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Abstract. In order to ensure that the super-redundant manipulator can work
without collision in the obstacle space, this paper designs an obstacle avoidance
trajectory planning method for the super-redundant manipulator based on VR
technology. The super-redundant manipulator with seven degrees of freedom
was selected as the research object, VR technology was introduced to construct
the virtual model of the super-redundant manipulator, and the redundancy space
of the manipulator was determined according to the model. Then, the pre-
selected minimum distance index is selected as the obstacle avoidance index of
the mechanical arm. Based on the calculated real-time minimum distance, the
inverse kinematics equation of the mechanical arm is obtained by using the
escape velocity dynamic obstacle avoidance algorithm, so as to realize the
tracking planning of the obstacle avoidance trajectory of the super-redundant
mechanical arm. Simulation experiment results show that: it can be seen from
the curve of the joint Angle and angular velocity of the manipulator that the
proposed method successfully avoided obstacles and reached the target con-
figuration after the application of the proposed method, which met the
requirements of the obstacle-avoidance trajectory tracking planning of the cur-
rent hyperredundant manipulator, and fully proved the effectiveness of the
proposed method.

Keywords: VR technology � Super redundant manipulator � Obstacle
avoidance trajectory planning � Inverse kinematic equation of mechanical arm

1 Introduction

As a kind of joint mechanical device simulating the human arm, the mechanical arm
has developed into the supporting technology of modern high-end manufacturing
industry, and has been widely used in many fields such as material welding, spraying,
handling, cutting and so on. Through the operation of the manipulator arm, not only the
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production efficiency and operation quality is improved, but also the existing labor
environment is improved, so that it can gradually replace the manual operation in high-
risk environment [1]. With the continuous expansion of production requirements, the
operating environment of manipulator in many application fields is no longer a rela-
tively free space, but a constrained space formed by many obstacles. Therefore, the
obstacle avoidance planning of manipulator has become one of the important research
directions in the technical field of manipulator [2].

For hyperredundant manipulator, the number of degrees of freedom of the joints is
greater than the degree of freedom limited by the end-effector pose. Each joint can
move from an initial joint position to the desired joint position in joint space without
changing the end-effector position (pose). Because of this feature, the hyperredundant
manipulator improves the joint configuration of the low-DOF manipulator and over-
comes the shortcomings of the general manipulator, such as poor flexibility, low
obstacle avoidance ability, joint overrun and poor dynamic performance, which has
become the focus of people’s attention.

The redundancy of the hyperredundant manipulator brings difficulties to its inverse
motion process. One pose of the hyperredundant manipulator corresponds to numerous
joint configurations, and how to choose from the numerous configurations becomes a
difficulty. When hyperredundant manipulator moves in free space, trajectory tracking
planning can be accomplished by using inverse kinematics. However, when the
hyperredundant manipulator moves in the obstacle space, it is very important to plan a
collision free trajectory for the safety of the hyperredundant manipulator and other
equipment in the space.

At present, relevant scholars have designed a series of obstacle avoidance trajectory
planning methods for manipulator, such as the obstacle avoidance trajectory tracking
planning method for hyperredundant manipulator based on particle swarm optimization
algorithm and the obstacle avoidance trajectory tracking planning method for hyper-
redundant manipulator based on multi-objective ant colony algorithm, etc. However, in
practical application, it is found that the ideal degree of application effect of the above
traditional methods is low.Therefore, this paper proposes an obstacle avoidance tra-
jectory planning method of super redundant manipulator based on VR technology. The
design idea of the new method is as follows:

(1) Taking the 7-DOF hyperredundant manipulator as the research object, the virtual
model of the hyperredundant manipulator was constructed by VR technology, and
the redundant space of the manipulator was determined according to the con-
structed model.

(2) The pre-selected minimum distance index was selected as the obstacle avoidance
index of the manipulator, and the real-time minimum distance was calculated.
Then, the inverse kinematics equation of the manipulator was established by using
the escape velocity dynamic obstacle avoidance algorithm, so as to realize the
tracking planning of the obstacle avoidance trajectory of the hyperredundant
manipulator.
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2 Research on Tracking Planning Method of Obstacle
Avoidance Trajectory Information of Hyper-redundant
Manipulator

2.1 Introduction of VR Technology

Due to the human participation, in the past, the accuracy of the obstacle avoidance
trajectory planning process of super redundant manipulator is very low, which only
uses the naked eye to observe the target. It is high precision and inflexible to solve the
problem by machine. According to the data given by the computer, the operator’s
operation mode combines the advantages of the two well, and VR technology can
realize the good combination of the two [3].

In order to facilitate the operator to observe the video scene, the virtual model is
drawn in wireframe mode, as shown in Fig. 1.

