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Abstract The rope-climbing robot that can cling to a rope for locomotion has been a
popular equipment for some inspection applications due to its high flexibility. In this study, a
modular rope-climbing robot with the finger-wheeled mechanism is proposed. Due to the ingen-
ious finger-wheeled mechanism and the modular structure, the robot can achieve smooth and
quick movement and good capability of obstacle-crossing on the rope and has a high adaptabil-
ity for different rope environments. On the basis of introducing the robot mechanism, the geo-
metric definitions and descriptions that can present the robot configuration and position relative
to the rope are established. Aiming at three typical states during obstacle-crossing, the geomet-
ric and force analysis is performed to establish the constraint equations for the robot, and then
the simulation is carried out with the optimization calculating method to solve the geometric
variables and external forces of the robot that can be used for the robot design work. Finally,
the robot prototype is developed based on the design and analysis work, and the experiment is
conducted to verify the performance of the robot.

1. Introduction

A rope-climbing robot is one kind of the mobile robot that can cling to a rope for locomotion.
Compared with the pole-climbing robot [1, 2] and wall-climbing robot [3, 4], which are also used
mainly for some overhead work, a rope-climbing robot can provide more flexibility because it
can be deployed simply just by setting up some guide ropes. Nowadays, the rope-climbing
robot has been a popular domain with research potential and various applications such as the
inspection for power transmission line and suspension bridge [5-7].

In recent decades, a wide variety of rope-climbing robots have been developed, and accord-
ing to the mechanism being used, these robots can be mainly classified into three types: the leg
type, wheel type, and hybrid type. Most of the leg type rope-climbing robots are designed
based on the bionics concept. For example, two kinds of rope-climbing robots imitating the ape
are developed in Refs. [8, 9], and a rope-climbing robot imitating the sloth-bear is developed in
Ref. [10]. These leg type robots have a good adaptability for ropes with different diameter and
roughness values, but their movement is usually fluctuating and not quick enough for real ap-
plications. Compared to the leg type rope-climbing robot, the wheel type one usually can
achieve a smooth and quick movement [11-13], but ordinary wheel mechanisms do not have a
good capability for obstacle-crossing, especially for the obstacle vertical to the rope for sus-
pending.

In order to obtain both the smooth and quick movement and good capability of obstacle-
crossing, some researchers proposed hybrid type rope-climbing robots which usually adopt the
scheme that arranging wheels at the end of some joint arms. For example, some rope-climbing
robots with two wheeled arms are developed in Refs. [14-16], and some ones with three or
more wheeled arms are developed in Refs. [17-19]. For most of this type robots, the joint arm
can be used for crossing the obstacle on the rope, and the end wheel can be used for moving
on the rope. At present, the hybrid type rope-climbing robot with joint arms have been used as
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Fig. 1. Concept of finger-wheeled mechanism.

one of the most popular measures for inspection of power
transmission line. However, there are still some problems for
existing hybrid type rope-climbing robots. For example, the
obstacle-crossing mechanism of the robot is usually very com-
plex due to the joint on the arm, and some robots even need
counterweight and extra joints for adjusting the body obliquity.
Moreover, some robots are very heavy and difficult to be
placed on the rope, and only few robots can change the con-
struction for different rope environments.

In view of the above issues, a rope-climbing robot with the
ingenious finger-wheeled mechanism, which can be consid-
ered as a combination of the bionics concept and traditional
wheels, is proposed in this paper. The robot can achieve
smooth and quick movement and good capability of obstacle-
crossing on the rope with a very simple mechanical structure,
and the modular design makes the robot can adapt for differ-
ent rope environments very well through reconstruction. In
order to develop the robot prototype, some geometric and
force analysis is performed in this paper, and the simulation
results provide a good guidance for the robot design work.
Finally, the experiment is conducted to verify the performance
of the robot.

2. Robot mechanism
2.1 Concept of finger-wheeled mechanism

The concept of the finger-wheeled mechanism comes from
the bionics design of a sloth bear as shown in Fig. 1. The study
of the sloth bear in motion shows that the bear uses both pairs
of its limbs to climb a branch, and each pair of limbs acts as a
gripper. During climbing, only one pair of limbs is used at a
time for gripping the branch while the other pair slides over the
branch.

