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Abstract: This paper proposes a pressing method for wall-climbing robots to prevent them from
falling. In order to realize the method, the properties of the utilized suction cup are studied
experimentally. Then based on the results, a guide rail is designed to distribute the attached suction
cup force and implement the pressing method. A prototype of a wall-climbing robot that utilizes
passive suction cups and one motor is used to demonstrate the proposed method. An experimental
test-bed is designed to measure the force changes of the suction cup when the robot climbs upwards.
The experimental results validate that the suction cup can completely attach to the surface by the
proposed method, and demonstrate that the robot can climb upwards without falling.

Keywords: wall-climbing robot; passive suction cup; attachment; tracked belt; robot design

1. Introduction

Due to the capability to perform dangerous tasks, instead of people, in hazardous environments,
research on wall-climbing robots has become a significant subject in robotics [1-5]. Currently,
most wall-climbing robots are intended for maintenance or inspection in certain environments, such as
the exteriors of buildings, bridges, or dams [6-10].

In general, wall-climbing robots adopt four types of adhesive mechanisms, which are vacuum
suction cups [11], magnetic attraction [12,13], adhesive materials [14,15], and gripping claws or
grasping mechanisms [16-20]. Each of the mechanisms possesses its own distinct advantages
and drawbacks. For example, vacuum suction cups can perform nondestructive examination,
but they require energy to maintain adhesion. Magnetic attraction offers a large adhesion force and
nondestructive conduction, but it is allowed be utilized on ferromagnetic surfaces. In [13], the authors
proposed a magnetic adhesion robot that is capable of climbing non-ferromagnetic surfaces by utilizing
a sandwich configuration. However, in the application of this kind of robot, both sides of the climbing
surface should be equipped with the climbing devices.

Adhesion materials can be used on complex surfaces, but they are difficult to use on rough
surfaces. Grasping mechanisms can also be employed on complex surfaces, but they damage the
surface. Therefore, the choice of adhesion mechanism plays determinant role in the design of
wall-climbing robots.
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Since suction cups can achieve nondestructive examination and navigate on smooth surfaces,
suction cups are extensively utilized as the adhesive mechanism for wall-climbing robot. Suction cups
can be divided into active suction cups and passive suction cups. Wall-climbing robots using active
suction cups possess the advantage that the status of attachment and detachment can be easily
controlled. However, a pump needs to output continuous energy to maintain the attachment, and a
large amount of noise is generated. In addition, pumps result in a heavy payload for wall-climbing
robots. On the other hand, wall-climbing robots utilizing passive suction cups offer the features
of no noise and light weight because there is no need for a pump to provide energy to maintain
attachment. However, it is quite challenging to control the attachment and detachment. Nevertheless,
considering the noise and light weight of the robot, passive suction cups are expected to be used for
weight minimization of wall-climbing robots. Considering the locomotion mechanism, wall-climbing
robots can also be classified into four types, which are legged [21], wheeled [22], cable-driven [23],
and tracked belt [10,16,24]. Each locomotion mechanism has its advantages and disadvantages. For
instance, legged locomotion can move over cracks and avoid obstacles [21]. However, the legged
wall-climbing robot requires motors drive and coordinate the legs. And a vacuum pump to provide
the attachment force, it also requires a complicated control system to moderate the gait. Although
wheeled locomotion can generate high velocities, wheeled robots may generate problems with the loss
of friction with the surface due to small contact area. Cable-driven locomotion is commonly utilized in
current window-cleaning of tall buildings [23]. However, the cable system must be equipped with
a trolley on the roof of the building. The tracked belt can achieve continuous locomotion with high
velocities, while having a larger contact area. The difficulties and challenges are attachment method of
the attachment device of the wall-climbing robot and the turning method.

