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Abstract. A rope-climbing robot (RCR) can reciprocate on a rope. To address the problems of poor load ca-
pacity and adaptability of the existing RCR, this study designs a dual-rope crawler type RCR, which can be used
as a new type of transportation equipment in hilly, mountainous, and plateau areas. The crawler rope-climbing
mechanism is a combination of a chain drive and the rope-climbing foot. Innovatively applying the parabolic
theory of overhead rope to kinematically analyze the rope-climbing robot system, the robot motion trajectory
model and the tilt angle equation are established. To establish the safe working interval of the rope-climbing
robot, the influence of machine load and rope span on robot tilt angle is compared. Furthermore, research on the
dynamic characteristics of the rope-climbing robot is carried out, establishing a time-varying system model of
the dynamic tension of the rope in the rope-climbing robot system and analyzing the effects of speed and load
on the dynamic tension of the rope and system stability. Finally, the prototype test results show that the RCR
operates stably and has good load capacity and barrier-crossing capability.

1 Introduction

The main constraint on the development of hilly, mountain-
ous, and plateau areas is the traffic limitation caused by the
terrain, and thus the development of intelligent transporta-
tion equipment is an important force to help the development
of hilly, mountainous, and plateau areas. The rope-climbing
robot (RCR) is a transportation carrier that can reciprocate on
a rope, which can effectively overcome the impact of com-
plex terrain. RCRs have the advantages of simple equipment
maintenance, high transportation efficiency, and high relia-
bility, which can be widely used in agricultural transporta-
tion and equipment transportation in hilly, mountainous, and
plateau terrain. Furthermore, RCRs can also be expanded to
be applied in the fields of disaster rescue and power cable in-
spection (Küçük et al., 2022; Boufares et al., 2022; Qin et al.,
2022). The rope-climbing mechanism is the key part of the
RCR design. According to the kind of rope-climbing mech-

anism, the existing RCRs can be divided into friction wheel
type (Tang et al., 2022; Yoo et al., 2021), leg type (Chen et
al., 2023; Fu et al., 2022; Yu et al., 2021), roller type (Fakhari
and Mostashfi, 2019; Yue et al., 2017), and continuous type
(Li et al., 2019; Zheng and Ding, 2019; Cho et al., 2017).
The friction wheel type RCR is based on the Hertzian con-
tact model which is mainly used for aerial work and rescue.
Through the frictional contact action of the automatic fric-
tion wheel and the rope, it realizes the automatic lifting and
lowering on the vertical upright surface. The leg type RCR
which is based on the bionic principle to imitate the climbing
of apes has good adaptability to the size of the rope and the
environment but has poor load-bearing capacity. The roller
type RCR is based on the friction drive between the roller
surface and the rope and has a fast travel speed, but the re-
quirements for the rope environment are high. The continu-
ous type RCR is based on the continuous rolling mechanism
of a friction drive and has a smooth operation. Moreover, the
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Figure 1. Rope-climbing robot crawler mechanism.

continuous type RCR has high structural requirements, and
the load capacity is closely related to the friction drive inter-
face. Yue et al. (2017) established the quasi-static model of
the RCR and the contact mechanics of the wheels to further
investigate the climbing ability of robots with different wheel
structures and different attitudes. Xiao et al. (2018) designed
a new RCR with four arms and established the robot kine-
matic equations based on human tree-climbing bionics and
then analyzed the climbing ability and obstacle-crossing abil-
ity to verify the feasibility of the mechanism design. Jiang
et al. (2019) proposed a robust stabilization control method
for RCR by dynamically controlling the clamping force in
the jaws of the robot’s dual arms. Cai et al. (2023) pro-
pose a robust concurrent topology optimization method by
considering dynamic load uncertainty based on the bidirec-
tional evolutionary structural optimization method. Chao et
al. (2023) designed a walking fixture mechanism for RCR
to achieve stable locomotion and obstacle-crossing capabili-
ties. Therefore, the structural design of RCR is an important
research direction, which is the prerequisite for the stable op-
eration of robots. Guo et al. (2018) used the energy method
and the equivalent constant method to establish the dynamic
tension and deformation of ropes during the lifting process
of the mine friction hoist system. Ghen et al. (2018) estab-
lished a coupling model, while RCR is detached from the
rope, based on the lateral vibration model of the rope and
the physical structure of the robot. Alhassan et al. (2019)
used a Lagrange equation to establish the robot-rope cou-
pling mechanism and to investigate the effect of wind on the
system. Marta (2021) established a dynamic tension calcu-
lation method for multi-span cableway ropes based on nu-
merical analysis. Ma et al. (2023) presented a self-optimized
artificial neural network methodology as an endeavor to dis-
cover more accurate and robust models which can simulate
the interaction process between complex geometries. How-
ever, in order to solve the transportation problems in hilly,
mountainous, and plateau complex terrains, it is necessary to
develop a rope-climbing robot with high adaptability, good
load-carrying capacity, and high stability. Meanwhile, the
kinematics and stability of rope-climbing robots should be
studied and analyzed to better adapt to the demand of engi-
neering application of rope-climbing robots.

