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MOTION CHARACTERISTICS OF A REVERSE
THRUST ADSORPTION WALL-CLIMBING
ROBOT WITH MULTI-DEGREE-OF-FREEDOM
PROPELLER
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Lun Zhao,* and Ruihua Ren*

Abstract

In this paper, a reverse thrust adsorption wall-climbing robot (WCR)
with multi-degree-of-freedom Propeller (WCRMP) is presented, from
a design development and experimental evaluation perspective. Two
symmetrical propeller discs, placed at the front and the rear side,
provide a stable driving force. The left and right control frames, with
multiple degrees of freedom, can adjust the position of the propeller
head, in the left and right direction and adjust the direction of
tension. The static characteristics of the WCRMP on the horizontal
plane and on the vertical wall are analysed and the balance
relationship, during the transition from the horizontal plane to the
vertical wall, is obtained. The aerodynamic characteristics of the
reverse thrust adsorption system of the WCRMP are analysed, using
the momentum inflow model and the Euler force balance theorem,
while the pressure distribution of the twin propellers is measured.
When the clearance between the propellers changes, the pressure
distribution, in the propeller rotation domain, will also change. The
adsorption force, obtained during the rotation of the twin propellers,
varies according to the position of the left and right control frames.
The adsorption experiments show that the WCRMP can switch
freely from the horizontal plane to the vertical wall, maintaining
stable adsorption. When the angle between the WCRMP and the
ground is 0° and the angle of the head of the front and rear propeller
is 90°, the tension reaches the maximum value, which verifies the
feasibility of the proposed driving control of the WCRMP. This
work demonstrates that the reverse thrust adsorption system may
potentially improve the flexibility and stability of WCRMPs.
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1. Introduction

Since their emergence in the 1960s [1], wall-climbing
robots (WCRs) have been widely used for industrial
tasks, like inspection of high-rise constructions, building
decontamination, glass exterior wall cleaning, inspections
of pipelines cracks, and ship hull detection [2]—[4], especially
in dangerous places, where traditional WCRs are hard to
access. It is believed that more attractive applications of
WCR, such as aircraft photovoltaic (PV) solar panels or
fuel tank cleaning, nuclear power facility inspection, and
interior space station maintenance, will be realised in the
near future, if WCRs with more flexible motion and stable
adsorption ability, are developed [5]—[7].

Significant effort has been dedicated to exploring
novel adhesion mechanisms, including vacuum or negative
pressure suction [8], reverse thrust [9], magnetic adsorption
[10], mechanical claws [11], microspine [12], bionic adhesion
[13], and tether-supported climbing methods [14], [15], all
depending on the material or the shape of the surface. Each
method has its advantages and disadvantages.

Vacuum negative pressure adsorption draws out the air
in the sucker, through the internal centrifugal fan system,
while the air at the bottom of the body is continuously
added to the fan system, forming the negative pressure in
the cavity. Depending on the pressure difference between
atmospheres, pressure is generated and the sucker is
pressed on the wall [16]-[18]. This adsorption method is
affected, to a great extent, by the roughness of the working
surface. In the case of uneven or obstructed wall surface,
leaks are easy to occur, resulting in insufficient negative
pressure and fall down. Moreover, the vacuum negative
pressure adsorption WCR load capacity is not strong.

WCRs that adopt the magnetic adsorption principle
will not suffer from air leakage and fall down, so



they are more reliable [19]-[21]. Magnetic adsorption is
divided into two types: permanent magnet adsorption
and electromagnetic adsorption, which rely on magnetic
force adsorption on ferromagnetic wall surface. Permanent
magnet adsorption is adsorbed on the wall surface by
its own magnetic materials, which has the advantages
of simple adsorption structure and large adsorption
force. It is mainly used to detect the inner and outer
surfaces of large metal vessels. Electromagnetic adsorption
uses the principle of electromagnetism, where magnetic
attraction adsorption is generated after electrical current
generation, whereas the magnetic force is adjusted by
changing the current intensity. The generated force is larger
than the magnetic force generated by permanent magnet
adsorption, but it also requires larger structure and high-
power consumption.