When the movement of the sloth bear is used for designing
the rope-climbing robot in this study, firstly more pairs of limbs
(grippers) are used for a better capability of obstacle-crossing.
Moreover, in order to increase the climbing speed, some

1a | Finger
Motor
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Fig. 2. Schematic diagram of single module (1. Frame, 2. Screw, 3. Slider,
4(4’). Link, 5(5'). Crank as finger, 6-8(8'). Pulley, 9(9'). Pulley with bevel
gear, 10(10’). Wheel with bevel gear).

wheels are added to the end of each limb. Since the appear-
ance of a gripper with two slender wheels is very like fingers of
human beings, this novel mechanism is named the finger-
wheeled mechanism in this study.

2.2 Mechanism of single module

Based on the concept of the finger-wheeled mechanism, a
new-style rope-climbing robot is designed. In order to improve
the adaptability of the robot for different rope environments, the
modular concept is also used for the mechanical design work.
Therefore, each finger-wheeled mechanism, which will act as
one gripper, is designed as one module, and its schematic
diagram is shown in Fig. 2.

From the schematic diagram it can be seen that the grip ac-
tion of the finger-wheeled mechanism (open and close of the
finger) is realized with a symmetrical crank-slider mechanism
as shown in Fig. 2(a). In this crank-slider mechanism, slider 3
is driven by the finger motor through screw 2 to make a transla-
tional movement relative to frame 1. Then through link 4 (4),
slider 3 (3') can drive crank 5 (5°), which is also the finger, to
make a rock movement relative to frame 1.

The rotation of wheels in the finger-wheeled mechanism is
driven with a transmission system consisting of the timing belt
and bevel gear as shown in Fig. 2(b). In this transmission sys-
tem, the wheel motor is used for driving wheel 10 (10’) that is
mounted on crank 5 (5') through bearings. The timing belt is
used to transmit rotational movements from the wheel motor to
pulleys 6, 7, 8 (8') and 9 (9') which are all mounted on frame 1,
and pulley 9 (9') can drive wheel 10 (10°) through a pair of
bevel gears. Since the cone distance between the bevel gears
10 (10°) and 9 (9') is constant during the rotation of crank 5,
driving of the wheel in the mechanism can be achieved for any
rotational position of the finger.

Based on the schematic diagram shown in Fig. 2, the me-
chanical structure of the finger-wheeled mechanism module is
designed as shown in Fig. 3.
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Fig. 3. Mechanical structure of single module.

2.3 Construction of robot

From the mechanical structure of the finger-wheeled mecha-
nism module shown in Fig. 3 it can be seen that, one module
can construct a simplest rope-climbing robot. In this robot con-
struction, the finger motor can make the robot grip on the rope,
and the wheel motor can make the robot move along the rope.
This simplest robot is very suitable for the application that there
is no obstacle on the rope, and the light-weight of the robot is
the first consideration.

If a better capability of obstacle—crossing is needed, espe-
cially the obstacle is vertical to the rope for suspending, more
modules are required to construct the robot. Usually, the robot
construction with three modules is considered having a good
capability of obstacle-crossing, because if one module is off-
gripping from the rope for crossing the obstacle, there are still
two modules gripping on the rope, and the obliquity of the robot
body can be controlled by adjusting rotational angles of the two
pairs of fingers gripping on the rope, and this will be very useful
for preventing the robot tip-over due to gravity moment and
helping the off-gripping module to grip the rope again. Surely, if
an obstacle with a large longitudinal dimension is set on the
rope, a robot construction with more than three modules can
also be selected. In this paper, the analysis work will aim at the
robot construction with three finger-wheeled mechanism mod-
ules.