Figure 2. Structure of the rope-climbing mechanism and the rope-
climbing foot.

In this study, a dual-rope crawler RCR that can reciprocate
on the rope was designed based on the principle of a contin-
uous rope-climbing mechanism. The crawler rope-climbing
mechanism consists of a combination of a chain drive and
the rope-climbing foot. The RCR engineering prototype was
produced and the field tested. The RCR motion trajectory and
the robot tilt angle are studied during robot operation based
on the overhead rope parabolic theory. The YOLOv5 algo-
rithm was used to complete the identification of the robot
prototype trajectory to verify the accuracy of the robot mo-
tion trajectory equations under different load cases. The ef-
fect of load and span on the tilt angle of the robot was in-
vestigated. A safe working space for the rope-climbing robot
was established based on a robot tilt angle of less than 10◦.
A time-varying system model of the dynamic tension of the
rope in the rope-climbing robot system was established, and
the effects of the robot-operating speed and load conditions
on the system stability were investigated further.

2 Design of the dual-rope crawler rope-climbing
robot

2.1 Design of the crawler type rope-climbing mechanism

The chain drive as a motion mechanism has good adaptabil-
ity, expandability, and high efficiency of motion. As shown
in Fig. 1, a chain with lugs mounts the rope-climbing foot
as the crawler mechanism that moves to the rope. Guide
wheels are installed on the frame at both ends to form
a stable rope-climbing interval. The rope-climbing inter-
val is installed with upper and lower crawler rope-climbing
mechanisms, while the rope passes through the middle. The
crawler rope-climbing mechanism is equipped with a chain-
tensioning device, which reduces the vibration of the chain
drive and serves as the chain-guiding crawler between rope-
climbing intervals. The upper chain-tensioning device con-
verts the self-weight of the machine into a compression force
to make the rope-climbing foot press against the rope. The
lower chain-tensioning device can be adjusted with bolts.
Therefore, a good friction transmission interface is formed
between the rope-climbing foot and the rope in the rope-
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climbing interval. The movement of the RCR along the rope
direction is realized by synchronously driving the chains in
the upper and lower crawler rope-climbing mechanisms.

The load capacity of the robot is closely related to the
friction force generated at the friction interface between the
rope-climbing foot and the rope. From classical friction me-
chanics, it is known that the friction force is related to the
friction surface pressure and the coefficient of friction:

f = µ
(
G+Fpress

)
, (1)

where µ is the coefficient of friction between the rope-
climbing foot and the rope, G is the sum of the gravity of
the robot and the load, and Fpress is the clamping force pro-
vided by the pressing mechanism.

The driving force of the rope-climbing robot is the reac-
tion force of the static friction between the rope-climbing
foot and the rope, so the maximum static friction determines
the maximum driving force of the rope-climbing robot. The
rope-climbing foot uses rubber material whose contact sur-
face with the wire rope is the Hertzian contact, so the maxi-
mum static friction can be increased in the form of increas-
ing the contact area. The rope is made of a steel cable with
a core, and the contoured cross section can be regarded as
circular. The contact area between the planar-shaped crawler
and the rope is small, so the circular rope-climbing foot struc-
ture is designed as shown in Fig. 2. Expand the contact area
between the rope-climbing foot and the rope to improve the
overall load capacity of the robot.