The video image is captured by the camera carried by the end of the manipulator.
The virtual model represents the state that the manipulator moves to the target position
accurately, that is, the state that the target and its mark point should move to when it
can grab the position of the replaceable module [4].

The camera used in this paper is the industrial camera produced by point grey
company, the model is FL2-03S2C, the resolution is 640 � 480, the lens is 09C
Industrial lens of computer company, the field of view is 32°.

2.2 Build a Virtual Model of the Robotic Arm

A seven-degree-of-freedom super-redundant manipulator is selected as the research
object, which is composed of seven joints, two end effectors, and two arm rods. Its
structure is shown in Fig. 2.

Virtual model

video camera

Target image

Fig. 1. Superposition of target image and virtual model
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Adopt the degree of freedom configuration of R?R R?Rk , R represents the rotation
joint, ? represents the axis of the two joints are perpendicular to each other, k rep-
resents the axis of the two joints are parallel to each other. There is an end effector at
each end of the robotic arm, and one end effector is used to connect the robotic arm to
the space station and serves as the working base of the robotic arm. The other end
effector serves as a tool for the robotic arm to capture operations. The base and end
functions of the robotic arm are fully reused, so that the robotic arm has a “crawling”
function and increases the operating space. Seven degrees of freedom at the same time,
the super redundancy configuration, not only can be done using redundant features
from the singular, obstacle avoidance, joint torque optimization task, increase the
mechanical arm operation flexibility, but also can be used as a backup technology, in
the case of a joint failure of mechanical arm, the rest of the six joints still can complete
the task of three dimensional space [5].

The virtual model of the robotic arm is established according to the coordinate
system of Fig. 1, and the corresponding D-H parameters are shown in Table 1.
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Fig. 2. Three-dimensional model and coordinate system of a seven-degree-of-freedom super-
redundant manipulator

Table 1. D-H parameter table of virtual model of robotic arm

i hl (
o) di (mm) ai�1 (mm) ai�1 (o)

1 0 a0 0 0
2 90 a1 0 90
3 0 a2 0 −90
4 0 a4 a3 0
5 0 a6 a5 0
6 -90 a7 0 90
7 0 a8 0 −90
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The transformation matrix of 7-DOF super redundant manipulator is as follows:

0
7T ¼ 0

1T
1
2T

2
3T

3
4T

4
5T

5
6T

6
7T ð1Þ

Equation (1) represents the forward kinematics model of the robotic arm, and
establishes the mapping relationship between the operating space and the joint space.
From this formula, the pose transformation from the 7th coordinate system to the base
coordinate system O0 � x0y0z0 can be obtained.

The core problem of hyper-redundant manipulator kinematics is inverse kinematics.
Assuming the end pose (task space) X ¼ x1; x2; � � � ; xm½ �, joint space h ¼ h1;½
h2; � � � ; hn�, n[m of the hyper-redundant manipulator, there are:

X ¼ f hð Þ ð2Þ

In formula (2), f �ð Þ represents the mapping function from joint space to task space,
that is, the positive kinematics equation. Knowing the value of each joint variable, the
pose of the end can be uniquely determined. When the end pose is known, solving the
value of each joint variable is an inverse kinematics problem [6]. Since the dimension
of the joint space is greater than the dimension of the task space, the inverse kinematics
is solved directly, and the same pose corresponds to an infinite number of configura-
tions. Therefore, it is necessary to supplement appropriate constraints to make the
inverse kinematics of the hyper-redundant manipulator have a unique solution. This is
the difficulty of the inverse kinematics of the super-redundant manipulator, and it is
also the advantage of the super-redundant manipulator. It can improve the working
quality of the manipulator or achieve other goals by supplementing appropriate
constraints.

Most of the inverse kinematics of hyper-redundant manipulators are solved by
velocity-based methods. Knowing the joint velocity _h and the Jacobian matrix
J 2 IRm�n, the end pose velocity _X ¼ J _h can be obtained. Velocity-based inverse
kinematics is the inverse process of the above process, that is, given the pose velocity
_X, the joint velocity _h is solved, and the joint angle is obtained by integrating the joint
velocity. For the hyper-redundant manipulator, under the condition of full rank of the
Jacobian matrix, _h ¼ J�1 _X; but because the Jacobian matrix of the hyper-redundant
manipulator is not a square matrix, its inverse value cannot be calculated.

The scholar Whitney first proposed the pseudo-inverse method to solve the inverse
kinematics of the hyper-redundant manipulator. In essence, it is an optimization
problem as follows:

min _h
�� ��

subject to : min _X � J _h
�� ��

(
ð3Þ

Equation (3) shows that the norm of joint velocity should be minimized on the
premise of minimum error of end tracking trajectory, so the solution obtained by
pseudo inverse method is also called minimum norm solution. The Lagrange multiplier
method is used to solve the optimization problem of Eq. (3):
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_h ¼ J þ _X ð4Þ

In Eq. (4), J þ represents the pseudo inverse of Jacobian matrix.