The mechanical structure of the robot construction with three
finger-wheeled mechanism modules is shown in Fig. 4. In this
construction, the frames of three modules are connected with
rigid plates. The rotations of three pairs of fingers are controlled
by three finger motors, respectively. The rotations of three pairs
of wheels mounted on the fingers are controlled by only one
motor through a common shaft and two couplers in order to
obtain a good synchronicity and simplify the mechanical struc-

Coupler Coupler

= e

| Finger Finger
Motor Motor Motor

Fig. 4. Construction of the robot with three modules.

ture.

The obstacle-crossing process of the robot with three finger-
wheeled mechanism modules is shown in Fig. 5. At the begin-
ning of this process, the robot is moving left as the arrow indi-
cation with three modules gripping on the rope. When the robot
encounters the vertical obstacle, it firstly opens fingers of mod-
ule 1 to make it off-grip from the rope and then goes on moving
to make module 1 cross the obstacle (as shown in Figs. 5(a)
and (b)). In this period, the obliquity of the robot body can be
controlled by adjusting rotational angles of fingers in modules 2
and 3 for preventing module 3 to upwarp from the rope due to
gravity moment. When module 1 has finished crossing (as
shown in Figs. 5(b) and (c)), the robot closes fingers of module
1 to make it grip on the rope again. In this period, modules 2
and 3 can also adjust rotational angles of their fingers to lift
module 1 to an appropriate vertical position. When module 1
has finished gripping on the rope, the robot opens fingers of
module 2 and then goes on moving to make module 2 cross
the obstacle (as shown in Figs. 5(c) and (d)). When module 2
has finished crossing (as shown in Figs. 5(d) and (e)), the robot
closes fingers of module 2 and opens fingers of module 3.
Then the robot goes on moving to make module 3 cross the
obstacle (as shown in Figs. 5(e) and (f)), and when module 3
has finished crossing, the robot closes fingers of module 3 to
make it grip on the rope again and goes on moving.

From the robot mechanism and obstacle-crossing process it
can be seen that, the modular rope-climbing robot with the
finger-wheeled mechanism in this study has following advan-
tages.

1) Because the rotation of the finger can be controlled easily,
and the area enclosed by a pair of fingers is large enough, the
robot can adapt for ropes with different diameter and slope
values and be placed on the rope easily.

2) The obliquity of the robot body can be controlled by the ro-
tation of fingers gripping on the rope but not extra joints or mo-
tors, so a simpler mechanism is obtained for obstacle-crossing.

3) The robot can adapt for different rope environments and
applications by using different number of modules for construc-
tion.
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Fig. 5. Obstacle-crossing process of the robot.

3. Geometric definition

In order to analyze the rope-climbing process of the robot,
some preliminary geometric definitions and descriptions need
to be established to present the robot configuration and posi-
tion relative to the rope.

3.1 Geometric definition for single module

3.1.1 Mechanism configuration of single module
As previously mentioned, the gripping action of the finger-
wheeled mechanism module is realized with a crank-slider
mechanism, so firstly, some mechanical constants and vari-
ables in the mechanism are defined as shown in Fig. 6. In any
module numbered by i (i =1, 2, 3) , the mechanism configura-
tion can be described with three mechanical variables, where
L,, is the input displacement of slider 4,; « and p are
rotational angles of link 4B, and crank BC,, respectively,
and the relation of these three mechanical variables can be
written as follows.
L,cosa, +L,.cosff—L,, =0 1)
L,sing,—L,.sinf—L,.=0

where L, L,.,and L,. are all constant distances between
corresponding points of the mechanism shown in Fig. 6.

3.1.2 Rope position for gripping module

In order to describe the relative position between the rope
and robot module, firstly, a coordinate system {0} is defined
with module i as shown in Fig. 6. When module i is gripping
on the rope, since the rope will contact with the wheel, so the

]
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Fig. 6. Geometric definition for single module.

rope position relative to the module, which is described with a
variable named the gripping height L,,, can be derived with
the vertical coordinate of the rope center z as follows.

Rw_?]tan(ﬁ +7/2) ()

i

Cos

L,= zp = Suni (ﬂ) = _(Loc -
where R, and R, are radii of the robot wheel and rope,

respectively, and Eq. (2) shows that the gripping height L,
can be controlled by adjusting the crank angle 5, .

