 0) (xL2, 0) (xL2, 0)

Front leg Locked Locked Unlocked

Rear leg Unlocked Unlocked Unlocked

Hinge Unlocked Unlocked Locked

Orientation (1)
In Figure 17a, the front wheels move up on the side. Also, the rear wheels move

forward on the bottom. In this position, if the front A-Leg touches the lower corner, the
robot cannot move forward due to the slipping wheels. The force and torque applied on
the wheels in this orientation is shown in Figure 18.
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Orientation (2)
In Figure 17b, the front wheels move forward on the top. Also, the rear wheels move

forward on the bottom. In this position, when the front A-Leg touches the upper corner,
the robot cannot move forward due to slipping wheels. In addition, this orientation is not
shown in Figure 8, but the SCPREM-I has this orientation as it transitions from (d) to (e).
The force and torque applied on the wheels in this orientation is shown in Figure 19.

Orientation (3)
In Figure 17c, the front wheels move forward on the top. Also, the rear wheels move

up on the side. In this position, when the front A-Legs do not touch the running surface,
the robot cannot move forward due to slipping wheels. Also, the rear A-Legs do not touch
the running surface because the robot moves forward using only front-wheel drive. The
force and torque applied on the wheels in this orientation is shown in Figure 20.
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4.3. Viewpoints of the Calculation Results

The calculation results are shown in a bubble chart with τ1 on the horizontal axis and
τ2 on the vertical axis, as shown in Figure 21. The area of the circle is proportionate to FEj.
The area of the circle on the lower left indicates 50 N of force magnitude. However, if

∣∣FEj
∣∣

is less than 0.1 N, the area is shown as dots, which indicates 0.1 N. Also, a circle with a
colored interior indicates a positive value, and a circle with a white interior indicates a
negative value. The colors of the circles indicate the following:

Orange: Fj > 0;
Yellow: Fj < 0; this means that the chassis has the effect of pushing the front wheels or

pulling the rear wheels.
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4.4. Results for Each Orientation
4.4.1. Orientation (1)

Table 3 shows the calculation results for orientation (1).

Table 3. Calculation results for orientation (1).

(a) (b) (c)

A-Leg
(Front/Rear) Locked/Locked Locked/Unlocked Unlocked/Unlocked
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are used. The front wheels cannot move forward in all areas. On the other hand, with rear-
wheel drive, the rear wheels can move forward due to the pulling force of the chassis. 

Therefore, in orientation (2), the front and rear wheels originally prevent each other 
from moving forward, but it is possible to run with the rear A-Legs. 
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The left column (a) from Table 3 shows the calculation results when the front and rear
A-Legs are fixed. The front wheels cannot move forward when τ2 exceeds approximately
0.3 Nm. On the other hand, the rear wheels can move forward when it has rear-wheel drive.
However, if only the rear wheels move forward, the robot is not able to move forward to
touch the front wheels.

The middle column (b) from Table 3 shows the result when only the rear A-Legs are
used. The front wheels can move forward over a wide range. Also, when τ2 is sufficiently
higher than τ1, the front chassis can push up the front wheel.
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The right column (c) from Table 3 shows the results when the front and rear A-Legs
are used. The front wheels cannot move forward in all areas. When τ1 is sufficiently higher
than τ2, the rear wheels can move forward by the rear chassis pulling.

4.4.2. Orientation (2)

Table 4 shows the calculation results for orientation (2).

Table 4. Calculation results for orientation (2).

(a) (b) (c)

A-Leg
(Front/Rear) Locked/Locked Locked/Unlocked Unlocked/Unlocked
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The middle column (b) from Table 5 shows the results when the front and rear A-
Legs are used. When the robot is front-wheel drive, the rear wheels (3b-2) try to be pulled 
up by the rear chassis, but the force is weak. Also, both the forces of the front and rear 
wheels are balanced over a wide range. Therefore, it is difficult to move forward. 
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The right column (c) from Table 4 shows the results when the front and rear A-Legs
are used. The front wheels cannot move forward in all areas. On the other hand, with
rear-wheel drive, the rear wheels can move forward due to the pulling force of the chassis.

Therefore, in orientation (2), the front and rear wheels originally prevent each other
from moving forward, but it is possible to run with the rear A-Legs.

4.4.3. Results for Orientation (3)

Table 5 shows the calculation results for orientation (3).

Table 5. Calculation results for orientation (3).

(a) (b) (c)

A-Leg
(Front/Rear) Locked/Unlocked Unlocked/Unlocked Unlocked/Locked
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The left column (a) from Table 5 shows the results when only the rear A-Legs are used.
The FEj values of the rear wheels (3a-2) are spread over a wide range. Therefore, it is difficult
to move forward in all areas. On the other hand, the front wheels (3a-1) can move forward
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over a wide range. However, if only the front wheels move forward, the front wheels slip,
or the hinge will be broken. Therefore, it is impossible to break through this position.

