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Abstract

A negative pressure wall-climbing robot is a special robot for climbing vertical walls, which is widely used in
construction, petrochemicals, nuclear energy, shipbuilding, and other industries. The mobility and adhesion of the
wheel-track wall-climbing robot with steering-straight mode are significantly decreased on the cylindrical wall,
especially during steering. The reason is that the suction chamber may separate from the wall and the required
driving force for movement increases, during steering. In this paper, a negative pressure wall-climbing robot
with omnidirectional movement mode is developed. By introducing a compliant adjusting suction mechanism and
omni-belt wheels, an omnidirectional movement mode is formed instead of the steering-straight mode, and the
performances of adhesion and mobility are improved. We establish the safety adhesion model for the robot on a
cylindrical wall and obtain the safety adhesion forces. We designed and manufactured an experimental prototype
based on the analysis. Experiments showed that the robot has the ability of full maneuverability in cylindrical walls.

1. Introduction

The wall-climbing robot, which can adhere to and move on vertical surfaces, is developed to carry
out tasks with high risks in dangerous environments instead of workers. It has become increasingly
widely used in construction, petrochemicals, nuclear energy, shipbuilding, and other industries [1-4].
According to the adhesion ways, the wall-climbing robot can be mainly divided into magnetic adhe-
sion [5], negative pressure adhesion [6], bionic materials [7], bionic hook [8, 9], and thrust adhesion
[10]. Among these methods of adhesion, the negative pressure wall-climbing robot is most widely used
because it can adapt to different material walls by creating a closed vacuum chamber with a strong
adhesion force [11, 12].

To increase the utility of the negative pressure wall-climbing robot, a lot of work has been carried out
on the improvement of the environment adaptability of the wall-climbing robot, especially for spherical-
surface, cross-surface, and cylindrical surface [13—-16]. As a typical structure, cylindrical surfaces are
ubiquitous in various industries, such as the circular columns on skyscrapers, the cylindrical bridge
piers, and the curved surfaces of hydropower station dam conduits. According to the location mode, the
wall-climbing robots designed for cylindrical walls can be classified as foot-type and wheel-track type.

For the foot-type wall-climbing robot, there are multiple suction chambers equipped and multiple
discrete points of contact with the wall, which can ensure that the robot has good adaptability to the
complex environment. Shang used 48 small suction cups to improve the adaptability of the robot on
curved surfaces [17]. Wang introduced a dual-foot biped robot with a vacuum sucker composed of three
flexible hinge suction cups, and the robot can climb and steer on the wind turbine blade [18]. Amakawa
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designed a wall-climbing robot comprised of eight mobile adhesion chambers, enabling it to achieve
both movements and adhesion on the wings of an aircraft [19]. Parween developed a wall-climbing
robot with two suction cups that can move freely on a single axis, allowing the robot to adhere to planes
and curved surfaces [20]. The foot-type wall-climbing robot is flexible and has strong adaptability to
the wall and can even realize wall transition, obstacle crossing, and other functions [21-23]. On the
other hand, an increased number of suction chambers leads to complexity and significant increases in
the size and weight of the robot. Moreover, the locomotion of robots on cylindrical surfaces relies on
the collaborative movement of each mechanism, which leads to low movement efficiency.

For the wheel-track wall-climbing robot, one suction chamber is usually equipped for adhesion and
wheels or tracks are equipped for locomotion. Yang designed a robot with a suction chamber that had
a flexible skirt to satisfy the surface implementation of the robot [24]. I. M. Koo proposed a double-
layer sealing mechanism, which is composed of a straight inner layer and a flexible bending layer. The
outer bending layer can deform under the action of negative pressure and has good contact with the wall
surface to ensure reliable sealing [25]. Yang et al. proposed a two-stage passive compliant adsorption
mechanism for wall-climbing robots, which can improve the adaptability of high curvature walls [14].
The wheel-track wall-climbing robots are proposed for climbing on planes and show the characteristics
of fast-moving [6, 26-29]. However, when the robot climbs on a cylindrical wall, some wheels and
tracks are suspended, resulting in unstable movement or even failure. In addition, the contact between
the adsorption cavity and the circular surface will also decrease.