Mechanically generated bionic adsorption imitates the
characteristics of animal feet adsorbed on a wall surface,
which mainly includes dry and humid adsorption [22]-[24].
Moist adhesion uses mucus to adsorb on the wall. There
are mainly two forms of dry adsorption: The first form
mainly relies on the bristle of the animal’s organs for
adsorption on wall surface, without involving the secretion
of adhesive fluid. The other form of dry adhesion is claw
adhesion. Although the bionic adsorption in WCRs shows
strong adaptability, its application scope is limited by the
research cost of bionic materials and the low load capacity
of the robots.

All of these adhesion mechanisms require flat work
surface or more complex and large structure to provide
enough adsorption force applied on the wall, to drive
the WCR on a flexible and reliable motion path. The
application of WCRs is limited by stability issues and
low load capacity. Since the stable adsorption and simple
structure are of primary importance, efficient and highly
automated approaches, suitable for WCRs, need to be
further developed.

Generally speaking, the reverse thrust adhesion
method is more suitable for developing WCRs, due to its
reliable adhesion, low cost and low energy requirements.
According to the aerodynamic theory, reverse thrust
adsorption WCRs use propeller discs or ducted fans, to
generate appropriate thrust, to achieve wall adsorption
[25]-[27]. A pressure difference is formed, above and below
the propeller disc, through the propeller’s rotation, which
generates relatively stable thrust, so that the WCRs can be
reliably adsorbed on the wall. Since the thrust generation
device is not in contact with the wall, WCRs do not have
high requirements, as regards to the roughness of the wall.

Recently, some research work, on the reverse thrust
wall adsorption robots, has been reported. A robot named
‘EJBot’ was developed by Fanni et al. [28], which uses
a simultaneous hybrid actuation system, consisting of
propeller thrust forces and driving wheel torques. EJBot
can climb different kinds of surfaces, like exploring the
industrial vessels’ interiors, while performing an efficient
inspection task. The robot can cross over significant
obstacles of 40 mm height. Li et al. [29] presented a rotor-
propeller type WCR, where the model aircraft propeller
is used as the adsorption unit; the rotor platform has
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two degrees of freedom, one roll and one pitch and the
relationship between the wheel and the wall of the WCR
is analysed. Wei et al. [30] studied the aerodynamics of
the propeller. The aerodynamic simulation analysis of the
single rotor and the double rotor and the tensile test
experiment of the single propeller were carried out. The
conclusion was that the aerodynamic forces generated by
the two rotors are not linearly superimposed due to the
airflow interference, while the rotational speed of the rotors
and the distance between the rotor platforms all affect the
magnitude of the force. Bhaskar et al. [31] presented a wall-
climbing bi-copter with dual-axis servo-controlled tilting
propellers, where the attitude stabilising control law was
constructed according to the PID controller parameters
and the motion response was verified using the simulation.
It was established that the attitude control algorithm can
effectively achieve the attitude stability of the dual rotor
aircraft, as required for low speed operations.

All this work has contributed to a better understanding
of the adhesion techniques of the WCRs. The analysis of
many studies about the WCRs shows that, the existing
WCRs generally have problems, such as complicated
adsorption mechanism, insufficient adsorption force, weak
flexibility and stability on the vertical wall surface, as
well as weak load capacity. These issues indicate that the
adsorption capacity, the flexibility and the stability are the
most important elements.

In this paper, a reverse thrust adsorption WCR with
multi-degree-of-freedom propeller (WCRMP) with flexible
movement and stable adsorption is designed and tested.
The statics and motion characteristics of the WCRMP,
on the horizontal plane and on the vertical wall surface,
are analysed, while the balance relationship between the
movement, of the WCRMP, from the horizontal plane to
the vertical wall surface, is studied. In order to improve
the flexibility of the WCRMP, a propeller disc control
frame with multiple degrees of freedom is designed, able
to adjust the driving force direction of the WCRMP
freely. The aerodynamic characteristics of the WCRMP
are analysed. As the clearance between two propellers
changes, the pressure distribution in the propeller domain
will be directly affected. The tension, generated when the
propeller is rotating, will vary, depending on the position
of the control frame. The change of inclination angle of
the twin propellers will affect the adsorption force of the
WCRMP. Experiments show that the WCRMP can switch
freely from the horizontal plane to the vertical wall and
stable adsorption. At an angle of 0°, between the WCRMP
and the ground, while the angle of the head of the front and
rear propellers is 90°, the tension reaches the maximum
value. This study provides a useful guide to distinguish the
required adsorption force for the reverse thrust mechanisms
and undertakes the design and optimisation of the WCR.