2.3 Determine the Redundant Space of Manipulator

The redundancy space of the robot arm greatly affects the accuracy of obstacle
avoidance trajectory tracking planning. Therefore, the determination of the redundancy
space of the robot arm is studied in this paper.

For the hyper-redundant manipulator, the Jacobian matrix J is a rectangular matrix.
If the rank r ¼ m of the Jacobian matrix, the column space of the Jacobian matrix is the
entire Rm space. For any end velocity _X, the Eqs. (5) has an infinite number of feasible
solutions _h, and redundancy refers to the uncertainty of Eq. (5). Assuming that _hs is a
special solution of Eq. (5), the general solution of Eq. (5) can be expressed as
_h ¼ _hs þ _ha, then there is:

_X ¼ J _hs þ _ha
� �

ð5Þ

Obtained by formula (5):

J _ha ¼ 0 ð6Þ

Given the terminal velocity _X, there are infinitely many feasible solutions of joint
velocity _h, which are composed of the special solution _hs and the general solution _ha of
the corresponding homogeneous equations J _ha ¼ 0. This means that _ha is the element
of the zero space N Jð Þ of Jacobian J, and all of these solutions constitute the zero space
of Jacobian matrix, which is the n� m dimensional subspace of n dimensional real
space Rn, denoted as N Jð Þ. It is orthogonal to row space R JTð Þ of Jacobian matrix. The
dimension dimN Jð Þ of the zero space represents the arbitrary range of the given
terminal velocity of the super redundant manipulator. From the physical point of view,
these motions in the joint space will not cause the motion of the end, which is the self
motion of the super redundant manipulator [7].

The above process completes the determination of the redundant space of the
manipulator, which lays the foundation for the trajectory tracking planning of the
manipulator.

2.4 The Obstacle Avoidance Index of Manipulator is Selected

The selection of obstacle avoidance indicators will directly affect the effectiveness of
obstacle avoidance. Especially for dynamic obstacle avoidance, the random movement
of obstacles, choosing a reasonable index that can accurately and quickly describe the
position relationship between the obstacle and the manipulator is particularly important
for ensuring the real-time nature of obstacle avoidance planning [8].
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The traditional distance index needs to calculate the minimum distance from the
obstacle to each member, and then take the minimum value. Take three members as an
example, dmin ¼ min d1; d2; d3f g. When the bar is in some special configuration, the
perpendicular foot of the minimum distance from the obstacle to the bar may fall on the
extension line of the bar. The extension line does not belong to a part of the manip-
ulator, so it is not accurate to calculate it by substituting the minimum distance. In this
case, it is necessary to take multiple mark points on the bar and traverse the distance
from each mark point to the obstacle. It can be seen that the traditional distance
obstacle avoidance index is not accurate enough, but also needs to calculate multiple
mark points, which costs a lot of time [9].

In view of the above problems, this paper preselects the minimum distance index
Hd�min, and its idea is: to establish corresponding bounding boxes for different
manipulator configurations, use intersection test, eliminate other safety members before
calculating the real-time distance, only consider the position relationship between the
colliding members and obstacles, and calculate the distance value in the local coor-
dinate system of the members, as shown in Fig. 3.

If there are multiple members intersecting in the intersection test, then Hd�min takes
the smallest of the intersection distances. Hd�min index is used to describe the position
relationship between the obstacle and the manipulator. Under the condition of avoiding
the vertical foot from the obstacle to the bar falling on the extension line of the bar, the
safety bar is removed, the traditional distance calculation is optimized, and the
unnecessary amount of calculation is removed. In the process of obstacle avoidance,
the larger the Hd�min is, the better. It means that the farther away from the obstacle, the
safer the manipulator is.

2.5 Trajectory Tracking Planning for Obstacle Avoidance
of Manipulator

After obtaining the real-time minimum distance dmin based on the above calculation,
the trajectory tracking planning is carried out using the escape velocity dynamic

Only intersection is 
calculated dmin

Fig. 3. Pre selected minimum distance Obstacle Avoidance Index
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obstacle avoidance algorithm. Equation (4) provides the joint speed required to meet
the terminal motion requirements, but if there are obstacles in the working space of the
robot arm, one or more links may be too far away from the obstacle when the robot arm
is in a certain position. Near or colliding with obstacles. To this end, this article first
sets a “threshold” distance. During the movement of the manipulator arm, if the dis-
tance between each connecting rod and the obstacle is greater than the “threshold”
distance, the position and posture of the manipulator arm can be obtained without
changing the minimum norm solution (pseudo-inverse solution). On the contrary, the
null space vector should be used to adjust the posture of the manipulator without
changing the terminal posture, so as to meet the condition of no obstacles.