2.2 Design of the RCR mechanism

The majority of the existing RCRs adopt the form of a sin-
gle rope plus a protection rope, which is prone to tilt and
derailment during operation. This study designs a dual rope-
crawling climbing robot with double guide ropes based on
the crawling rope-climbing mechanism, which ensures the
balance and stability of the robot while climbing. The mech-
anism principle of the robot is shown in Fig. 3, and the de-
tailed structure of the robot is shown in Fig. 4. The output
shaft of motor 1 is connected to the dual-output reducer 2 for
speed reduction. The output of the reducer, the active sprock-
ets 4 and 5, and the gear 3 are located on shaft 7. The active
sprockets 4’ and 5’ and the gear 3’ are located on shaft 7’.
The transmission between shaft 7 and shaft 7’ is carried out
through the gears 3 and 3’, which realizes the synchronous
reverse rotation of the active sprockets 4 and 5 and the active
sprockets 4’ and 5’. Thus, the rope-climbing mechanism of
the robot crawler is synchronized.

3 Analysis of the motion trajectory and tilt angle of
the RCR

3.1 Analysis of the motion trajectory of the RCR

The RCR moves repeatedly along the overhead ropes. The
overhead rope is divided into two forms, equal height pivot
fixed and unequal height pivot fixed; however, their system
mechanics analysis principle is the same. The double ropes
in the system are considered a single rope for analysis. Sup-
pose the load of the rope is uniformly distributed along the
horizontal direction and the uniform load in the horizontal di-
rection is q,q = w

l0
. Then, the parabolic equation of the rope

without load with the left pivot point as the origin can be
obtained as follows:

y = xtgα−
4s(l0− x)x

l0
, (2)

where w is the mass of the rope, l0 is the horizontal span
distance of two fixed pivot points, q is the rope horizontal
direction uniform load, α is the tilt angle of the two fixed
pivot points, f0 is the disturbance of the rope’s midpoint, and
s =

f0
l0

.
Then the length of the rope between the two fixed pivot

points can be obtained as

L=

∫ l0

0

√
1+

(
dy
dx

)2

dx =
∫ l0

0

√
1+

{
tanα−

4s
l0

}2

,

dx ∼= l0 sec α
(

1+
8
3
s2cos4α

)
. (3)

When the robot crawls on the rope, the robot is considered
to act as a concentrated load on the overhead rope, and its
motion trajectory is related to the ratio of robot load P to
rope self-weight W .

As shown in Fig. 5, when the ratio of robot load P to rope
self-weight W is infinitesimal, its trajectory can be regarded
as a parabola; when the ratio of robot load P to rope self-
weight W is infinite, its trajectory can be regarded as an el-
lipse with A and B as the focal points. However, under the
actual working condition, the value of the ratio of robot load
P to rope self-weight W is between 0.1 and 3.0, where the
above two cases do not exist, so the trajectory is between the
ellipse and parabola.

When the RCR is operating, it is equivalent to a concen-
trated load acting on the overhead rope. The linearity of the
overhead rope is shown in Fig. 5a, and the AC section and the
BC section are two parabolic curves. T is the rope tension,
H is the rope horizontal tension, and V is the rope vertical
tension. As shown in Fig. 5b, the x–A–y coordinate system
is established with the fixed pivot point A as the origin, and
the separation is intercepted from a point near the A end of
the AC section for analysis. Similarly, the separation is inter-
cepted from a point near the B end of the BC section for anal-
ysis in the X–B–Y coordinate system, as shown in Fig. 5c.
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Figure 3. Mechanism principle of RCRs.

Figure 4. Structure of RCRs.

The equation of the curve of the AC section is

y = x tan α−
ql0 {1+ 2n (1− k)}x− qx2

2H
. (4)

The equation of the curve of the BC section is

Y =X tan α−
ql0 {1+ 2nk}X− qX2

2H
, (5)

where x = kl0 is the AC section and X = (1− kl0) is the BC
section.

Assume that the rope does not elongate before and after
the robot operation. The length of the rope where there is
self-weight is L, the length of the AC rope where the robot
works is L1, and the length of the BC rope where the robot

works is L2. We obtain the following equation.

