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Fault-Tolerant Path Planning of the Space Manipulator with Single Joint
Failure Based on the Dexterity Space
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Abstract. To enable the space manipulator to complete the original task efficiently after any single joint fails, a faulttolerant path planning method for the manipulator with single joint failure is proposed based on dexterity space in this
paper. On the base of solving the degraded workspace, the dexterity space of the manipulator with single joint failure
is established by constructing the dexterity index, and then the traditional A* algorithm is improved to complete faulttolerant path planning in the dexterity space. The correctness and validity of fault-tolerant path planning based on
improved A* algorithm are verified by simulating experiments with 7R manipulator.

1 Introduction
Due to the harshness of the space environment and the
complexity of its own structure, joint locked failure
occurs easily during the orbit operation for the space
manipulator[1]. The degree of freedom of the space
manipulator with the joint failure is reduced, which
reduces the reachability of its terminal attitude, thereby
causing the space operation task to fail to complete
normally. Therefore, it is necessary to carry out faulttolerant path planning with taking into account the
reachability of the terminal attitude to make the space
manipulator continue the task after joint locked failure
occurs.
Aiming at fault-tolerant path planning for faulty
manipulator, Khatib [2] et al. proposed an artificial
potential field method, which make the proposed path
smoother, but with local optimal problems still existing.
Du[3] et al. combined the genetic algorithm with
simulated annealing algorithm to propose a new
algorithm. At present, many scholars utilize A* algorithm
widely to search the shortest path in the workspace by
selecting the appropriate valuation function[4]. Therefore,
the A* algorithm is going to be utilized to carry out faulttolerant path planning research of the manipulator in this
paper.
Much path planning often requires perceive and
analyze the environment and according to the
performance of manipulator itself. Roberts[5] et al.
carried out joint movement planning under the premise
that there are high manipulability at the time of any joint
failure based on the degraded manipulability. Zhao[6] et
al. completed the algorithm design of fault-tolerant path
planning with the assessment of fault tolerance
performance based on the central degree. When the space

manipulator performs certain tasks, we expect to obtain a
set of all possible gestures of the spatial position to
ensure completing the task with high quality. Therefore,
the dexterity index that represents the reachability of the
terminal attitude[7] is going to be constructed in this
paper. The traditional A* algorithm is improved by
increasing the flexibility index in the cost function, and
then fault-tolerant path planning is completed utilizing
the improved A* algorithm.
In summary, aiming at the space manipulator with any
joint locked failure, the dexterity index that represents the
reachability of the terminal attitude is constructed by
considering three posture parameters of the end of the
space manipulator, and then the dexterity space is
established on the base of solving the degraded
workspace of the manipulator. The traditional A*
algorithm is improved by increasing the dexterity index
in the cost function, and then fault-tolerant path planning
of the space manipulator with single joint failure is
completed utilizing the improved A* algorithm. The
dexterity index constructed in this paper realizes the
characterization of the terminal attitude of the space
manipulator with single joint failure. The trajectory
searched based on the improved A* algorithm has meet
the higher requirements of the terminal attitude for the
manipulator and ensured that the manipulator can still
complete the task.

2 The establishment of the dexterity
space for the space manipulator
In this section, the dexterity space is constructed by
considering three attitude parameters of the end of
manipulator, and then the degraded workspace of the
manipulator is solved based on the Monte Carlo method.
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At the same time, the dexterity of each space point is
calculated and the dexterity space of the space
manipulator with single joint failure is established later.
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the joints, links and coordinate systems of the
manipulator are located before the locked joint, their
symbols are unchanged; on the contrary, they only need
to add the “~” above their symbols, and the body
coordinate systems fixed to the connecting link Li is  i 1
and  , as is shown in Figure 2.
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where F ( ,  ,  ) indicates whether the attitude of the
certain point is reachable and D represents the dexterity
at the point.
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When the joint J i locked failure occurs, the link Li 1
and Li are going to be connected to be a new link L . If
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Figure 3 is a configuration of the manipulator in the
0
. Combined with the
base coordinate system
coordinates of the end of the manipulator in the certain
P =  px , py , pz 
, The terminal attitude of the
space point
manipulator is:

sequence θ  1 ,2 ,,n1 ,n  , the positive kinematics
equation of the manipulator is:
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Figure 3. The diagram of solving dexterity.