2. Methodology
2.1 Structure of a WCRMP

The overall structure of the WCRMP consists of the robot
body, propeller head, propeller brushless motor, front wheel
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Figure 1. Overall structure of WCRMP.

Figure 2. Schematic diagram of propeller head rotation
with multiple degrees of freedom.

steering mechanism, steering gear, driving wheel, slave
wheel, wireless control module, as shown in Fig. 1.

In order to ensure that the WCRMP can move steadily
on the surface of a vertical wall, an oblique downward
thrust needs to be generated. Depending on the reaction
between the WCRMP and the wall, a pull against gravity is
developed. The propeller head of the WCRMP has multiple
degrees of freedom and can rotate 180° in four directions, as
shown in Fig. 2. The twin propellers head can ensure that,
when the tilt angle of the wall surface changes, the thrust
can still be adjusted, by adjusting the speed and angle
of the double brushless motor, so as to ensure the steady
motion of the WCRMP. Brushless motor using electronic
commutation instead of mechanical commutation, not only
has motor speed performance, but also small size and high
efficiency, with good start and timing performance.

2.2 Front Wheel Steering Mechanism
The steering mechanism of a WCRMP includes cardan

joint, steering gear, RC ball head, and connecting rod. The
controller sends signals to the Arduino main control board,
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to realise the control of the steering gear. The overall
control design scheme is shown in Fig. 3.

There is a steering gear on both sides of the front
wheel steering structure and steering is realised by driving
the connecting rod of the steering gear to drive the hub.
The steering mechanism is connected by multiple universal
joints, achieving light weight and high turning efficiency,
as it can realise fast turning motion on the plane and
vertical walls with high stability. The steering gear servos
have good speed control ability and anti-load disturbance
ability. A 3D schematic diagram of the front wheel steering
mechanism is illustrated in Fig. 4.

2.3 Principles of Adsorption and Motion of
WCRMP

When the WCRMP moves on the horizontal plane and on
the surface of the wall, it uses the reverse thrust, generated
by two brushless motors, to provide the climbing force.
Different motion modes can be realised by adjusting the
angle of the front and rear propellers, using the steering
gear. As the WCRMP moves from the ground to the wall,
it will go through three phases: ground forward, ground to
wall movement, and wall climbing. During the transition
from the ground to the wall, the front driving system of the
WCRMP moves the platform, so as to provide the upward
pulling force, while the back driving system provides the
forward driving force.

A schematic diagram of steering, driven by the front
steering gear of the WCRMP, is shown in Fig. 5. Usually,
the motion position of the WCRMP is adjusted by changing
the tilt angle of the power shaft, controlled by the front
and rear steering engines, followed by the adjustment
of the moving process of the WCRMP. At the time,
when the WCRMP approaches the wall, the power shaft
of the rotor, controlled by the front steering engine,
rotates 180°, creating an upward pull, parallel to the
climbing wall.

2.4 Analysis of Horizontal Plane Motion of
WCRMP

Considering the center of the two-wheel hub as the origin,
the force coordinates systems X;0:Y; and X30:Y> of
the WCRMPt are established, respectively. The horizontal
direction is the X -axis and the line normal to the horizontal
axis, passing through the origin, is the Y-axis. As shown
in Fig. 6, the static model of the WCRMP is established.
T,1 and T),» are the friction forces between the hub and
the adsorbed wall. F; and F5 are the reverse thrust forces,
generated by the front and rear brushless motors. The
direction of the reverse thrust is parallel to the main shaft
of the brushless motors. a; and «as are the inclination
angles of the front and rear brushless motors, namely, the
elevation angle between the rotor of the brushless motors
and the WCRMP; 3 is the inclination angle of the WCRMP
on the wall; G is the WCRMP’s gravity, r is the radius
of the hub; s is the wheel pitch; K; (i = 1, 2, 3, 4) is the
pressure exerted by the wall on each wheel.
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Figure 5. Steering diagram of the WCRMP.