In our previous research [1,11], a wall-climbing robot is demonstrated, which adopts the tracked
belt as a locomotion mechanism and passive suction cups as an adhesion mechanism. It possesses
the ability to climb up walls, but exhibits a significant pitch-up falling problem, as shown in Figure 1.
Indeed, the front suction cup cannot touch the surface due to gravity, which generates a moment
and leads the robot to fall. The main factors for developing a wall-climbing robot are to solve the
problem of falling and make the adhesion mechanism completely attach to the surface area. This paper
proposes a pressing attachment approach to solve the pitch-up falling problem, which ensures the
front attached suction cup can obtain sufficient reaction force from the attached surface. The force is
greater than the requisite pressing force that can press the passive suction cup to attach to the surface
completely. This pressing attachment method is implemented by a designed guide rail. This paper is
an extension and continuation of our previous work [25].

|

Figure 1. Pitch-up falling problem of previous wall-climbing robots.
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For our research, the purpose is to obtain a method that can reliably move on the wall. In
this paper, we demonstrate a method to prevent wall-climbing robots from falling during climbing
upwards locomotion. At the current stage of research, our focus is the completely attachment method
of the attachment device of the wall-climbing robot. The proposed robot only utilizes one motor to
achieve the upwards locomotion of the wall-climbing robot, as well as completes the process of the
force changing the attachment device during it attching on the climbing surface. Therefore, this study
constitutes an important foundation for our future research.

The remainder of this paper proceeds as follows. Section 2 introduces the attachment approach,
and conducts force analysis on the proposed robot. The properties of the suction cup are then
investigated to realize the pressing method by experiments in Section 3. Section 4 introduces the
guide rail function areas and conducts experiments to verify the attachment approach by a force
measurement system, and then presents the results and discussion. Finally, conclusions and directions
for future work are reported in Section 5.

2. Robot Design

In order to prevent robots from falling and make them attach to surfaces completely, the
requirements for realizing the pressing attachment approach are introduced in this section. Then, force
analysis of the proposed robot is carried out to identify the requirements.

2.1. Design of the Robot Design

Figure 2 shows the cutaway view of the CAD model of the proposed wall-climbing robot, which
is mainly composed of suction cups, tracked belt, guide rails, motor, pulley, and tail. Suction cups as
the attachment mechanisms, which rotate with the racked belt, are installed on the outside surface
of the tracked belt at equal intervals. Since the tracked belt, which is connected to the suction cup, is
flexible, a guide rail is significant to guarantee the suction cup position and distribute the force of the
attached suction cups. Moreover, since the suction cups are moving with the guide rail trajectory, the
guide rail is proposed to press the front suction cup onto the surface, while pulling the rear attached
suction cup away from the surface. The motor is used to drive the tracked belt to rotate via the pulley.
A tail fixed to the guide rail is utilized to provide reaction forces from the surface. The tail, which is
necessary to be designed for wall-climbing robots, is proposed to balance gravity and force the robot
head to get close to the surface.

Tracked belt

Motor

Pulley

Coupling

Figure 2. The cutaway view of the CAD model of the proposed wall-climbing robot.
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2.2. Force Analysis

Examining the free body diagram (Figure 3) and assuming quasi-static dynamics, it is possible
to find a system of equations which describe the forces on the robot during the stepping transfer,
represented as follows:

n
Z mx + th =G
v Z Fyy =Ff, + Ff, (1)
m=2
Z Eyyl(n = m)ls + It — Iys]) =Ff, [(n = 1)Is + 1 — L] + GHeog,

where 7 is the number of attached suction cups; Ff, and Ff, are the friction force at the m—th suction
cup and at the tail, respectively; G is the gravity force, Pmy, Ff y and Ftky are the normal force at the
m—th suction cup, at the front attached suction cup, and at the tall respectively; k indicates the force in
a different situation, when n = (i — 1), k = a, otherwise, when n = (i), k = b; (i) is the maximum number
of attached suction cups. Because the suction cups should transmit the attachment and detachment
with rotation of the tracked belt, the total number of attached suction cups would change from (i — 1)
to (i) or (i) to (i — 1); Is is the distance between the centers of two adjacent suction cups; the tail length
I; is the distance between the tail and the reference line that indicates the initial attachment position of
the suction cup; Iy, is the distance between the bottom attached suction cup and the reference line; and
Hc, is the distance from the center of gravity to the surface.
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Figure 3. Free body force analysis of a wall-climbing robot in the two cases. (a) and (b) show the total
numbers of attached suction cups, which are (i — 1) and (i), respectively.