In this article, a robot with an omnidirectional locomotion module and compliant adjusting module
was designed and the analyses of the robot were carried out. The compliant adjusting module makes
good contact between the suction chamber and a cylindrical surface and increases the adhesion perfor-
mance of the robot on the cylindrical wall. With the omnidirectional locomotion mode, the robot can
traverse the cylindrical wall without steering and prevent the detachment between the suction chamber
and cylindrical wall caused by steering.

The following sections of this article are structured as follows: Section 2 provides an analysis of
the traditional wall-climbing robot locomotion mode on a cylindrical wall. Section 3 introduces the
omnidirectional locomotion mode and the overall mechanical structure of the robot. In Section 4,
the safety adhesion model of the robot in quasi-static motion on cylindrical walls was developed. In
Section 5, a prototype of the proposed robot was introduced, and experimental results were given to
verify its unique characteristics of omnidirectional locomotion.

2. Analysis of wheel-track wall-climbing robot on a cylindrical wall

The conventional wheel-track wall-climbing robot performs two types of movements: steering and
straight movement. During straight movement, the robot stays stable. But its state changes during steer-
ing, which can cause possibly instability in adhesion and mobility. In this section, the steering stable of
a two-wheeled wall-climbing robot on a cylindrical wall will be analyzed.

2.1. Kinematics

The two-wheeled wheel-track wall-climbing robot is shown in Fig. 1(a). There are two wheels and a
clothed foam skirt on this robot. The position between the clothed foam skirt and the wheels is relatively
fixed. The clothed foam skirt is elastic-deform and has good contact with the wall. In Fig. 1(a), {b} is
the robot frame, located in the center of the robot, and {s} is the fixed frame, located in the center of the
cylindrical wall. The Z-axis of the robot frame {b} and the fixed frame {s} are coincident. The steering
angle 6, is defined as the angle between the X-axis of the robot frame {b} and the X-axis of the fixed
frame {s}.
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Figure 1. Locomotion of the two-wheeled wheel-track wall-climbing robot and forces acting on the
wheels. (a) The robot steers on a cylinder at an angle of 6,. (b) The locomotion of the robot can be
equivalent to a PRR mechanism. There are driving force F,y, F,p», normal force N,,;, N,, and adhesion
force F,4 acting on wheels. (c) The initial state of the robot on a cylinder. z,, is the distance between the
two frames along the Z-axis in the initial state. 0, represents the prismatic extension/retraction by the
Jjoint 1.

The steering of the robot on the cylindrical wall can be equivalent to the movement of a PRR mecha-
nism, as shown in Fig. 1(b). Where the joint 1 is prismatic, joint 2 and joint 3 are revolute pairs. Choose
the fixed frame {s} and the contact point frame {c,} as indicated in the figure, and express homoge-
neous transformations in terms of the fixed frame. The forward kinematics from {s} to {c,} can be
obtained [30]:

T) = elS11o e[Szlﬂze[Ss]HsM (D

where 0;, 0,, and 6; are joint variables. 6, is a linear variable that represents the prismatic exten-
sion/retraction by the joint 1. The screw axis of joint 1 is &, =(0,0,0,0,0, 1)T. 6, and 6; are angular
variables that represent the joint angles of the joint 2 and joint 3, respectively. Tt’s screw axis are
S,=(0,0,1,0,0,0)" and S5 =(1, 0,0, 0, 2y, 0)", respectively. z, is the distance between the two frames
along the Z-axis in the initial state, z, = /(R*> — L?/4) 4 r. L is the distance between two wheels, r is the
radius of the wheel, R is the radius of the cylindrical wall. M is the contact point frame {c,} configuration
when the robot is in its zero position. M can be obtained as

100 L2
010 0
M=10012—r )

000 1

Two geometric constraints as follows must be satisfied when the wheel contacts with the cylindrical
wall.