When a WCRMP moves on a horizontal plane, there
is the following equilibrium relationship:

Flsinoq + FQSiDﬁ — Tﬂl — THQ =0
Ficosay + Ky + Ko + FycosB— G = 0

(1)
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As shown in Fig. 7, when the WCRMP moves to the
corner and is ready to climb, the relationship is as follows:

Twi+ Ty —Fn — f— fsinB + Fosina = 0
K+ Ko+ F) — G — Fycosa — feosB =0 (2)

Ge — sFycosa — fssina + sKo =0

Where a4+ = =n/2, the distance between O and
O; is c¢. The component of F, moving forward in the
horizontal direction is Fbsina, and the component of Fj
moving down in the vertical direction is Fhcosa. Fly is
the normal force acting on the wheel, f is the frictional
resistance.

As shown in Fig. 8, when the WCRMP has one wheel
on the wall and the other wheel on the horizontal plane, it
is a critical state:

Fysinp) — Ky — Frsinag — fcosay _ 0
+1,2 + Fosin By
Fycos By — Ty + Frcosay — fsinag _ 0 3)
—G + Fycos B + Ko
Frc+ Gesin ¢g — sT)0sing, _ 0
—slysin(f2 — ¢2)

Where a4 is the angle between the WCRMP plane and
the horizontal plane, F; is the lift force of the vertical plane
of the WCRMP, ; is the inclination angle of the front
wheel on the wall, 85 is the inclination angle of the rear
wheel on the ground, ¢; is the angle between the WCRMP
rear wheel motion direction and the horizontal plane,
and 9 is the angle between the motion direction of the
WCRMP front wheel and the vertical plane.



Figure 6. Force balance of the WCRMP in horizontal
motion.

Figure 7. Force balance of the WCRMP in a corner.
2.5 Analysis of Climbing Motion of WCRMP

When the WCRMP moves upward on the wall, the overall
force situation is shown in Fig. 9.

According to D’Alembert’ s principle of virtual work
and the force balance relationship, the force equation of
the WCRMP, as it moves on the wall, with any posture, is
as follows:

K1+ Ky — FicosfB— Fycosay

0

G — Fisin — Fosinag + 1)1 + 1o 0 )
F1 Sinﬁ+FQSiHOLA 7Ma+TM1 +TH2 =0
0

KsL — Fycosapy

Where M is the mass of the WCRMP, and L is the
radial distance of the wheel.

3. Results
3.1 Mechanical Analysis of WCRMP

Considering that the aerodynamic flow field, formed by
the high-speed rotation of twin propellers, will tilt the
WCRMP; it is analysed, in order to eliminate the influence
factors of the robot’s adsorption instability. As shown in
Fig. 10, when the airflow v enters the left and right control
frame, its entry speed is v., under the suction action of
the brushless motor. If the adsorption of the WCRMP is
stable at this time, the horizontal component of the airflow
will completely disappear, when working, whereas only the
reaction thrust remains to make the WCRMP, absorb to
the wall smoothly.
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Figure 8. Force balance of the WCRMP in the critical
state from ground to wall.

1
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Figure 9. Force balance of the WCRMP in a corner.

The airflow effect, around the propeller, is analysed,
using ANSYS software. The Euler model is adopted, setting
the rotational speed at 500 rpm/s and the time step at 0.01.
Figure 11 shows that, the speed changes in three directions
XYZ. The brushless motor simulation demonstrates that
the maximum value of the propeller is reached at some
point after startup, the overall distribution trend is uniform
and the lift power provided can also be used as the reverse
thrust. When momentum is converted into energy, the



Rear brushless |

s motor L g/,
a /o
/\ a
. /
5 , v
/ 7/
7/
o

Front brushless
motor

Figure 10. Schematic diagram of combined flow field from
brushless motor and propeller suction.