However, the suction cup can not move relative to the surface after it attaches to the surface, and
the distance of [;,; will be changed with the robot climbing upwards. In order to prevent the robot
from falling, the suction cup should obtain a sufficient reaction force, which can make the suction cup
completely attache to the surface. In other words, a normal force F{‘y should be greater than the requisite
minimum pressing force when the suction cup is in its front attached period. The needed pressing
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force is the minimum pressing force which can attach the suction cup completely. The requirement for
this case can be represented as follows:
k
HFly > Fuyp, )

where Fmp, which can be obtained experimentally, is the needed minimum pressing force. From (1),
the quasi-static equation for this case obtaining a sufficient reaction force is expressed as:
n
(L By ((n = m)ls 41t = lys)) = GHeoc)
m=.
((n - 1)15 + lt - lbs)

From (3), it is clear that, in order to satisfy condition (2) and obtain a reaction force F{‘y, during

3
M(t) . F{(y = ( )

climbing, the other attached suction cups should provide a sufficient suction force Fffiy. Since the
utilized suction cups have high shear resistance, determination of how to best achieve this goal is the
key in guide rail design. A guide rail is designed to distribute the force of attached suction cups to
guarantee condition (2). To this end, the properties of the utilized suction cup are firstly examined in
the following section.

3. Analysis of the Adopted Suction Cup

To experimentally investigate the characteristics of the suction cup, the optimal pressing force,
the effect on the suction cup at different pulling speeds and the relationship between force and
displacement of the adopted suction cup are measured by using the experimental test-bed, as shown
in Figure 4.

Motor
Power | . Motor
driver
l ? Frame
+ 1 i .
S } Arduino Coupling
| .
E = Mega:2560 Potentiometer
1o Y
© |= g Lead screw
o 1= g
IR
)
ZI Screw nut
=1 Shaft
|
L w
L Linear bearing
=
L8
= <= Force sensor
o: o ]
&, e | Suction cup
Nej|
ThH = Resin plate
N
=
=] 7=

Figure 4. Schematic of the proposed experimental test-bed.
3.1. Suction Cup Properties

The utilized passive suction cup of the proposed wall-climbing robot is shown in Figure 5, and
corresponding parameters are listed in Table 1.
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Figure 5. (a) Pulled suction cup. (b) Cross-section of the pulled suction cup.

Table 1. Specifications of the utilized suction cup.

Ry ho Hy Ry, Material Mass
125 (mm) 2 (mm) 25(mm) 22.5(mm) Silicon 5.6 (g)

Figure 6 shows that the suction cup height changes with the applied force on the suction cup.

F2
Fi Iy

Hy

(@) (b) (c)

Figure 6. (a) Natural status of the suction cup. (b) Pressing status of the suction cup. (c) Pulling status
of the suction cup.

3.2. Experimental Methodology and Results

As shown in Figure 4, linear motion of the suction cup in the vertical direction is driven by a
DC brushed motor (Maxon RE30, integrated with a GP32 gearbox, Maxon, Switzerland) via a sliding
screw. The linear position of the suction cup is measured by a linear potentiometer (PTS100-01L-105B2,
Bourns, U.S.A.).

A force sensor (MINI 8/40 sensor, BL Autotec, Japan) is used to measure the external payload
force. Signals from the force sensor are acquired by a master computer via an A/D converter card
(AD12-16(PCI), Contec, Japan).

A transparent resin plate is employed in our experiments as the wall with which the suction cup
will be in contact.

An Arduino control board (Mega2560, Arduino, Italy) is used to control linear motion of the
suction cup with Proportional-Integral-Derivative (PID) algorithms.

A motor drives a suction cup to move into contact with a surface that is connected to the force
sensor. When the pressing force reaches a specified value, the motor drives the suction cup to retract.
The force sensor is utilized to record the external force applied on the suction cup, and the linear
position is used to record the displacement of the suction cup at the same time.

Therefore, it is simple to determine the relationship between the pressing force and the detaching
force of the suction cup, as well as the relationship between the external force and the displacement of
the suction cup.