« Constraint I: Contact point on the cylindrical surface. The location of the contact point
between the cylindrical wall and wheel 2 is

Peax
Po=|Pa | =T(0)
Pz

3)

- o O O

Thus, this condition can be expressed mathematically as
chxz + chzz = Rz (4)
o Constraint II: The wheel is tangent to the cylindrical wall. As this condition is satisfied, it

can be demonstrated that the normal direction of the cylindrical surface at the contact point is
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Figure 2. The geometric relationship of the equivalent mechanism during steering. In this case, the
parameters are set as R =T700mm, L = 400mm, r = 75mm.
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Figure 3. Contact situation between the clothed foam skirt and cylindrical wall during robot steering.
(a) Is the aerial view and (b) Is the frontal view.

perpendicular to the tangent direction of the wheel. The tangent direction of the wheel is the
Y-axis of {c,}, and can be expressed as

0
m={m | =10, 5)
Ny, 0

The normal direction of the cylindrical tangent plane is n,, = (p2./R, 0, peo./R)". This condition
can be expressed as follows

nsznz =0 (6)

So, the equation (4) and (6) can be resolved through the numerical method. It is obtained the relation-
ship between 6,, 8,, and 65 as shown in Fig. 2. During steering, 6, increases with 6,, leading to an increase
in the distance between the suction chamber and cylindrical wall. This may result in the detachment of

the clothed foam skirt from the wall.

2.2. Adhesion failure on the cylindrical wall

Steering causes the clothed foam skirt to detach from the wall, reducing the contact area between the
clothed foam skirt and the cylindrical wall. If the contact area cannot form a closed area, the adhesion
fails. In this part, we will analyze the contact between the clothed foam skirt and the cylindrical wall.
The contact situation between the skirt and the cylindrical wall is shown in Fig. 3.
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Figure 4. The contact width of the skirt w, and the minimum width w, to ensure effective contact in
four cases.

It is assumed that in the initial state, the skirt has an ideal contact with the cylindrical wall, which is
that all faces of the clothed foam skirt are just in contact with the cylindrical wall and can be expressed
as follows:

L?

7 )

where £, is the distance between {b} and the clothed foam skirt, and £, is the thickness of the skirt. When
the steering angle is 6,, the contact width between the skirt and the cylindrical wall is

R — (20 — Iy —hz)z =

o = 2R = (2o + 6, — Iy — o)’ ®)

w; is the minimum contact width that can ensure a closed contact area. It is calculated as follows
according to the geometric relationship from Fig. 3(b).

w; = (L, — 2b) cos 0, + (L, — 2b) sin 6, ©))

Figure 4 illustrates the contact width w, between the skirt and the wall, and the minimum width w,
required for a closed contact area at steering angle 6,. We know that when the robot is steering, the actual
contact width w, decreases sharply and will decrease to 0, and the changing trend of the required width
is first increasing and then decreasing. To ensure the airtightness of the suction chamber, the contact area
must form a sealed space to prevent air leakage. This condition can be expressed as follows: the contact
width w, of the skirt must be greater than the minimum width for effective contact w,, that is, w, > w,.
65 is defined as the value of the 6, when the contact width of the skirt w, is equal to the minimum width
w. Itis obtained that airtightness can only be guaranteed if the steering angle 6, is smaller than 6. From
adjusting the parameters of L, and L,, we can find that the steering angle is always limited to a small
range to ensure valid adhesion, which is restricted by the structure of the wheel-track wall-climbing
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Figure 5. The normal force and the required driving force. In this case, we set F,;, =400N,R =700,
L=400, r=175.

robot. In addition, combined with equations 8 and 9, we can find that the value of w, can be increased
by increasing the value of 4, and &,. The value of w, can be decreased by decreasing the value of L, and
L, or increasing the value of b. This means that increasing the values of &, h,, and b or decreasing the
values of /1 and L, can improve the adaptability of the robot to the cylindrical surface, that is, reducing
the radius of the cylinder to which the robot can adhere. However, it is important to note that reducing
the dimensions of the adhesion chamber (L, and L,) will reduce the adhesion area and further affect the
adsorption force.