1eHB3

Residuds

1o ey
o —rs

— epsilon
1eH0
1601 \“
1e02 N
1e03 . ..... BT
1e04 =+ T

300 400 200 €60 70 W0 %0 1000

Iterations

0 100 200

Figure 11. Simulation convergence diagram of ANSYS.

0.00 250.00
125.00

500.00(mm)
37500

Figure 12. Grid diagram of propeller rotation domain.

brushless motor provides a flow opposite to the tension, in
order to generate thrust.

3.2 Analysis of Adsorption Properties for Twin
Propellers

The ANSYS fluent module is used to analyse and calculate
the pressure generated by the twin propellers. The twin
propellers model in the three-dimensional software CREO
is imported and the unstructured mesh is used to divide the
model. The simulation and test environments are ideal in
open space, ignoring the influence of wind. The simulation
geometry model parameters are introduced in Table 1.
When the clearance between propellers changes,
different pressure distributions can be derived, according
to the finite element grid diagram, generated by ANSY'S,
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Table 1
Geometric Parameters of the Simulation Model

Parameters Value
Relevance center Fine

Model speed 500 rpm/s
Air density 1.229 kg/m?
Time step 0.01

Rotor disk diameter |133 mm
Angle of rotor tilt 0°-90°
Number of propellers | 2

Coutours of Velocity Magnitude [m/s]
contour-1
V elocity Magnitude
1.56e+02
1.40e+02
1.25e+02
F 1.09e+02

- 9.36e+01

- 7.80e+01
- 6.24e+01
4.68e+01
3.12e+01
1.56e+01

0.00e+00
[m/s]

Figure 13. Cloud image of propeller velocity in the initial

state.

as shown in Fig. 12. The gas flow in the propeller is a
viscous type flow. As the Mach number at this position and
the thickness of the viscous boundary layer, during normal
operation, are different, the fluid pressure, corresponding
to its thrust, is also different. Due to the viscosity effect, the
tensile force changes, which affects the overall performance
of the WCRMP.

In the brushless motor system, the additional tension
of the brushless motor comes from the pressure difference
between the low-pressure region and the high-pressure
region, which is due to the change of the brushless
motor’s collecting flow. Due to the resistance moment
of the brushless motor on the propeller, propeller
tip vortices are suppressed and the viscous boundary
layers in the culvert interfere violently with each other,
which reduces the energy loss of the propeller wake
and improves its linear thrust performance. Figure 13
shows the propeller velocity cloud diagram in the initial
simulation state.

The airflow effect around the twin propellers is
analysed in ANSYS, considering the velocity of the
WCRMP at 500 rpm/s. As shown in Fig. 14, the
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Figure 15. Pressure diagram of front and rear propeller rotation domain.

illustrated velocity and pressure cloud maps correspond to
the twin propellers high speed rotation.

The force, as obtained during the rotation of the twin
propellers, varies according to the position of the control
frame. The streamline is set to 250, while the thrust inside
and around its edge is analysed based on fluid simulation.
The velocity flow, formed by the rotation of the propeller,
runs into the inlet surface and is rapidly compressed by
the twin propellers, to form a tension. The velocity flow
runs out, through the outlet surface. The two rotation
domains of the front and rear propellers of the WCRMP are
obtained by using Boolean operation, as shown in Fig. 15.
The maximum pressure of the propeller, in the rotation
domain, is 100 Pa and the minimum is —179 Pa.

As shown in Fig. 16, the inclination angles of the twin
propellers are set to 0°, 45°, 60°, and 90°, respectively.
When the tilt angle of the propeller changes, the distance
between the corresponding twin propellers axes also
changes. As the tilt angle of the propeller increases, the
distance between the two rotor shafts of the front and
rear propeller gradually decreases. As shown in Fig. 16(a),
when the rotor inclination angle of the current rear
propeller is 0°, the distance between the corresponding
rotor shafts is set at 500 mm and the rotor rotation
axes are parallel. As shown in Fig. 16(d), when the rotor
inclination angle of the front rear propeller is 90°, the
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rotation axes of the front and rear propeller rotors coincide.
Figure 16 shows the velocity volume cloud image of the
twin propellers of the WCRMP, at different inclination
angles.