A series of experiments are conducted by varying the pressing force value. The results of these
experiments are presented in Figure 7. Considering that a small pressing force can generate a large
force, the magnitude of 11 N is selected as the optimal pressing force of the adopted suction cup, which
responds to the pulling force of 100 N.
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Figure 7. Relationship between pressing force and detachment force.

Based on the results of the optimal pressing force, the relationship between force and displacement
of the suction cup is examined after the suction cup completely attaches to the surface by using the
test-bed. A force sensor and a potentiometer are utilized to measure height displacement and the force
applied on the suction cup at the same time, and then the relationship can be obtained. A series of
experiments are performed by varying the external force speed on the suction cup. The experimental
results for the force analysis of the adopted suction cup can be viewed in the Supplemental Video.
Figure 8 shows the results of the relationship between pulling force and displacement of the suction
cup under various pulling speeds. From Figure 8, it can be seen that, after the suction cup completely
attaches to the surface, pulling speeds between 3 mm/s and 9 mm/s exert no significant influence
on pulling displacement. It is then possible to calculate the average values of the experimental data,
which are plotted in Figure 9. The relationship can be expressed as:

E

oull = —0.0558Hy,, + 1.2253H3, — 9.7339H3,,.

4
+42.199H;, — 16.557, @)

where F,,; is the pulling force applied on the suction cup and Hsy is the pulling displacement of the
suction cup.

Based on the calculated results, the desired pulling force of the suction cup can achieved by
changing the pulling displacement. For our proposed robot, the attached suction cups can move
relative to the guide rail, which can pull the suction cup up by altering its trajectory. Therefore, design
of the trajectory of the guide rail, which can change the displacement of the attached suction cup, is
necessary to obtain the desired pulling force of the suction cup.
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Figure 8. Experimental results of the measured relationship between force and displacement at different
speeds. These experimental results were obtained with a pressing force of 11 N.
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Figure 9. Experimental results of the calculated relationship between force and displacement of the
suction cup. These experimental results were obtained with a pressing force of 11 N.

4. Guide Rail Design for the Proposed Pressing Method

Based on the defined properties, a guide rail is designed to implement the pressing attachment
approach. Firstly, the function areas of the proposed guide rail are introduced. Then, the experimatal
setup, methodology and experimental results are introduced and implemented to verify the proposed
attachment approach.

4.1. Functions Area of the Guide Rail

In order to prevent the wall-climbing robot from falling, a pressing force must be created that
is sufficient to bring the front suction cup to attach to the surface, when the suction cup comes into
contact with the climbing surface. In other words, condition (2) should be satisfied, such that the front
suction cup can be completely attached to the climbing surface. In this part, a guide rail is designed to
meet the requirement of condition (2) based on (3). The guide rail presses the front attached suction
cup onto the surface, while pulling the other attached suction cups away from the surface. As seen
from (3), it is clear that, to provide the minimum pressing force for the front suction cup, the other
suction cups should produce sufficiently large adhesive forces Ff;y.

The designed guide rail can be divided into five areas (as shown in Figure 10a), which are the
guide area, pressing area, pulling area, transition area, and detachment area.

In the guide area, the front suction cup prepares to attach to the surface, as shown in Figure 11.
In order to make the front suction cup attach to the surface easily, an incline angle («) is designed
in front of the robot to make the suction cup bottom parallel to the attached surface, as shown in
Figure 11a,b.

If the robot does not have the incline angle, the edge of the suction cup will be in contact with the
surface firstly, as shown in Figure 11c, and then the suction cup will be moved relative to the surface
or deformed, as shown in Figure 11d. Both of these cases will cause the suction cup to fail to attach.
Therefore, it is necessary to make the suction cup parallel to the surface when the suction cup prepares
to attach. Here, a rotation joint is designed between the suction cup and connect bar, as shown in
Figure 11a. In order to make the bottom surface of the suction cup parallel to the surface, as shown in
Figure 11b, the requirement of the relationship between the rotation angle () and the incline angle («)
for this case can be represented as:

x=p. ®)
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Figure 10. The proposed guide rail. (a) The proposed guide rail function areas. (b) Prototype of the
proposed guide rail.