L= L1+L2 = l0 sec α
(

1+
8
3
s2cos4α

)
(6)

L1 =

∫ kl0

0

√
1+

(
dy
dx

)2

dx (7)

L2 =

∫ (1−k)l0

0

√
1+

(
dY
dX

)2

dx (8)

Let x = kl0 be the horizontal coordinate of the robot at a cer-
tain position, and the trajectory equation of the robot can be
obtained from Eqs. (5), (6), (7), (8), and (9).

y = x tan α−
4sl0 (1+ 2n)

(
x
l0
−
x2

l20

)
√

1+ 12
(
n+ n2

)(
x
l0
−
x2

l20

) (9)
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Figure 5. Analysis of the system during the operation of the robot.

Figure 6. Static mechanical analysis of the RCR.

3.2 Analysis of static mechanics and tilt angles of the
RCR

As shown in Fig. 6, the RCR is suspended from the rope by
the guide wheel, and the O1O2 linear rope-climbing inter-
val is formed between the guide wheels. Considering that the
guide wheel is the slave and its friction is minimal compared
to the whole machine drive, it can be neglected. The drape
curve of the rope under the action of its weight q and trav-
elling load G consists of AO2, O1B, two parabolas, and an
O1O2 straight line. Furthermore, in the RCR and the hori-
zontal direction, there is an inclination angle β, an O1B sec-
tion of rope, O1 rope tension T1, the horizontal direction in-
clination angle γ , AO2, a section of rope O2, rope tension
T2, and the horizontal direction inclination angle ω.

The coordinate systemX–O–Y is established with the hor-
izontal direction X and the vertical direction Y at the center

Table 1. Parameters of the rope tension.

Maximum Maximum The maximum
static dynamic value of dynamic

Location tension tension tension
(N – Newton) (N) fluctuation (N)

A 1586 2115 1366
B 1759 2144 1340

O of the RCR. The rope force on the robot in the O1O2 lin-
ear rope-climbing area is along the I–I direction, and the
rope tension T1 on both sides of the guide wheelO1 is equal.
The combined force isN1, the tension T2 on both sides of the
guide wheel O2 is equal, and the combined force is N2.

When the RCR is in equilibrium, T1 = T2, θ = δ, the com-
bined force of N1 and N2 is along the I–I direction, and
the RCR tends to move along the ‖ − ‖ direction. This is
obtained according to the parabolic theory of the overhead
ropes.

The angle γ of the RCR and rope O1B is

tanγ =
q

2H
(l0− 2x)+

P

Hl0
(l0− x)− tan α. (10)

The angle ω of the RCR and rope AO2 is

tanω =
q

2H
(2x− l0)+

P

Hl0
x+ tan α. (11)

Because the inclination angle β of the RCR is small, it can
be approximated by the equation

β = arctan
(

tanγ − tanω
2

)
= arctan

[
tanα+

(2x− l0)
2H

(
P

l0
+ q

)]
. (12)

The RCR is based on the frictional drive motion of the rope-
climbing foot and the rope. The frictional force is related to
the robot load and the robot tilt angle β, where the RCR drive
force F should satisfy

P sinβ < F < µ
(
P cosβ +Fpress

)
. (13)

When F < P sinβ, the RCR cannot move; when F >

µ
(
P cosβ +Fpress

)
, the RCR will slip.

The tilt angle of the RCR is related to the location of the
RCR and the ratio of robot load to rope self-weight, which
impacts the motion performance of the rope-climbing robot.
Based on the prototype rope-climbing robot and platform pa-
rameters in Table 2, and according to the parabolic theory of
the overhead rope, the tangent value of the theoretical incli-
nation angle of the RCR under no load, 40 kg load, and 80 kg
load can be obtained as shown in Fig. 7. From the robot tilt
angle a change can be seen when the rope-climbing robot
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Figure 7. Title angle of RCR.