2.3. Force analysis on the wheel

In the Fig. 1(b), the required driving force to steer the robot is F,;; and F;,, respectively. N,,; and N,,, are
normal forces between the wheel and the cylindrical wall. F,, is the adhesion force. Under this condition,
we think that the stress of the two wheels is the same size, N,,, =N,, =N,,, F,yy = F.pp = F 4.

The required driving force wrench on the wheel 1 and the wheel 2 are given by the column vector in
the fixed as follows, respectively.

Fo = [F riPer X ”] Fn = [F iPe X ”} (10)

Fn, Fyn,

where p,; = (=P, —Peays p(.ZZ)T, ny = (—new —Neay, n(.zz)T. The normal force wrench on the wheel 1 and
the wheel 2 in the fixed frame are given respectively by the column vector as

_ prcl X Ny _ prc2 X Ny
j:Nl B |: anwl ] ’ :F.Nz - |: anw2 (11)

T . .
where n,; = (1,2, —My2, M2.) - The wrench of adhesion force is F,; = (0,0,0, 0,0, —F,,)".
The static equations of the robot during steering can be obtained

Y FFutFu+Fur+ Fri+ Fra=0 (12)

The equation (12) contains variables as the normal force N,, the driving force F,;, the adhesion force
F 4, the distance between two wheels L, the radius of the wheel r, and the radius of the cylindrical wall R.
We set F,;, = 400N,R =700, L =400, r =75. The relation between normal force N, and driving force
F,; concerning 6, can be obtained by solving it numerically, as shown in Fig. 5. From this result, it is
obtained that the amplitude of fluctuation of the normal force is not large, with a trend of first decreasing
and then increasing, and the minimum value is taken at 8, = 58°. The required driving force increases
first and then decreases, taking the maximum value at 8, = 41°. For wall-climbing robots, the effect of
the adhesion force should increase the normal force between the wheels and the wall as much as possible,
ensuring the grip between the wheels and the wall; instead of increasing the resistance in the direction
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Figure 6. The omnidirectional locomotion of the robot.

of travel, hindering the movement of the robot, and increasing the driving force required by the robot.
The steering angle should be limited to a relatively small range to ensure the mobility of the robot, as
shown in Areal in Fig. 5.

In this section, we find that the robot is unable to complete full steering on the cylindrical wall due to
the limitations of adhesion and mobility. With the steering, 6, increases which causes the gap between
the clothed foam skirt and cylindrical wall to increase. When the actual contact area cannot satisfy the
requirement of a closed suction chamber, it will lead to adhesion failure. The component of the adhesion
force along the forward direction causes the increase of the driving force and the decline of the normal
force. The increase in the driving force will hinder the mobility of the robot. The decline in the normal
force will reduce the grip between the wheels and the wall, and even lead to slip. Due to the limitation
of adhesion and locomotion, the robot will not be able to complete the steering on the cylindrical wall.
The steering angle between the robot and the cylindrical wall should be kept within a small range to
ensure the safety of adhesion and mobility.

3. Mechanical design
3.1. Locomotion design

From the previous section, we know that the wheel-track wall-climbing robot has good performance
in both adhesion and locomotion under a small steering angle. Therefore, a robot with omnidirectional
locomotion is proposed, which can traverse the cylindrical wall mainly relying on moving along and
around the cylindrical wall. The robot can steer in a small steering angle, which is only used to adjust
the pose of the robot. The omnidirectional locomotion of the robot is shown in Fig. 6. There are two
omni-belt wheels in the robot. Not only does the omni-belt wheel rotate around the central axis of the
wheel, but also belts arranged on omni-belt wheels can translate along the central axis. Therefore, the
robot can move along the wheel and move vertically along the wheel. In addition, the robot can steer by
making the two wheels translate at different speeds. When the robot adheres to a cylindrical wall and the
wheel is parallel to the cylindrical wall, because of the omnidirectional locomotion, it can move along
the cylindrical wall, move around the cylindrical wall, and steer in a small range, as shown in Fig. 6.