3.1.3 Rope position for crossing module

When module i is off-gripping from the rope for obstacle-
crossing, a triangular safety area is defined in plane X,0.Z,
according to the area that can be enclosed by the pair of
wheels as shown in Fig. 6. The meaning of this definition is that
when the module is off-gripping from the rope, if the intersec-
tion point between the rope and coordinate plane X.0.Z, ,

which is represented by S, , is in the safety area, the module
can grip the rope again successfully. Since it is considered the
rope is arranged in a vertical plane in this paper, the safety
area can be transferred to a range for vertical coordinate of the
intersection point z{ , which is named as the intersection

height L, , as follows.

L,=z0¢€ [min(L,“.), max(Lh():. =[RL, fL,“.(min([J’L))J (3)

In Eq. (3), the upper limit of L, is the max value of L,
which is corresponding to the min value of /5, represented by
min(A ). This min(4) can be solved in the condition that
the inner tips of the pair of wheels in plane X,0,Z, touch with
each other as shown in Fig. 6. In this condition, the equation for
solving min(f3) can be established in triangle AOTF, as
follows.
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Fig. 7. Geometric definition for obstacle-crossing.

L,y Loc—Ry /cos(min(ﬂi)) o
Ly, Le,— R, tan(min(5)) =sin(min(43)) 4)

where L, and L
shown in Fig. 6.

are side lengths of triangle AOTF,

TiFi

3.2 Geometric definition for obstacle-crossing

In order to establish the geometric description for the obsta-
cle-crossing process of the robot, firstly, a simplified rope
model is established where the slope angle of each rope seg-
ment is represented by ¢, as shown in Fig. 7, and a coordi-
nate system {O,]} is defined with the rope. Then the three
pairs of wheels of the robot are considered as three circles in
plane Y,0,Z, , and the gripping point between the robot wheel
and the rope is represented by E,. For example, in the state
shown in Fig. 7, modules 2 and 3 are gripping on rope seg-
ment 1 at points E, and E,, respectively, and module 1 has
crossed the vertical obstacle and is trying to grip the rope seg-
ment 2.

During obstacle-crossing (taking the state in Fig. 7 as an ex-
ample), the obliquity of the robot body represented by 6 can
be treated as a summation of the basic obliquity 6, (inclina-
tion of the connecting line between two gripping points E,
and E,) and the relative obliquity & controlled by gripping
heights Z,, and L,, of modules 2 and 3. When the obliquity
of the robot body is determined, the intersection height L, of
module 1 can be obtained by solving the intersection point of
lines 1 and 2 which represent module 1 and rope segment 2,
respectively, and if L, can go into the range in Eq. (3), mod-
ule 1 can grip the rope successfully.

4. Obstacle-crossing analysis

In this section, the geometric and force analysis for obstacle-
crossing on the rope is performed to establish corresponding
constraint equations for the robot. These constraint equations
can provide a foundation for calculating the geometric variables
and external forces exerting on the robot which can be used for
guiding the robot design work. The analysis in this section aims
at three typical states of the obstacle-crossing process as
shown in Fig. 8. Since the spans between gripping points of the

Fig. 8. Obstacle-crossing analysis.

robot and the obstacle are not large, the rope shape consider-
ing sagging caused by the robot gravity is simplified as a set of
folded rope segments in these three states.

4.1 Geometric analysis

4.1.1 State A

In state A shown in Fig. 8(a), modules 2 and 3 are gripping
on the rope, and module 1 has crossed the obstacle and needs
to grip the rope again. For this state, two gripping modules are
on the same rope segment, so the robot position relative to the
obstacle can be described with the coordinates of one gripping
point £, in {0,} as follows.

00

(yggvzfz):(yggrygg tan(DAz) (5)

The obliquity of the robot body 6, controlled by the gripping
heights L,, and L,, can be written as follows.

0,=0,+60,=¢, +tan"[(L,-L,)/L, | (6)
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where L, is the distance between adjacent modules shown
in Fig. 7.