0, 2, , n) represents
manipulator respectively and i (i 
the body coordinate system of Li . As to joint angle
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The kinematic model of n DOF manipulator is
established first before the establishment of the dexterity
space, as shown in Figure 1.
Under normal condition, the symbols Li (i  1, 2, n)
and J i (i  1, 2, n) represent the link i and joint i of the
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2.1 Kinematic modeling of the manipulator with
joint failure
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2.3 The establishment of the dexterity space for
the faulty manipulator

Figure 1. The symbols of links, joints and coordinate systems
under normal condition.

The dexterity space is going to be established by
introducing the dexterity index in every point in the
degraded workspace, to represent the reachability of the
terminal attitude. Before the dexterity space, the degraded
workspace corresponding to joint locked failure needs
constructing first.
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2.3.1 The establishment of the degraded workspace

Li

The process of the establishment of the degraded
workspace, which is constructed by the Mont Carlo
method [8], is as follows:
STEP1. Locking the fault joint at  i 0 ; Generating N
random numbers between 0 and 1, and obtaining
the random angle values of the healthy joints:
 i  imin  ( imax   imin ) N i .  imax and  imin are

Figure 2. The symbols of links, joints and coordinate systems
under fault condition.

2.2 The construction of the dexterity index for
the faulty manipulator
The dexterity index which represents the reachability of
the terminal attitude is going to be constructed by three
attitude parameters of the manipulator.

the upper bound and the lower bound of the i th
joint angle respectively;
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STEP2. Substituting the random healthy joint angles and
the locked fault joint angle from STEP1 into
Eq.(1), and then obtaining corresponding
terminal positions of manipulator;
STEP3. The degraded workspace consists of all terminal
positions generated in STEP2.
The construction of dexterity space is based on the
established degraded workspace.
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Thus, the dexterity space can be seen as composed by
a number of small cube units, and the coordinate and
dexterity of each cube unit can be represented by the
center point of the small cube unit.
3.2 Fault-tolerant path
improved A* algorithm

planning

based

on

As a heuristic search algorithm, the A* algorithm is
widely utilized in solving the optimal path and its cost
function is:
(5)
f
 n g  n  h  n

2.3.2 The establishment of the dexterity workspace
According to Eq.(2) and Eq.(3), the dexterity index of all
points in the degraded workspace can be calculated, and
then the dexterity space is obtained.
STEP1. Selecting a certain point in the degraded
workspace, and recording its coordinate value;
STEP2. Assigning the values of  , , in 0, 2π at the

To obtain the trajectory meeting the terminal attitude
of the manipulator, the cost function is improved
according to the dexterity index, getting the following
expression:
(6)
f  n  g  n  h  n  Q  D

regular intervals of  , and the total number of
attitudes is:

where Q  D  represents the function evaluating the
reachability of the terminal attitude for the manipulator at
a certain point and is just concerned with the dexterity D .
Set the threshold k  0,1 and Q  D  is:
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STEP3. Combining the position of the selected point
with every assigned attitude, getting the
corresponding configurations based on Eq.(2),
and then carrying out the inverse kinematic[9];
STEP4. If there exists solution of inverse kinematic, the
corresponding attitude is reachable, otherwise it
is unreachable. Then the dexterity in the current
point D is the ratio of the number of reachable
attitudes and the total number of attitudes;
STEP5. Traversing all points in the degraded workspace,
and repeating the process in STEP1~STEP4, the
dexterity space is obtained.
Thus, the dexterity space that is the significant
reference to the fault-tolerant path planning is established.

Dk
,
Q  D  
 /D, D  k

(7)

where  represents the search coefficient of the dexterity.
 and k can be determined according to the actual
needs of the task, changing the weight of the dexterity in
the path search.
After adding the dexterity index, Q  D  becomes the
priority determination item in the path search.
According to the improved A* algorithm and the
actual operational requirements, the process searching for
a reachable path is as follows:
STEP1. Regarding the starting point as the current node,
calculating to the costs f  n  of all the small

3 Fault-tolerant path planning of the
space manipulator

cube value adjacent to the current node, and
taking the center point of the small cube whose
f  n  is the smallest as the next node of the

Considering that the A* algorithm has the characteristics
of strong autonomy and avoid the unreachable region
flexibly, fault-tolerant path planning is going to be
carried out utilizing A* algorithm, which is going to be
improved based on the dexterity. The dexterity space is
going to be rasterized after being established first and
then the traditional A* algorithm is improved, completing
fault-tolerant path planning in the dexterity space to
obtain a path that represents the reachability of the
terminal attitude for the manipulator.