Under the control of the main control board, the
front and rear propellers rotate counterclockwise. As the
inclination angle rises, the air flow of the front propellers
remains almost constant, whereas the rear propellers
are affected by the front propellers. The airflow from
the front propeller, flowing through the rear propeller,
causes a pressure difference on the upper surface of the
rear propeller, significantly reducing the adsorption force,
generated by the propeller. As shown in Fig. 16(b) and (c),
when the inclination angle of the front rotor is 45° and 60°,
the wake direction of the front propeller changes, under the
action of the rear propeller. As the propeller inclination
angle increases, the adsorption force of the WCRMP
gradually decreases.

4. Discussions

In order to wverify the accuracy of the theoretical
analysis and the function and effectiveness of the
system, a prototype of the twin propellers WCRMP
is developed, according to the proposed overall design
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Figure 16. Volume velocity change in front and rear propeller rotation domain: (a) inclination angle of the twin propellers is
0°; (b) inclination angle of the twin propellers is 45°; (c) inclination angle of the twin propellers is 60°; and (d) inclination

angle of the twin propellers is 90°.

scheme. The structure parameters of the WCRMP are
shown in Table 2.

The controller is realised by using the Blinker app
in the mobile phone, as shown in Fig. 17. It can control
the Internet of Things devices through the mobile phone,
mainly through Bluetooth, device sharing and speed
switching.

Experiments are carried out on horizontal plane and
inclined surface, at different angles, in order to analyse
the drive control stability of the WCRMP in the cases
of straight walking and turning motion. The WCRMP is
able to move directly from the ground horizontal level to
a sloping surface, at a small angle. When the inclination
angle gradually increases, to a certain extent, the motion
characteristics of the WCRMP will change, along with the
adsorption and driving forces. The motion of the WCRMP
on slopes of 30°, 45°, 60°, and 75° are illustrated in Fig. 18.

In order to measure the velocity of the WCRMP, a
distance of 1 m and 2 m is set on the horizontal and
vertical plane. The laser range finder (Victor 842B, Made
in China) is used to measure the distance, and the infrared
laser tachometer (Victor 6234P, Made in China) is used
to measure the rotation speed of the WCRMP wheel to
obtain the motion velocity, as shown in Fig. 19.
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Figure 17. Mobile phone controller app Blinker.

A distance of 1 m and 2 m is set on the horizontal plane
and vertical wall and each distance is measured 5 times.
The velocity data obtained on the horizontal plane and
on the vertical wall are shown in Tables 3 and 4. The



Table 2
The WCRMP structure parameters

Objects Parameter Unit
Dimensions 290%230x130 mm
Overall weight 0.9 kg
Propeller thrust 1220 G
(max)
Brushless DC motor 400 W
Battery 11.1 \Y
Propeller diameter 153 mm
Propeller number 2 —
Overall frame density 1230 kg/m?
(PLA printing)
Micro servo 4 (2 SG90 —
plastic, 2

MG996R metal)
Electronic speed 20 A
controller

Figure 18. WCRMP motion on slopes of 30°, 45°, 60°,
and 75°.

listings show that the average velocity along the 1 m and
2 m distance on the horizontal plane is 0.354 m/s and
0.351 m/s, respectively, while the average velocity along
the 1 m and 2 m distance on the vertical wall is 0.075 m/s
and 0.086 m/s, respectively.

To obtain the rotor reverse thrust, a thrust measuring
device, including a force gauge (Victor 50, Made in China),
a paddle, a brushless DC motor, an electronic speed
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Figure 19. Measurement of WCRMP motion.

Table 3
Velocity Measurement of a WCRMP on the Horizontal
Plane
Distance | Times Rotation | Velocity | Average
(m) Speed (rpm) | (m/s) | Velocity
(ms)
1 1 53 0.360 0.354
2 51 0.347
3 54 0.367
4 55 0.354
5 50 0.340
2 1 52 0.354 0.356
2 52 0.354
3 51 0.347
4 53 0.360
5 54 0.367

controller, a signal receiver, and a lithium battery, is
developed to measure the horizontal reverse thrust.