The coordinates of the intersection point S, in {O,} can
be solved with the following equation group.

00 00
Yo tang, +z5 =0

Line, : @
Line, : (y;)lo - y;’{)) + (Z;O —z9! ) tand, =0

In Eq. (7), the coordinates of the reference point O, in
{0,} can be written as follows.
yglo = ygg +L,,sin6, + L, cosb, ®)
Zglo = 232 —L,,co80,+L,sind,
When the coordinates of point S, is solved out, the inter-
section height of module 1 can be calculated as follows.

L.vl = L/;z - [(Z?S - Z?IO)COS gA + (yglo - yg; )Sin 9A:| (9)

4.1.2 State B

In state B shown in Fig. 8(b), modules 1 and 3 are gripping
on the rope, and module 2 has crossed the obstacle and needs
to grip the rope again. For this state, since two gripping mod-
ules are on different rope segments, so the coordinates of two
gripping points £, and E, in {O,] are used to describe the
robot position relative to the obstacle as follows.

(ver 722’(1‘;) = (v il an g, ) (10)

(yl(:“);]’ZES ) :( 230,)/230 tan(/’ﬁz)

Meanwhile, the coordinates of these two points must satisfy
the constraint of the robot dimension as follows.

(y}’lo —y?_f)cosﬁg + (zflu —z;’f)siné’g -2L,=0 (11)

The obliquity of the robot body 6, controlled by the gripping
heights L,, and L,, can be written as follows.

0, =0, + 6, =tan” [ (207 =222)/ (v = v)

(12)
+tan” [ (L,,—L,)/ (2L, )]

The coordinates of the intersection point S, in {O,} can
be solved with the following equation group.

Line, : yitang,, +z0 =0 (13)
Line, : (ygz" - ygg) + (zg’zo —zgg)tan 6,=0

In Eq. (13), the coordinates of the reference point O, in
0,) can be written as follows.
0f

(14)
20 =200 — L, cos6, + L, sin,

{yg;’ =yX + L, sinb, + L, cos,
When the coordinates of point S, is solved out, the inter-
section height of module 2 can be calculated as follows.

L,sZ = th +[(Z§')20 _Z:.S)COSQB _(y;)zo _yg))Sines} (15)

4.1.3 State C

In state C shown in Fig. 8(c), modules 1 and 2 are gripping
on the rope, and module 3 has crossed the obstacle and needs
to grip the rope again. For this state, robot position relative to
the obstacle is described with the coordinates of the gripping
point E, in {0,] as follows.

(vinzs) = (Vi —vi an g, ) (16)

The obliquity of the robot body 6, controlled by the gripping
heights L, and L,, can be written as follows.

0. =0,y +0.=—@q, +tan"'[ (L, - L,)/ L, | (17)

The coordinates of the intersection point S, in {0,} can
be solved with the following equation group.

00 00 _
Vs tang., +zg =0

Line, :
00 00 00 00 (18)
Line, : (ys3 —Vos ) +(253 —Z,, )tanHC =0
In Eq. (18), the coordinates of the reference point O, in
{0,} can be written as follows.

{yg;' =y +L,,sing, — L, cosé, (19)

00 _ _00 .
Zyy =2y, —L,,c080,. — L, sin6,

When the coordinates of point S, is solved out, the inter-
section height of module 3 can be calculated as follows.

L,=L,+ |:(Z;)30 - Z.(EJS)COS O+ (yg;] - yg) )Sin HCJ (20)

4.2 Force analysis

In this section, the robot is considered as a dynamic system,
and during rope-climbing, the forces exerting on the robot in-
clude the external force from the rope (the normal force N,
and tangential force F, at each gripping point E, ), the gravity
of the robot body G, and the inertial force and moment
F,(F,), F,(F,) and M, asshown in Fig. 8. Moreover, it
is assumed that the center of gravity of the robot body is fixed
at the midpoint of the length of module 2, and then the force
equilibrium equations in plane Y,0,Z, , (two equations for re-
sultant force in O,¥, and O,Z, directions and one equation
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for resultant force moment relative to a position) are used for
establishing the force constraint equations of the robot.