3.2. Mobile mechanism

The mechanism diagram of the mobile mechanism is shown in Fig. 7. The mechanism is composed
of two omni-belt wheels and a body frame. There are three driving motors in this mechanism. The
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Figure 7. The diagram of the mobile mechanism.
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Figure 8. The structure of omni-belt wheel.

motor M3 arranged on the body frame drives the omni-belt wheel 1 and the omni-belt wheel 2 to rotate
simultaneously to realize the lateral movement of the robot. The motors M1 and M2 are located inside
the omni-belt wheel 1 and the omni-belt wheel 2 respectively to realize the longitudinal movement of
the robot and steering in a little range.

The structure of the omni-belt wheel is shown in Fig. 8. There are ten outer synchronous pulleys
at each end of the omni-belt wheel. Every five synchronous pulleys are connected in series through
gimbal couplings. When one of them rotates, the other four will rotate together. The wheel includes
eight short synchronous belts and two long synchronous belts. The short synchronous belt meshes with
two outer synchronous pulleys. The long synchronous belt meshes with one inner synchronous pulley
and two outer synchronous pulleys, constituting a system of three synchronous pulleys. When the motor
rotates, two inner synchronous pulleys can rotated together through gear transmission. Then, the long
synchronous belt meshed with the inner synchronous pulley drives the outer synchronous pulley to
rotate. All synchronous belts can be driven to move in the same direction along the wheel. At least one
or two of the ten timing belts are in contact with the wall during the operation of the wall-climbing robot.
Then, the robot will move in the direction opposite to the belt movement.

3.3. Suction mechanism

The adhesion principle of a negative pressure wall-climbing robot is based on creating a pressure dif-
ference between the suction chamber and the outside air. This is achieved through a negative pressure
generator which generates a lower pressure in the suction chamber compared to the outside air. The adhe-
sion force is created due to this pressure difference, which ensures that the robot stays tightly affixed to
the wall. However, if there is any gap between the suction chamber and the wall, the adhesion will fail.
Therefore, it is important to maintain stable contact for the adhesion to be reliable.
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Figure 9. The diagram of the suction mechanism.
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Figure 10. The suction mechanism adheres to a cylindrical surface.

A suction mechanism with compliant adjusting is designed to ensure the reliability of adhesion when
the robot adheres to the cylindrical wall [14, 31]. The suction mechanism is shown in Fig. 9. There are
springs arranged between the upper suction chamber and the lower suction chamber. Springs provide a
force to the lower suction chamber, moving it away from the upper suction chamber. Therefore, the lower
suction chamber moves toward the wall surface to avoid the detachment of the clothed foam skirt from the
cylindrical wall. Moving between the lower and upper suction chambers allows the suction mechanism
to be better adapted to cylindrical surfaces of different diameters as well as to the robot’s steering on the
cylindrical surfaces. The clothed foam skirt shape is a rectangular ring, which is composed of soft foam
wrapped with impermeable and wear-resistant parachute cloth. When it is in contact with the cylindrical
wall, the deformation occurs to fit the wall contour and ensure the reliability of the seal.

Figure 10 shows the suction mechanism adheres to a cylindrical surface. The distance between the
wheel and the upper suction chamber is constant. The movement between the upper suction chamber and
the lower suction chamber ensures contact between the clothed foam skirt and the cylindrical surface.
The clothed foam deforms to fit the cylindrical surface because of the loads. The reliability of adhesion
on the cylindrical surface is effectively ensured by the combined effect of the movement between the
upper suction chamber and the lower suction chamber and the deformation of the clothed foam skirt.
During the movement of the robot, there is a relative motion between the clothed foam skirt and the
cylindrical surface. The mechanism ensures that the clothed foam skirt is in contact with the cylindrical
surface to avoid adhesion failure. In addition, the mechanism can effectively control the contact force
between the clothed foam skirt and the cylindrical surface by the springs, and reduce the frictional
resistance between the skirt and the wall during movement.