As shown in Table 5, with the increase of current, the
reverse thrust also increases gradually. When the current
is increased to 30 A, the maximum reverse thrust is 15.1 N.
Therefore, the WCRMP can provide a reverse thrust of
about 30 N.



Table 4
Velocity Measurement of a WCRMP on the Vertical Wall

Distance | Times Rotation | Velocity | Average
(m) Speed (rpm) | (m/s) | Velocity
(m/s)
1 1 10 0.068 0.075
2 11 0.075
3 9 0.061
4 12 0.082
5 13 0.088
2 1 12 0.082 0.086
2 10 0.068
3 13 0.088
4 14 0.095
5 14 0.095

Table 5
Propeller Reverse Thrust Measurement

Current (A) |0 5 |10 15| 20 | 25 | 30
Pull size (N)|0|3.1/6.8(8.9(11.5[13.6|15.1

g

153mm Paddle

Figure 20. Tension measurement of WCRMP.

Table 6
The Roughness Values of Different Walls

Painted Wall
2.853

Concrete Wall
6.168

Materials

Roughness (um)

The climbing motion experiment is carried out on a
vertical wall and the WCRMP is controlled to move on a
straight line on the wall, as shown in Fig. 21.

To test the WCRMP’s wall adaptability, two different
types of vertical walls (concrete wall and painted wall)
are selected for testing, as shown in Fig. 22. The wall
roughness data is shown in Table 6.

When the current is 20 A, WCRMP is compared and
analysed in different concrete wall and painted wall from
the aspects of roughness, thrust, and speed, as shown in
Table 7. It can be seen that under the same current,
the speed of the WCRMP is higher when the concrete

Figure 21. Wall climbing movement of WCRMP: (a) initial
motion state; and (b)—(d) as the thrust increases, the
WCRMP begins to move upward.

(a) (b)

Figure 22. Experimental tests on walls with different
roughnesses: (a) concrete wall and (b) painted wall.

Table 7
Comparative analysis of WCRMP on different walls
Wall type Pull |Roughness| Velocity
Parameters Size (N) (pm) (m/s)
Concrete wall 10.95 6.168 0.085
Painted wall 10.94 2.853 0.063

wall is applied than when the painted wall is applied.
The reason is that the friction of the concrete wall is
larger, the slip rate of the wheels is low, the thrust
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loss provided by the propeller is less, and the movement
efficiency of the WCRMP is high, which improves the
moving speed.

5. Conclusion

In this paper, a multi-degree-of-freedom propeller WCRMP
with reverse thrust adsorption is designed, developed,
and tested. The static model is established and the
velocity streamline of the propeller is analysed, using
the momentum inflow model and blade element theory.
The control mechanism of the WCRMP and the speed
and pressure characteristics of the twin propellers are
studied theoretically and experimentally. Based on the
analysis of the static characteristics of the WCRMP, the
kinematic balance relationship of the WCRMP motion,
on the ground, during the ground-wall transition and on
the wall, is obtained. The left and right control frames
with multiple degrees of freedom are designed, so as to be
able to adjust the fixed position of the brushless motor
in the front and rear directions, followed by adjustment of
the tension direction. The aerodynamic characteristics of
the WCRMP system are analysed, using the momentum
inflow model and the Euler force balance theorem, whereas
the pressure distribution of the twin propellers is obtained.
The maximum pressure in the propeller rotation domain
is 100 Pa and the minimum value is —179 Pa. As the
clearance between the propellers changes, different pressure
distributions develop. In case the twin propellers rotate,
the magnitude of the force varies, according to the position
of the control frame. The change of inclination angle of
the twin propellers of the WCRMP affects the adsorption
force. The climbing experiment of the WCRMP on a small
slope and the 90° stable adsorption experiment verify the
feasibility of a stable robot motion on the vertical wall.
The WCRMP can stably adsorb and move on the vertical
wall.
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