In state A shown in Fig. 8(a), for a given robot position, it is
assumed that point E, is the rotation center of robot body to
lift module 1, and point E, is also selected as the reference
position of the force moment. Then the force constraint equa-
tions can be established as follows.

—N,sing,, + F,cos9,, = N;sing,, + F,cosp,, + F, cosd, — F,sin6, =0
N,cos@,, + F,sing,, + N,cos@,, + F,sing, + F,sin6, + F, cosd, -G =0
=N, (L, /c0s8,)=G(L,, + L, / 2)sin@, + F,(L,, + L, /2)+ M, =0

(1)

where L, is the height of the module shown in Fig. 7. In Eq.
(21), the tangential and normal inertial forces £, and F,
and inertial moment A, around point £, can be calculated
as follows.

m(L,+L,/2)8,
m(L,+L,/2)6: (22)
MIX = JEZ éA

E,
£,

where m and J,, are the mass and rotational inertia around
point E, of the robot.

In state B shown in Fig. 8(b), it is assumed that point E, is
the rotation center of robot body to lift module 2, and point O,
is selected as the reference position of the force moment. Then
the force constraint equations can be established as follows.

N,sing,, + F, cos@,, — N,sing,, + F,cosg,, + F, cos@, — F, sin@, =0

N, cos@,, — F sing,, + N,cos@,, + F,sing,, + F, sinf, - F, cosf, - G =0
(N, cosg,, - Fsing,,) v (N, sing,, + F,cos g, ) 22,

+(N;cos@,, + Fysing,, ) ygy +(N,sing,, — F,cos@,, )z, (23)
+(F,; —Gsin 19H)|:(L,,3 +L, /2)cosf, - zf“]

+<F' —Gcoseﬂ)(Lw cosf, +y?§)+M,X =0

n

In Eq. (23), for the convenience of calculating, the inertial
force is decomposed along O,Y, and O,Z, (represented by
F, and F, ) but not the tangential and normal directions rela-
tive to the rotation center E,, and the inertial force and mo-
ment can be calculated as follows.

=m|(L,y+1L,12)8,~L1,6;

F,
F,

m{ L0, + (L, +1L,/2)6; ] (24)

MIX = JESQB

In state C shown in Fig. 8(c), it is assumed that point £, is
the rotation center of robot body to lit module 3, and point E,
is also selected as the reference position of the force moment.
Then the force constraint equations can be established as Eq.

Start
1) calculate 1) Give
Range of Ly < Robot Parameter <
Eq. (2)~(4) Rope Parameter
2) Give
Robot Position
and Environment
2)  Optimize
Max and Min of La
Eg. (5)~(9)
and 850
4 )
) Ssolve In Safety Range ~— No—
Loaz and Loas
Eqg. (1)~(2) Yes
L 4)  Optimi .
4) ptimize 4)
. 5°"’:Lh — Min of 8 5 9'“§h
h2 an 3 Eq. (5)~(g) eslre 1
5)  Optimize 5) Give
Max of N;and Z F; Variation of
Eg. (21)~(26) Lz and L3

Fig. 9. Simulation flow for state A.

(25), and the calculation of the inertial force and moment is the
same with Eq. (22).

N;sing,, + F,cos@., + N,sin@,, + F,cos ¢, + F,cos 6. — F, sin6,. =0
N,cos@,., — F;sing., + N,cos@., — F,sing,, + F,sin6, + F, cos6,. -G =0
N,(Ly /c0s8.) = G(L,, + L, / 2)sin6, + F, (L, + L, /2)+M, =0

(25)

Meanwhile, since the direction of the normal force from the
rope N, can only be towards the robot wheel, and the tangen-
tial force from the rope F, cannot exceed the friction limit
between the rope and robot wheel, two other constraints are
established as follows.

N, >0, |F/N|<u (26)

where 4 is the max frictional coefficient between the rope
and robot wheel.