Figure 8. Analysis of the RCR tilt angle.

is close to the fixed pivot point at both ends of the rope, the
value of robot tilt angle β is the largest, and the required robot
drive power is the largest. Comparing the angle of change in
robot inclination for different loads in Fig. 8, the change val-
ues of robot inclination under a 40 kg load and an 80 kg load
and robot inclination in the robot self-weight case can be ob-
tained. The rope-climbing robot load case has less influence
on the rope-climbing robot inclination in the middle part of
the rope and has more influence when it is near the fixed
pivot points at both ends of the rope. Comparing the robot
inclination changes at span distances of 15, 30, and 45 m in
Fig. 9, with increasing span distance, the inclination maxi-
mum decreases and the inclination changes become slower.
Through the tilt angle change process and the change in tilt
angle under load, the RCR in engineering applications should
be considered a reasonable safe working space that should be

avoided near the rope fixed pivot point area. Establish a tilt
angle of less than 10◦ for the rope-climbing robot safe work-
ing space.

4 Analysis of rope dynamic tension

4.1 Theory of dynamic tension of ropes

During RCR motion, the tension of the rope is an important
indicator of the stability and safety for the system. The dy-
namics of the rope-climbing robot system is carried out to
analyze the dynamic tension of the rope. The double ropes
in the system are mainly for maintaining the balance of the
robot. To emphasize the influence on the rope tension dur-
ing the robot motion, the simplified system treats the double
ropes as a single rope for analysis. As shown in Fig. 10, the
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Figure 9. Safe working area of the RCR.

Table 2. Parameters of the prototype and test platform.

Rope-climbing Self-weight (kg) 43
robot prototype Chain model 08B single row chain

Rope-climbing foot material Nitrile rubber

Rope parameters Material Wire rope
Diameter 14
Mass per meter of rope (kg m−1) 0.688
Elastic modulus (Mpa) 105
Horizontal span (mm) 1500
Length (mm) 1525

Movement Acceleration (mm s−2) 10
parameters Speed (mm s−2) 100, 80, 75

Figure 10. Acceleration and velocity curves.

RCR moves along the rope according to the law of “acceler-
ation (a1) (0− t1) – uniform speed (v0) (t1− t2) – decelera-
tion (a2) (t2− t3)”, only considers the influence of the RCR
movement on the rope tension, and makes the following as-
sumptions.

1. Ignore the vibration of the rope under the external dis-
turbance.

2. Ignore the rope bending and torsional stiffness of the
impact.

3. Ignore the effects of system damping and friction.

The mass of one-third of the rope is accounted for in the
weight of the robot by the Rayleigh method, thus saving the
rope as a massless elastomer. Taking the ropes on the left-
and right-hand sides of the RCR as the object of study, the
time-varying model of the dynamic tension at the fixed pivot
points A and B is established.
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Figure 11. Time-varying system model of the dynamic tension of the rope at A.

T̈A

{
= EA

m+
ρL
3

m+
ρl1(t)

3

g
cosω

sin(ω+ γ )
+EAa

−

[
EA

m+ ρl1(t)
3

cosω
sin(ω+ γ )

+ a

]
TA

−2
∫ t

0
at dt ṪA/l1 (t)

}
(14)

T̈B =

{
EA

m+ ρL
3

m+ ρl2(t)
3

g
cosγ

sin(ω+ γ )
−EAa

−

[
EA

m+ ρl2(t)
3

cosγ
sin(ω+ γ )

− a

]
TB

+2
∫ t

0
at dt ṪB

}
/l2 (t) (15)

TA and TB are the tension at two points of A and B, E is
the modulus of elasticity of the rope, A is the cross-sectional
area of the rope, m is the mass of the robot and the load, g
is the acceleration of gravity, a is the acceleration, v is the
running velocity of the robot, l1 (t) , l2 (t) is the length of the
rope at the left and right ends of the robot, L is the length of
the rope, and t is the time.

From Eqs. (15) and (16), rope tensions at points A and B
of the rope are both significant time-varying systems, and the

time-varying models at points A and B are established using
MATLAB/Simulink, as shown in Fig. 11 (take the example
of point A).