3.4. Overall design

By integrating the compliant adjusting module and the omnidirectional locomotion module, the robot
is shown in Fig. 11. The upper suction chamber of the compliant adjusting module is fixed to the body
frame of the omnidirectional locomotion module. When the robot climbs on a cylindrical wall and the
wheels contact with the wall, the lower suction chamber moves toward the wall surface to Ensure reliable
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Table I. The main parameters of the robot.

Program Dimension

Size of robot 580mm x 435mm
Size of vacuum suction chamber 360mm x 220mm
Mass of robot (m) 11.7kg
Payload (L,,) 7.5kg
Radius of omni-belt wheel (r) 75mm
Wheelbase (L) 400mm
Length of the omni-belt wheel (L,,) 320mm
Radius of minimum climbing cylinder(L,,) 350mm

Figure 11. The overall design of the robot.

adhesion. The omnidirectional locomotion module makes sure that the robot traverses the cylindrical
surface with a small steering angle. The main parameters of the robot are listed in Table I.

4. Safety adhesion analysis

In this section, we develop the safety adhesion model of the robot in quasi-static motion on cylindrical
walls. The minimum adhesion force is obtained through this model, which can keep the robot from
slipping and flipping over on cylindrical walls.

As shown in Fig. 12, the robot adheres to a cylindrical wall with an angle «; between the cylindrical
wall and the horizontal plane. {s} is the fixed frame whose X-Y plane is parallel to the horizontal plane.
{b,} is the wall frame whose origin and X-axis coincide with the origin and X-axis of the fixed frame
{s}. The angle between Y-axis of {b,,} and the Y-axis of {b,} is «;. {b,} is the robot frame, located at
the center of the robot, whose Y-axis is parallel to the Y-axis of the wall frame {b, }. The angle between
Z-axis of {b,} and {b,,} is «,. There are adhesion force F,,, gravity G, the friction between cylinder and
wheels F\.,, F¢y, F>, and F,,, and the normal forces Fy, and FJ, acting on the robot. F\.,, F5.., Fy; and
Fy, are distributed loadings.

The configuration of the robot frame can be described as

T, = elS1la plS2lw gy (13)

where &, =(1,0,0,0,0,0) and S, = (0, 1,0, 0, 0, 0) denote the screw axis of the wall frame and the
robot frame relative to the fixed frame, respectively. M is the configuration of the robot in its initial
position.

1000
0100
M=16012 s

0001
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Figure 12. The robot adheres to a cylindrical surface. (a) shows the relationship between frames. (b)
shows the forces acting on the robot.

where z; = /(R4 r)> — L?/4 is the distance between the fixed frame and the robot frame along the
Z-axis at ; = 0° and o, = 0°. R is the radius of the cylindrical wall.

The location of gravity of the robot is Pg, in the robot frame, also can be expressed as Pg, = T, Pg,
in the fixed frame. Let gravity denote G = (0, 0, mg)T in fixed frame. In the fixed frame, the wrench of
gravity can be expressed in equation form as follows:

| PexG
Fo.= [ o } (15)
In the robot frame, the wrench of gravity can be expressed in equation form as follows:
Fo = [AdTW]T F s (16)

where [AdTlW]T is the adjoint representation of T,.
The adhesion force is F,, = (0,0, —F,;)", and the position of the force is at the origin of the robot
system, so the wrench of adhesion force can be expressed as follows in the robot frame.

Fun= [ Fod] a7

The normal forces Fy, and Fy, are assumed to be linearly distributed loadings, and the slopes are
equal. we can set Fy; = ky + n; and Fy, = ky + n,. We can replace the distributed loadings of Fy, and

. . . T T .
Fy, with single equivalent resultant forces fy, and fy, at r; = (rix, 11y, 71.) > 12 = (rav, 12y, 12,) . Using the
geometric relation of contact point, r;and r, can be obtained as follows in the robot frame.