Figure 11. A suction cup preparing to attach. (a) With a pre-turning angle. (b) Moving posture from
(a). (c) Without a pre-turning angle. (d) Moving posture from (c).

With the rotation of the belt, the suction cup then enters the pressing area, in which the front
suction cup enters the guide rail, and begins to obtain a sufficiently large pressing force by the guide
rail that can make the suction cup completely attach to the surface.

The following area is the transition area. When the suction cup moves relative to the guide rail,
the rear attached suction cup is pulled up by the guide rail to change its adhesive force. Therefore, the
front attached suction cup is pressed by the guide rail through pulling up the other attached suction
cups. Note that the front suction cup attachment and the rear suction cup detachment cannot be
achieved at precisely the same time. It is thus necessary to design a transition area to ensure that the
rear attached suction cup is detached after the new front suction cup attaches to the surface. Therefore,
the number of attached suction cups will transform from (i) to (i — 1); where (i) is the number of
maximum attached suction cups. Moreover, the transition area can be considered as part of the pulling
area. The last area is the detachment area, in which the suction cup detaches from the surface.
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Figure 10b shows the designed guide rail, and the parameters of the guide rail are listed in Table 2.
Particular attention should be paid to the pulling area, in which the suction cup is pulled up and the
displacement of the suction cup will be changed with the guide rail. In this paper, an oblique line is
used pull the suction cup (see Figure 10b), which can be expressed as follows:

Hmuxpull

Hpull = X1, 6)

lmaxpull
where H,,; is the variational displacement in the pulling area; H;ypy is the maximum pulling
displacement in the pulling area of the guide rail; I3y, is the maximum moving distance in the
pulling area of the guide rail; and x; is the moving distance that the suction cup travels relative to the
beginning of the pulling area.

Table 2. Specifications of the proposed guide rail.

Iy lguide lpress lmaxpull ngide Hmaxpull
220 (mm) 15 (mm) 55(mm) 70 (mm) 10(mm) 4 (mm)

In our robot prototype design, the distance of two adjacent passive suction cups is established as
Is = 55 mm, and the number of maximum attached suction cups is i = 3. The last attached suction cup
generates the maximum adhesive force when it moves to the end of the pulling area. At this moment,
the suction cup is pulled up to Hyypy = 4 mm.

When the last suction cup moves to the end of the pulling area, the middle attached suction cup
has also already moved into the pulling area. Note that the distance between it and the last attached
suction cup is Is = 55 mm, and thus x1=Ipnaput — Is = 15 mm. Therefore, using (6), it is simple to
calculate that the middle attached suction cup is pulled up to Hyyjjmig = 0.86 mm. According to (4), the
pulled middle and last suction cups can generate an adhesive force of Fé’y = 13 N (Hpyi1mig = 0.86 mm)
and F:,f’y = 61 N (Hgyc = 4 mm), respectively.

In our designed robot prototype, we have the following parameters: G = 12.3 N; Hc,g = 70 mm;
and lygxpunr = 70 mm. According to (3), it can be determined that the designed guide rail can provide
a pressing force of Flby = 25 N to the front suction cup by pulling up the other attached suction
cups. It should be noted that the minimum pressing force needed to completely attach a suction cup
to a surface is Fyp = 11 N. Therefore, (2) is satisfied. In other words, the designed guide rail can
completely attach each suction cup to the climbing surface. In the next part, the designed guide rail
will be validated in our experiments.

4.2. Experimental Setup

Figure 12 shows a prototype of the proposed wall-climbing robot, which is designed to
demonstrate the proposed pressing approach. The robot is mainly composed of passive suction
cups, tracked belt, two guide rails, one motor, several pulleys and two tails. The maximum number of
attached suction cup isi = 3. Therefore, when the robot climbs upwards, the attached suction cup
numbers will change from 3 to 2 or 2 to 3. The corresponding parameters of the robot are presented in
Table 3.



Robotics 2020, 9, 26 11 of 16

Suction cups Guide rails

Figure 12. Prototype of proposed wall-climbing robot.