5. Simulation
5.1 Simulation flow

In the simulation, the optimization computing method based
on the established constraints is used to obtained the results
that can guide the robot design work [20]. The simulation also
aims at the three typical states of the robot for obstacle-
crossing in Sec. 4. The simulation flow of state A is shown in
Fig. 9, and the work in each step of the flow is as follows.

1) Step 1: The robot and rope parameters are given firstly,
and then the safety range of the intersection height L is
calculated with Egs. (2)-(4);
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Table 1. Robot and rope parameters in simulation.

Ly, 90 mm L, 162 mm U 0.3
Ly, 44 mm L, 114 mm m 5kg
Loe 42 mm R, 12 mm J,, | 0.15kgm’
Lo 92 mm R, 4mm Jow | 0-22kgm’®

Table 2. Robot position and environment parameters in simulation.

State A wAl wAZ wAS ylzo'g

2° 15° 5° -70 mm ~ -50 mm
State B Pu P2 Pus Vs

2° 15° 10° -70 mm ~ -50 mm
State C Py Pcr Pes yfg

5° 10° 2° 210 mm ~ 230 mm

2) Step 2: The slope angle of each rope segment and the
robot position relative to the rope is given, and then the max
and min values of L, , which is controlled by the gripping
heights L,, and L,,, are obtained by optimization with Egs.
(5)-(9) (In the step, the constraint & < 0 is added for preventing
module 3 to upwarp from the rope due to the gravity moment);

3) Step 3: If the extreme range covered by the max and min
values of L, can intersect the safety range of L, the simu-
lation will continue, otherwise the robot parameters need to be
redesigned;

4) Step 4: A desired value of L, is given (The rule is that
the given value should be in the extreme range obtained in
step 2 and as close to the mid-point of the safety range ob-
tained in step 1 as possible.), and then the min value of @ is
optimized with Egs. (5)-(9), and the corresponding values for
L, and L,, are obtained, and the input displacements of the
mechanism L,,, and L, are calculated with Eqgs. (1) and
(),

5) Step 5: With a determined robot position, the variation of
L, and L, that can lit module 1 is given, and the max val-
ues of external forces N,, N,, and (F,+F,) (Because all
the tangential forces are supplied by one motor, a summation
is used here.) in this lift process are obtained, respectively by
optimization with Egs. (21)-(26).

The simulation flow of states B and C are the same with that
of state A, but there are some differences in the optimization
process as follows.

1) In step 2, when optimizing the max and min values of the
intersection height L, the constraint 6 >0 is used in state C
for preventing module 1 to upwarp from the rope due to the
gravity moment.

2) In step 4, when solving the gripping height L, , the opti-
mization for the max value of & is used in state C, and in
state B, € =0is given directly.
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Fig. 10. Simulation results.
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5.2 Simulation parameters and results

In the simulation, the robot and rope parameters are given in
Table 1, and the robot position and environment parameters
are given in Table 2. The simulation is performed on the
MATLAB platform, and the results are shown in Fig. 10.

In Fig. 10(a), the variations of gripping height Z, and input
displacement L, with the crank angle S are obtained,
wherein the extreme values of L,, can determine the safety
range of the intersection height L, , and the range of L,
can guide the mechanical design work.

In Figs. 10(b), (e) and (h), the variations of the extreme val-
ues of the intersection height L, with the robot position for
states A, B, and C are obtained, and the results show that dur-
ing obstacle-crossing, the extreme ranges covered by the max
and min values of L, all intersect the safety range (painted
with green color), and this means the crossing module can grip
the rope again by adjusting the gripping height of the gripping
module, and the robot can perform the obstacle-crossing proc-
ess with the given robot and environment parameters success-
fully.

In Figs. 10(c), (f) and (i), the variations of the input displace-
ments of the gripping module L, with the robot position for
states A, B, and C are obtained, and this result can be used for
the future robot control work.

In Figs. 10(d), (g) and (j), the variations of the max values of
the external forces exerting on the robot N, and ZE with
the gripping height L, for states A, B, and C are obtained.
Since the force analysis aims at the dynamic lift process of the
crossing module, in these three figures, the robot position is
fixed at the midpoint of the range in Table 2, and the variation
velocity of L,, for the gripping module is set 10 mm/s. The
final results can be used for mechanical structure and driving
system design of the robot.