— [ _RL_ S| r
n= [ Ren Ty R+r] (18)

_[_RL 1T
= [2(R+r> Fay R+r] (19)

There are the following relationships between normal force and resultant force:

fary =[50, ky +ny) ydy =" (20a)
frarsy =[5, (ky +my) ydy =" (20b)
Jai = f_LZM/jz (ky +mn) dy=n,L, (20c)
fo=[5", (ky+n) dy=n,L, (20d)
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where L,, is the length of the omni-belt wheel. It can be found that equation (20a) is equal to equation
(20b). Then we can get the relationship between r,, and r,, as follows:

Ny _ faz
Iy f/v1
In a similar way, we can replace the F,, Fiy, s, and Fy,, with fi,,, fi+y, focx, and f5,,, respectively.

In the robot system, we can get that the resultant force F; and F, acting on wheel 1 and wheel 2 are
following, respectively.

2y

a0 L2 fi 7 = La )2
R+r R+r lox R+r R+r 2tx

Fl = L(/)Z 1 0 flry ’ F2 = 9/2 Lo f21y (22)
7 0 & J L i 0rnd Lw

In the robot system, the wrenches of the resultant force acting between the wheel and wall can be
expressed as follows, respectively.

x F, ] x F
.7:F]v= |:rl F1 ! > fFsz |:r2 Fz 21| (23)

Wheels 1 and 2, being part of the same system, can be assumed to have the same ratio k, between
the friction and the normal force which can be expressed by the following equation:

Vol 457 el 4

= (24)
S fw "
The sum of the wrench acting on the robot meets:
YF: FratFout Fro+ Fr=0 (25)

Two necessary conditions must be satisfied for safety adhesion when the robot climbs on a cylinder.

+ Non-slipping Conditions: When climbing a cylinder, the robot will slip if the ratio k, between
the friction and the normal force is larger than the coefficient of kinetic frictionyu,. The condition
that guarantees no slipping is:

k, < (26)

« Non-flipping Over Conditions: When the distributed loading normal force Fy, or Fy, is less
than zero, it means that the wheel needs the traction provided by the wall to maintain stability.
It is obvious that the wall cannot provide traction to the wheels, which means that the robot will
tip over from the wall. Therefore, the condition for do not flip is:

{FNI >0

FN2 >0 (27)

Solving the equations composed of (21), (24), and (25) using numerical methods to obtain the mini-
mum adhesion force for not slipping, satisfying the non-slipping condition (26). Figure 13(a) illustrates
the minimum adhesion force required to prevent slipping. It can be found from this figure that the adhe-
sion force is approximately symmetrically distributed concerning two lines. One of them is the line
between «; = 0°, o, = 180°, and «; = 180°, ar, = 0°. The other is the line between o; = 0°, @, = 0°, and
o = 180°, o, = 180°. The adhesion force required by the robot to avoid slipping takes a maximum value
of 416N at a; = 106°, a, = 178°.

If the adhesion force acting on the robot satisfies the non-slipping condition, we can get the minimum
value of distributed loading Fy, and Fy,, shown in Fig. 13(b). It is obtained that the distributed loading
is minimized at the boundary of the feasible region of «; and «,, which is 0.02, and Fy; > 0 and Fy, > 0
are true. So, if the adhesion force acting on the robot satisfies the non-slipping condition, the condition
of non-flipping is always satisfied.
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106,178.416) (b)

09 o

Figure 13. (a) The adhesion force required by the robot to avoid slipping, when the robot driving the
cylindrical surface with a radius of 7T00mm. In this case, we set u; = 0.3. (b) The minimum value of the
distributed loading of Fy, and Fy,, when the adhesion force in (a) acts on the robot.

In summary, the robot needs to be able to generate an adhesion force greater than 416N to ensure
safe adhesion for the cylindrical wall. In this case, we set the coeflicient of kinetic friction between the
wheel and wall as p, = 0.3, and the radius of the cylindrical wall as 700mm.