Example analysis was performed based on the prototype
rope-climbing robot and platform parameters in Table 2. The
analysis is carried out with the rope-climbing robot under
self-weight, an acceleration of 10 mm s−2, a maximum robot
speed of 100 mm s−2, an acceleration and deceleration time
of 10 s, and a moving displacement of 1500 mm along the
rope. From Fig. 12, at A of the rope, the maximum static ten-
sion value is 1586 N, the maximum dynamic tension value is
2115 N, and the maximum value of dynamic tension fluctu-
ation is 1366 N. At B of the rope, the maximum static ten-
sion value is 1579 N, the maximum dynamic tension value is
2144 N, and the maximum value of dynamic tension fluctu-
ation is 1340 N. The results show that the maximum tension
of the rope reaches its maximum at the middle position, and
the rope tension does not produce significant changes due to
the process of acceleration change.

4.2 Simulation results of the rope dynamic tension

In order to research the stability of the rope-climbing robot
system under different speeds of the rope-climbing robot,
the rope tension changes under the speeds of 75, 80, and
100 mm s−1 are compared. From Fig. 13, it can be seen that
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Figure 12. Rope dynamic tension.

the maximum value of dynamic tension and the maximum
value of dynamic tension fluctuation at fixed pivot A of rope
increases with the increase in speed.

In order to research the influence of the load condition of
the rope-climbing robot system on the stability of the sys-
tem, we compare the rope tension variation when the robot
is running at 100 mm s−1 under self-weight, 40 kg load, and
80 kg load conditions. From Fig. 14, it can be seen that the
rope tension increases with the increase in load, and the max-
imum value of the dynamic tension fluctuation increases with
the increase in load.

5 Development and analysis of RCR prototypes

5.1 Development and testing of RCR prototypes

In order to test the performance of the rope-climbing robot
and to carry out further research, we developed a RCR proto-
type. The prototype uses 86 hybrid stepper motors, the pro-

totype weighs 43 kg and uses 14 mm diameter wire rope to
build a platform with a horizontal span of 1500 mm as shown
in Fig. 15, and the main technical parameters of the system
are shown in Table 1.

The RCR reciprocates along the rope, with the RCR mov-
ing from a fixed pivot point of the rope to another fixed
pivot point with the side of the output shaft of the reducer
in the positive direction. The test results show that the max-
imum no-load speed of the RCR is 115.8 mm s−1 in the for-
ward direction and 104.7 mm s−1 in the reverse direction of
the RCR.

The load capacity of the RCR is an important index for
evaluating the RCR. This study tested the movement effect of
the RCR under the weights of 20, 40, 60, and 80 kg, respec-
tively. It is found that the RCR runs stably under an 80 kg
load; however, after exceeding 80 kg, it runs stably in the po-
sition of a gentle inclination, and when the RCR is near the
position of the fixed pivot points at both ends of the rope, the
robot will slip when the inclination is large.
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Figure 13. Dynamic tension of the rope at A with different speeds.

The rope will form certain obstacles on the surface of the
rope due to rust and external factors. Obstacle segments of
different diameters are set on the rope to test the ability of
the robot to cross obstacles. The RCR prototype designed
in this study grasps the rope foot inner-circle diameter of

14 mm. The test results found that the obstacle diameter is
less than 17 mm and that the RCR can cross normally; how-
ever, when the obstacle diameter is 17–17.5 mm, the RCR
does not pass smoothly, and when the obstacle diameter is
greater than 17.5 mm, the RCR cannot pass.
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Figure 14. Dynamic tension of the rope at A with different loads.

Figure 15. RCR prototype and test platform.

5.2 Analysis of motion trajectory of the RCR

The YOLOv5 algorithm was used to obtain the trajectory of
the rope-climbing robot based on the principle of monocu-
lar recognition to verify the accuracy of the parabolic the-
ory to calculate the trajectory. The motion trajectory was
recorded using a Sony NEX-5N micro-single camera with
a Sony E 18–55 mm f /3.5–5.6 OSS (SEL1855) lens. During
the test, the calibration of the camera internal reference and
the camera external reference was firstly completed based
on Zhang’s calibration method. The YOLOv5 algorithm is a
single-stage target detection algorithm. As shown in Fig. 18,
the center point of the recognition frame of the rope-climbing
robot is regarded as the center position of the robot, the
lower-left corner of the recognition screen is the origin of
the Cartesian coordinate system, and the Euclidean distance
between the two points of the algorithm recognition center
and the manual anchor frame center is taken as the recog-
nition accuracy of the algorithm. The test results show that
the average Euclidean distance is 1.2962 mm and the maxi-

mum distance is 2.3212 mm during the forward and reverse
motions of the robot with an 80 kg load.