Table 3. Specifications of the prototype in experiments.

Length Width Height Weight Maximum Velocity Maximum Pulling Force Actuator
300 (mm) 122 (mm) 290 (mm) 1.26 (kg) 18.5 (mm/s) 84 (N) DC-motor x 1

4.3. Experimental Methodology

Two experiments have been conducted to verify the guide rail design. The first experiment
aims to confirm that the front suction cup can obtain a sufficient pressing force, i.e., condition (2)
can be satisfied. If condition (2) is fulfilled, the front suction cup can be completely attached to the
climbing surface.

Figure 13 shows a force measurement system which was created to experimentally verify the
theory in Section 2.2. An acrylic plate with a small rectangular orifice is used as a climbing surface.
The bottom side of a force sensor is fixed with the climbing surface, and the upper side of the sensor is
fixed with a rectangular acrylic panel which is coplanar with the climbing surface. During the robot
climbing, this test-bed allows measurements of the pressing and pulling force between a suction cup
and the climbing surface. In addition, the motor encode is used to feedback the position of the robot.

A/D Board
(AD12-16 (PCT))

Force Sensor

Climbing surface

D/A Board Force sensor

P
(Arduino Mega) ¢

Sensor surface

Suction cup

Motor Encoder

Climbing robot

Power (12V)

(a) (b)

Figure 13. A force measurement system. (a) Prototype of the proposed experimental setup.
(b) Schematic design of the proposed experimental setup.

To validate the results from (2) and (3), the prototype of the climbing robot is placed on the
climbing surface with one suction cup attached to the climbing surface artificially, as shown in
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Figure 14a. Then, the robot is driven to climb upwards. In order to remove the influence of the
person pressing the robot to attach to the surface in the initial status, this setup measures the force of
one suction cup after all of the attached suction cups are attached by the robot itself (Figure 14b—d).
Therefore, the force change of the one attached suction cup, which is attaching to the sensor surface,
is measured by the force sensor during the entire attached period (Figure 14d-f).

Climbing surface

Force sensor

Sensor surface

Suction cup

Climbing robot

(a) Step 1 (b) Step 2 (c) Step 3 (d) Step 4 (e) Step 5 (f) Step 6
Figure 14. Experiment methodology.

4.4. Experimental Results and Discussion

4.4.1. Experimental Results

The measured forces of the suction cup versus climbing distance are plotted in Figure 15. With the
robot climbing upwards, the suction cup moves relative to the guide rail, which alters the pulling
height of the suction cup, and obtains adhesive forces from the climbing surface. The result indicates
that the forces applied on the suction cup are changing with the robot climbing, while the suction cup
attaches to the surface. When the force is less than zero, that means that the robot presses the suction
cup toward the climbing surface, i.e., the suction cup obtains a reaction force from the climbing surface.
When the force is greater than zero, that means that the robot pulls the suction cup from the climbing
surface, i.e., the suction cup obtains a suction force from the climbing surface. The result shows that
the suction cup obtains a reaction force (12 N) from the climbing surface after the suction cup touches
the surface. Moreover, the reaction force is greater than the requisit pressing force which can make
the suction cup attach to the surface completely. The passive suction cup is also different from the
active suction cup with the pump. Once the passive suction cup obtains a sufficient pressing force one
time, irrespective of whether the pressing force disappears, the suction cup can attach to the surface
for a long period of time. Therefore, the result demonstrates that the guide rail possesses the ability to
distribute the force and generate a sufficient pressing force by pulling the other attached suction cups
to make the front suction cup completely attach to the surface. The experimental results of the process
of attachment can be viewed in the Supplemental Video.

The second experiment is to verify that the designed robot can stably climb up different surfaces
without falling. The experiments were conducted on some smooth clear surfaces, i.e., acrylic surface,
iron gate, white board, and window glass. These experiments were performed at least triplicate.
It is shown that no falling occurs and the robot can stably climb up the surface. Figure 16 presents
the experimental results. Because the suction cup completely attaches to the surface, the robot
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demonstrated that it possesses the ability to prevent itself from falling. The experimental results of
climbing upwards locomotion of the proposed robot can be viewed in the Supplemental Video.