5. Prototype and experiments

5.1. Prototype development

Based on the above conclusions, the prototype of the wall-climbing robot was made, as shown in Fig. 14.
The suction chamber is made of resin with a density of 1.12g/cm® by SLA 3D printing. The track of the
omni-belt wheel is a synchronous belt coated with 2 mm rubber on the outer surface, and the rubber coat-
ing can increase the friction coefficient between the wheel and the wall surface. The prototype contains
four motors. One of them is located at the body frame of the omnidirectional locomotion module with
areducer (160:1) to achieve the lateral movement of the robot. Two motors are located inside the wheel
to realize the longitudinal movement of the robot and steering. The other one drives a centrifugal fan
that can provide a maximum negative pressure value of 18kPa and a maximum flow rate of 1.7m?/min.
The size of the robot is 579mm x 482mm x 224mm, and the weight is approximately 11.7kg.

5.2. Suction test

The suction process of the robot on a cylindrical wall is as follows: First, the skirt of the lower suction
chamber contacts with the cylindrical wall, and then, the distance between the lower suction chamber
and the upper suction chamber shrinks until the wheel contacts with the wall, due to the contact force
between the skirt and the wall. Finally, the centrifugal fan starts to operate, the skirt is compressed
because of the negative pressure, and the adsorption process completes.

In this subsection, we test the adhesion performance of the wall-climbing robot. We tested the robot
payload on a cylindrical wall, as shown in Fig. 15(a). The robot climbed on a cylindrical iron pipe
with a radius of 0.35m, and it can carry a weight plate with a weight of 7.5kg. In addition, we tested
the minimum negative pressure for the robot to meet the safety adhesion conditions. The minimum
negative pressure required for safety adhesion is 3.74kPa on the vertical board, as shown in Fig 15(b).
The minimum negative pressure required for safety adhesion is 4.42kPa on the vertical column surface
with a radius of 0.7m, as shown in Fig 15(c).

5.3. Locomotion test

Experiments were carried out to evaluate the robot’s movement performance on cylinders and flat sur-
faces. We tested the lateral movement of the robot on the plane that is vertical to the horizontal plane,
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Figure 15. Suction test of the robot.

Figure 17. Vertical movement of the robot on a vertical plane.
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Figure 19. Move along the cylindrical wall.

as shown in Fig. 16. In this case, we let motor 1 and motor 2 stay stationary, motor 3 rotate, and the
robot moved laterally in the vertical plane at 8§ m/min. We tested the longitudinal of the robot, as shown
in Fig. 17. In this case, we let motor 3 stay stationary, motor 1 and motor 2 rotate, and the robot moved
longitudinally in the vertical plane at 6 m/min.

The robot can achieve the locomotion around a column whose radius is 0.7m, shown in Fig. 18. There
is a gap on the surface of the column, with a width of about 20mm and a depth of about 3mm. The clothed
foam skirt adapts well to cylindrical walls and can fill the groove of the wall because the skirt consists
of flexible foam. So, the robot can still maintain reliable adhesion here. As shown in Fig. 19, The robot
can move along the column.

6. Conclusion

The paper presented a methodology of omnidirectional movement that relies mainly on lateral and
longitudinal movements to achieve traversal on cylindrical walls. This methodology makes up for the
shortcomings of wheel-track wall-climbing robots in that it cannot complete a full motion on a cylindri-
cal surface. The paper established the safety adhesion model for the wall-climbing robot on cylindrical
walls. The prototype was developed to verify the motion and adhesion performance of the robot on
cylindrical walls and vertical walls. Benefiting from a methodology of omnidirectional motion and a
suction mechanism with compliant adjustment, the prototype can complete the detection of cylindrical
surface with a radius greater than 350mm.

We believe that the methodology of omnidirectional movement increases the range of feasible
applications for climbing robots. In particular, it will increase the robotic detection and manipula-
tion capability to be used in cylindrical environments such as the circular columns on skyscrapers, the
cylindrical bridge piers, and the curved surfaces of hydropower station dam conduits.

Supplementary material. The supplementary material for this article can be found at http://dx.doi.org/10.1017/
S0263574724000493.
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