The repeated motion trajectory of the RCR with self-
weight, a 40 kg load, and an 80 kg load is shown in Fig. 19.
Furthermore, bringing Table 1 parameters into Eq. (10), we
calculated the theoretical motion trajectory of the RCR with
self-weight, a 40 kg load, and an 80 kg load. Using the dif-
ference between the actual trajectory and the theoretical tra-
jectory within 10 mm as the reference basis, analyze the mo-
tion trajectory identified by the YOLOv5 algorithm and the
theoretical motion trajectory. From Fig. 20, the maximum er-
ror of the rope-climbing robot trajectory in the case of self-
weight is 31.39 mm in the forward direction and 56.33 mm
in the reverse direction, and the difference between the ac-
tual trajectory and the theoretical trajectory within 10 mm
is 73.39 % in the forward direction and 52.54 % in the re-
verse direction. The maximum error in the case of 40 kg is
31.10 mm in the forward direction and 30.70 mm in the re-
verse direction, and the difference between the actual trajec-
tory and the theoretical trajectory within 10 mm is 48.29 %
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Figure 16. RCR load capacity test.

Figure 17. RCR over the barrier test.

Figure 18. Identifying and marking the RCR by the YOLOv5 algorithm.

in the forward direction and 64.22 % in the reverse direc-
tion. The maximum error in the case of 80 kg is 31.46 mm in
the forward direction and 42.45 mm in the reverse direction.
The difference between the actual trajectory and the theoret-
ical trajectory within 10 mm is 50 % in the forward direction
and 58.53 % in the reverse direction. So, the maximum er-
ror between the trajectory and the overhead rope parabolic
theory trajectory under different loads is 56.33 mm, and the
difference between the actual trajectory and the theoretical
trajectory within 10 mm is more than 48.29 %, so the motion
trajectory of the RCR is in line with the motion trajectory
calculated based on the overhead rope parabolic theory.

6 Conclusions

This study innovatively designs a dual-rope crawler RCR
with a continuous rope-climbing mechanism in order to solve
the problem of poor load capacity and poor adaptability of
the existing RCR, which can reciprocate along the rope.
The tracked rope-climbing mechanism is a combination of
a chain drive and the rope-climbing foot. The rope-climbing
mechanism utilizes a chain drive to achieve continuous rope-
climbing movement. This study establishes the trajectory
equation and tilt angle equation of the rope-climbing robot
based on the parabolic theory of overhead rope, which is used
to carry out the research on the kinematic characteristics of
the rope-climbing robot. The effects of load and rope span on
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Figure 19. The trajectory recognition by the YOLOv5 algorithm and the trajectory based on the overhead rope parabolic theory.

Figure 20. RCR trajectory analysis.

the tilt angle of the robot are further analyzed. According to
the change in the tilt angle of the robot, it is set that the tilt
angle of the robot is less than 10◦ as the safe working inter-
val of the RCR. This study develops a time-varying system
model of the dynamic tension of the rope in the rope robot
system, which is used to carry out the study of the dynamic
characteristics of the rope-climbing robot system. The effects
of speed and load conditions on the dynamic tension of the
rope during the operation of the rope-climbing robot are fur-
ther analyzed. The prototype rope-climbing robot is tested
and experimented. The fastest speed of the RCR reaches
115.8 mm s−1, and it can still operate stably under a load of

80 kg. The RCR can stably traverse obstacles with a diame-
ter of less than 17 mm. The difference between the theoreti-
cal trajectories of the rope-climbing robot and the trajectories
recognized by the YOLOv5 algorithm under different loads
is analyzed, which verifies the validity of the parabolic theory
of overhead ropes in the analysis of the dynamic characteris-
tics of the system.

Future work will include the following: (a) research on the
relationship of the RCR driving force with the friction mech-
anism of the rope-climbing mechanism and rope surface, to-
gether with further completion of the optimized design of
the RCR; and (b) research on the dynamic characteristic re-
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sponse and stability of the RCR system in the case of lateral
wind excitation and a sudden drop in cargo.
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