50 T T T T T T T
~—— Force(N)
40 - " " T
=== Optimal pressing force (N)
~~ 30 4
Z
8 20 [ N
S
0 Sharp decrease
10
0
-10 £
20 L L L L L L L
0 50 100 150 200 250 300 350

Climbing displacement of the robot (mm)

Figure 15. Force of the suction cup versus climbing displacement of the robot.

00:00:02]]§ :00:05) |8 L ! | 00:00:17,

i

00:00:20 0:00:22 0:00:28][} ):00:3 00:00:34

(d)

Figure 16. Proposed robot climbing on different material surfaces. (a) Robot climbing on transparent
acrylic. (b) Robot climbing on an iron gate. (c) Robot climbing on a white board. (d) Robot climbing on
window glass.
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4.4.2. Discussion

The experimental result shown in Figure 15 indicates that the proposed guide rail has the ability
to change the suction cup force while they are moving relative to each other. It should be pointed
out that the designed guide rail is not an optimal design. As seen in Figure 5, since an oblique line is
used in the pulling area, the height of the pulling area suddenly changes to zero from the maximum
height (i.e., 4 mm). Indeed, we found in our experiments that the robot will vibrate when the number
of attached suction cups transforms from (i) to (i — 1). This is because the last attached suction cup
detaches from the surface, and this will result in a sharp decrease of adhesive force (see Figure 15).

Therefore, the designed guide rail can be improved by modifying the pulling area. According to
the current guide rail design, it is also be noted that the tracked belt can only rotate in one direction,
which allow the robot to climb up. The backward locomotion is not allowed in current stage.
This problem can also be improved by modifying the guide rail. A smaller adhesive force would
generate a smaller pressing force to the front attached suction cup. Considering this issue, it is better
to design a larger safety coefficient to maximize the desired adhesive force, which must be smaller
than the detachment force of the suction cup.

The experimental result shown in Figure 16 indicates that the robot seems to slightly drift with
respect to the straight line. Due to the great flexibility of the belt and suction cups in the designed
robot, and the limitation and influence of the mechanical structure, slightly drift will be caused when
walking straight, but this characteristic will be compensated and modified in the turning motion of
the robot.

In our future work, the turning motion of our robot will be realized by two independent
straight-moving modules, while the two independent modules climb up under different velocities.
However, as the attached suction cups can not move relative to the belts, it is necessary to add a
new parts in the design to ensure the attached suction cups can move relative to the belts to realize
the robot turning ability. Therefore, this study constitutes an important foundation for our future
research. Based on the analysis of one single module locomotion, we could connect the modules to
form a multi-body wall-climbing robot to achieve the locomotion on different surfaces even on a curve
surface. The application of the robot will depend on the direction of the joint between the adjacent
body segments.

5. Conclusions

In this paper, a quasi-static model was created to determine the forces acting on the robot.
A pressing approach for preventing the robot from falling was also proposed. Then, the properties of
the adopted suction cup were investigated experimentally. The results of the suction cup were used to
determine the minimum requisite optimal pressing force and force distribution for the proposed guide
rail design. A guide rail was then designed to realize the pressing approach and the functions of the
guide rail were introduced. A prototype of the wall-climbing robot was developed and implemented
to demonstrate the proposed pressing method. An experimental setup was designed and fabricated to
validate the force change of the attached suction cup during the robot climbing. Experimental results
demonstrated that the suction cup can completely attach to the climbing surface and change the force
magnitude and direction when the suction cup moves relative to the guide rail. Moreover, experiments
showed that the developed robot can climb on different smooth surfaces. The proposed approach can
be directly utilized to design other wall-climbing robots to prevent them from falling.

It should be noted that, although the robot can climb upwards without falling, it can only climb in
a straight line. To address this limitation, in future study, we will investigate the turning method and
ability of a wall-climbing robot that utilizes a tracked belt with passive suction cups. The prototype
will be adopted onboard power system. The lightweight improvement of the guide rail will be carried
out in our future work.
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Suction Cups.
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