current node;
STEP2. Regarding the next node obtained at STEP1 as
the current node, and repeating STPE1;
STEP3. Repeating the above step, until the next node is
the target node. And then by connecting all the
obtained node, a reachable path is formed from
the starting point to the target point.
z6
x6

3.1 The rasterization of the dexterity space
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Set a cuboid with its length, width and height in parallel
with x, y, z of the inertial frame respectively and then set
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the side lengths a, b, c of the rectangular so that the
cuboid can envelop the dexterity space fully. The number
of small cube is:
(4)
Ncube a l  b l  c l 
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Figure 4. The initial configuration of 7R redundant manipulator.
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The planning path based on the improved A*
algorithm may not be the shortest path. So we select the
appropriate search coefficient of the dexterity  and
threshold k according to the actual task requirements, to
meet both the expected attitude and the shortest distance.
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dexterity is higher and more uniform, as is shown from
Figure 7 to Figure 9.

4 Simulation
4.1 The establishment of kinematic model for the
space manipulator
As shown in Figure 4 7R redundant manipulator is
chosen as the object of study, whose DH parameters are
shown inTable 1.

Figure 6. The degraded workspace of the manipulator with
single joint failure.

Table 1. The DH parameter table of the initial configuration for
7R manipulator.
Link

ai -1 m

i -1 

di m

i -1 

1

0
0
0
5
5
0
0

0
90
90
0
0
90
90

0.6
0.5
0.5
0.5
0.5
0.5
0.6

0
90
0
0
0
90
0

2
3
4
5
6
7

4.2 The establishment of the dexterity space for
the space manipulator

Figure 7. Section view of the degraded workspace when x=0.

Assume that the joint 4 has failed and the locked angle is
75°, the degraded workspace is obtained via MATLAB
simulation, as is shown in Figure 5. The number of
traversal is selected as 1000 In this paper.

Figure 8. Section view of the degraded workspace when y=0.
Figure 5. The degraded workspace when

4 75

.

On the base of solving the coordinates of each point
for the degraded workspace, considering that the step size
would affect the calculation, take   72 , and then the
dexterity space can be obtained according to the solve
steps of the dexterity space , as is shown in Figure 6. It
can be seen from Figure 6, that there is a certain rule of
distribution for the degraded workspace and it is a
gradual process. To reveal the internal dexterity, select
some of the interface map, for instance, the planes

Figure 9. Section view of the degraded workspace when z=0.

x=0 and y=0 where the dexterity distributes
with the shape of “X”; in the plane z=0, the
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The simulation results show that the improved A*
algorithm based on the dexterity can solve the problem of
path planning for the manipulator with single joint failure.
In summary, the correctness and validity of fault-tolerant
path planning method for the manipulator based on the
dexterity space can be verified by the simulation results.

4.3 The fault-tolerant path planning of the space
manipulator
Assume that the joint 6 is faulty and the locked angle is
149 °, the coordinates of the starting point and the ending
point for the task are as follows:
xint 
0, yint 
6, zint 
3


xdes 0,
ydes 3,
zdes 1
The simulation results of the path planning are shown
in Figure 10. Comparing the difference between the two
paths, it can be found that the path using improved A*
algorithm keeps higher dexterity. The Figure 11shows the
trend of dexterity where the path node passed by. It can
be seen that the dexterity of the improved path increased
a lot and the dexterity improved overall:
 =(0.624-0.3992)/0.3992=84.37%
As to the distance comparison between the two paths,
the total distances of the paths are 10.66m and 11.32m
respectively. It explains that although the distance in the
path searched by improved A* algorithm has increased,
while the dexterity improved, it is not obvious.

Figure 11. The comparison of the dexterity for the two paths.

5 Conclusion
A fault-tolerant path planning method for the manipulator
with single joint failure is proposed based on dexterity
space in this paper. The dexterity index is constructed by
considering three posture parameters, and then the
dexterity space is established on the base of solving the
degraded workspace. In the meantime, the traditional A*
algorithm is improved based on the dexterity, and then
fault-tolerant path planning comes true utilizing the
improved A* algorithm. The simulation results show that
the planning path based on the improved A* algorithm in
the dexterity space can meet the requirements of the
higher attitude of the end of the manipulator so that the
manipulator can continue to complete the original task
after the joint failure occurs.

(a) Path search based on improved A* algorithm
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