6. Experiment

Based on the design and analysis work, a robot prototype
constructed with three finger-wheeled mechanism modules is
developed with the same parameters as that in the simulation,
and a rope-climbing experiment is conducted with the robot
prototype. In the experiment, a steel rope is suspended on a
frame constructed with aluminium alloy extrusions, and an
insulator chain, which is widely used for suspending the power
transmission line, is set as a vertical obstacle for the robot. In
the experiment, the wheel motor and three finger motors of the
robot are all controlled manually with a wireless joystick, and a
gyro sensor is fixed on the frame of module 2 to acquire the
obliquity data of the robot body. The snapshots of the experi-
ment process are shown in Fig. 11, and the obliquity variation
of the robot body is shown in Fig. 12.

In the experiment process, when encountering the obstacle,
the robot firstly stops and opens fingers of the front module and
then goes on moving to make the front module cross the ob-
stacle (Figs. 11(a) and (b) and stage 1 in Fig. 12). When the

Fig. 11. Experiment snapshots.
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Fig. 12. Obliquity variation of robot body.

front module has crossed the obstacle, the robot stops and
closes fingers of the front module and opens fingers of the
middle module (Figs. 11(b) and (c) and stages 2 and 3 in Fig.
12). Then the robot goes on moving to make the middle mod-
ule cross the obstacle (Figs. 11(c) and (d) and stages 4 in Fig.
12). When the middle module has crossed the obstacle, the
robot stops and closes fingers of the middle module and opens
fingers of the rear module (Figs. 11(d) and (e) and stages 5
and 6 in Fig. 12). Then the robot goes on moving to make the
rear module cross the obstacle (Figs. 11(e) and (f) and stages
7 in Fig. 12). From the experiment result, it can be seen that
the robot performs the obstacle-crossing process on the rope
successfully, and this can give a verification for the rationality of
the robot design and analysis work in this study.

7. Conclusions and future work

A modular rope-climbing robot with the finger-wheeled
mechanism is proposed. The robot can achieve smooth and
quick movement and obstacle-crossing on the rope and has a
simpler mechanism compared with most of the existing rope-
climbing robots. Moreover, the robot has a high adaptability for
different rope environments and can be placed on the rope
easily.

Aiming at three typical states during obstacle-crossing, the
constraint equations of the robot are established through the
geometric and force analysis, and the simulation based on
established constraint equations and optimization calculating
method presents the variations of the geometric variables and
external forces exerting on the robot during obstacle-crossing
that are used for the robot design work.

The robot prototype is developed based on the design and
analysis work. The experiment for obstacle-crossing on the
rope shows that the proposed robot performs the obstacle-
crossing process successfully and gives a verification for the
robot design and analysis work.

At this stage of the study, the motors of the robot (including
three finger motors and a wheel motor) are all controlled
manually, and this brings a problem that it is very difficult to
realize the synchronous coordination control of all the motors,
and the movement efficiency for obstacle-crossing of the robot
is limited seriously. In the future work, the autonomous control
of the robot will be studied.
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Nomenclature

L., :Inputdisplacement of slider A in Fig.6

a; : Rotation angle of link AB, in Fig. 6

B : Rotation angle of the crank B,C, in Fig. 6

L, : Gripping height of the gripping module in Fig. 6

L : Intersection height of the crossing module in Fig. 6
L, : Constant distances between points / and J inFig. 6
L, : Distance between adjacent modules in Fig. 7
L, : Height of the module in Fig. 7

o, : Slope angle of each rope segment in Fig. 7

6 : Obliquity of the robot body in Fig. 7

6, : Base obliquity of the gripping line in Fig. 7

6 : Relative obliquity controlled by fingers in Fig. 7

N, : Normal force from the rope in Fig. 8

F : Tangential force from the rope in Fig. 8

G : Gravity of the robot in Fig. 8
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