The middle column (b) from Table 5 shows the results when the front and rear A-Legs
are used. When the robot is front-wheel drive, the rear wheels (3b-2) try to be pulled up by
the rear chassis, but the force is weak. Also, both the forces of the front and rear wheels are
balanced over a wide range. Therefore, it is difficult to move forward.

The right column (c) from Table 5 shows the results when only the front A-Legs are
used. There is an area in which the rear wheels (3c-2) can move forward with rear-wheel
drive. In addition, when the front wheels are driven, the chassis pulls up the rear wheels.

Therefore, if the rear A-Legs are used in orientation (3), the rear wheel cannot move
forward. However, it is possible to break through this orientation by fixing the rear A-Legs
and using the front A-Legs.

5. Comparison with Real SCPREM-I
5.1. Comparison with the Running Experiments

The results in the previous chapter are compared with the real running experiments.
Table 6 compares the states of the robot in each orientation with the state determined to be
able to run in the calculation. In addition, this table includes the rate of success/failure for
running in each orientation. This rate was calculated by running the previous experiments
38 times. For example, SCPREM-I stopped in orientation (1) in three out of thirty-eight
cases. Therefore, the rates of success and failure in orientation (2) are calculated from the
results of 35 cases of running through the orientation (1).

Table 6. The states of the robot in each orientation.

(1) (2) (3)

Ideal situation in calculation (b) (b) (c)

Situation in SCPREM-I
Success

(b) (b) (b)
35/38 (92%) 32/35 (91%) 24/32 (75%)

Failure
(c) (c) (a)

3/38 (7.9%) 3/35 (8.6%) 8/32 (25%)

In the calculations, it has been found that situation (b) is the best for running in
orientation (1). SCPREM-I using rear A-Leg (situation (b)) could run through orientation
(1) 92% of the time. Similarly, situation (b) in orientation (2) is ideal in the calculation, and
SCPREM-I succeeded in running through with a high rate of 91%. In orientations (1) and
(2), the front wheels stopped moving forward when the front A-Leg touched the flange.
This is consistent with the calculation result in situation (c). Furthermore, the calculation
results show that the cause is that the driving force balances with the drag force.

In the driving experiment, in orientation (3), the front A-Legs were used to pull up the
rear wheels with front-wheel drive. However, the front wheels often slipped and failed to
pull up the rear wheels. This condition corresponds to situation (b). In the experiments, the
rate of failure running in orientation (3) is 25% higher than orientations (1) and (2).

According to (3b-2) from Table 5, the rear chassis tries to pull up the rear wheels, but
the driving force balances with the drag force. Therefore, it is impossible to move forward
from a stationary state. However, if the wheels have an initial speed, uniform motion is
possible. Therefore, it seems that SCPREM-I can pull up the rear wheels successfully when
they have initial speed. Nevertheless, according to the calculation results, situation (c)
seems to be better than situation (b) for running through in orientation (3).

5.2. Experiments Based on the Calculation

According to the calculation results, if the rear wheel A-Legs are fixed in orientation (3),
the rear wheel can move forward. We verified whether this is correct through the running
experiments.
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We fixed the rear A-Legs and the carrier to the chassis. Then, we put it on the
experimental running route in orientation (3) and moved forward. The running processes
are shown in Figure 22. It is shown that the rear wheels are pulled up and the front wheels
hardly move in place. In all 10 running experiments, the rear wheels were able to move
forward to the top of the flange. Therefore, this method can run with a higher success rate
than the conventional SCPREM-I method.
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6. Conclusions

In this study, we considered whether the SCPREM-I can move forward in three
different orientations during the flange section by statistically calculating the extra driving
force of the wheels.

The results showed that the PGMW with the A-Legs make it possible to move the
wheels forward in orientations (1) and (2). The results are consistent with the performed
experiments, which showed that the success rate is about 90%. Furthermore, based on
the calculation results, when the rear A-Legs were fixed in orientation (3), the possibility
of lifting the rear wheels improved. The experiments also showed a success rate of 100%
across 10 test cases. In short, we analyzed the characteristics of PGMW in running through
the flange, and obtained knowledge about the running procedure of SCPREM-I.

By not only the experiments with the SCPREM-I but also the calculations, it was
suggested that the PGMWs give magnetic-wheeled robots the ability to run through the
flange. The future robot could also be given the ability to lock the A-Leg in orientation (3),
which would increase the success rate of running through the flange. Furthermore, if
the robot has the ability (sensors and program) to control the torques of all wheels while
keeping track of its orientations, it will realize driving methods that always make effective
use of the A-Leg.

Even in recent studies for running on complex structures, almost no robot had at-
tempted to solve the physical difficulties of running on the flange [18–26]. The outcomes
of this study will allow these robots to choose their behaviors more flexibly. Furthermore,
the technology for three-dimensional movement with magnets is needed not only for
inspection but also for complex transfer operations in storage environments [30]. In short,
this study allows magnetic-wheeled robots to expand their field of activity into new or
difficult areas.
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