If the mechanical arm intersects with the obstacle at a certain time in the process of
motion, the collision point between the link and the obstacle is xo. In order to make the
super redundant manipulator avoid obstacles, zero space vector should be selected,
which is the closest point xo and has the velocity component xo far away from the
obstacles, so as to prevent the collision between the obstacles and the manipulator.
Therefore, there are two basic requirements for obstacle avoidance trajectory tracking
planning of super redundant manipulator: the first is to meet the terminal motion
requirements, and the second is to avoid moving obstacles [10, 11], namely:

J _h ¼ _X
Jo _h ¼ _xo

�
ð7Þ

In formula (7), _xo is the set speed to avoid obstacles, and Jo is the Jacobian matrix
of the collision point. Substitute formula (4) into formula (7), and increase the mini-
mum distance dmin from the obstacle avoidance index Hd�min.

In order to reduce the influence of rank changes and maintain the continuity of joint
speed, the obstacle avoidance gain an and the escape speed ao are introduced. The
dynamic obstacle avoidance inverse kinematics of the escape speed is expressed as:

_h ¼ J þ _X þ an Jo I � J þ Jð Þ½ �þ ao _xo � JoJ
þ _X

� � ð8Þ

In summary, through the introduction of VR technology, the tracking planning of
the obstacle avoidance trajectory of the hyper-redundant manipulator is realized, which
provides effective support for the application and development of the hyper-redundant
manipulator.

3 Application Performance Analysis

3.1 Experimental Preparation

For the application performance of the obstacle avoidance trajectory tracking planning
method of the super-redundant manipulator based on VR technology, a simulation
experiment is designed on the ground experimental system of the super-redundant
manipulator based on the air-floating platform.
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The ground experimental system of the hyper-redundant manipulator is an important
part of the development process of the hyper-redundant manipulator. The ground
experimental system based on the hyper-redundant manipulator can simulate a
weightless environment, verify the validity of the theory related to the hyper-redundant
manipulator, and test the performance and function of the manipulator. In the experi-
mental system:

1) Air flotation platform: In order to simulate the microgravity environment in space,
this experimental platform is based on the air flotation method, using the jet reaction
force of the air bearing to support the seven-degree-of-freedom super-redundant
manipulator on a flat and smooth marble platform. Counteract the effects of gravity.
The air pump is used as the air source to supply air for each air foot to support the
robotic arm to simulate a microgravity environment;

2) Central controller: coordinate and control the motion of the robotic arm, send joint
commands to each joint controller, and the central controller and each joint con-
troller communicate based on the 1553B bus protocol;

3) Ground inspection equipment: Located between the central controller and the
simulation notebook, it plays the role of data forwarding, storage, viewing and
management. The communication between the central controller and the ground
inspection equipment is based on the 1553B bus protocol. The ground inspection
equipment and the simulation notebook Communication is based on UDP protocol;

4) Simulation Notebook: realize VR technology, simulation and task planning func-
tion. At the same time, it communicates with the operator station to collect the
operation status and send the sensor data to the operator station, which is based on
UDP protocol;

5) Console: through the console, the operator sends control commands to check the
status of the manipulator, which realizes the good interaction between the operator
and the manipulator.

Due to the limitation of the experimental platform, it is difficult to realize the
simultaneous motion of seven joints of the 7-DOF super redundant manipulator. The
axes of joints 3, 4 and 5 of the 7-DOF super redundant manipulator are parallel to each
other, so when joints 1, 2, 6 and 7 are fixed and only the end position of the manip-
ulator is controlled, it is still a super redundant manipulator control problem. It can be
used to verify the inverse kinematics and Obstacle Avoidance Trajectory Tracking
planning of the super redundant manipulator, but the amount of calculation is less than
that of the 7-DOF super redundant manipulator. In the experiment, keeping the angles
of joints 1, 2, 6 and 7 at 0°, −180°, 0° and 90°, joints 3, 4 and 5 move, which is
equivalent to the motion of planar three-bar super redundant manipulator in plane
X � Z.

Although the 3, 4, and 5 joints of the hyper-redundant manipulator can move within
the range of [−270°,270°], due to the limited area of the air bearing table and the
restriction of the air foot support mechanism attached to the manipulator, The range of
motion of the robotic arm on the experimental platform is limited. In the experiment,
the range of motion of joint 3 [−165°, −90°], the range of motion of joint 4 [−120°,
120°], the range of motion of joint 5 [20°,165°], the joints of joints 3, 4, and 5 The
speed cannot exceed 2°/s, and the absolute position accuracy of the end is less than or
equal to 10mm.

472 X. Wan et al.



3.2 Analysis of Results

Task description: plan a collision free trajectory from the initial configuration to the
target configuration, and make the trajectory cost of the end of the manipulator as small
as possible. The initial configuration [−136.93°, −74.31° and 24.57°] and the target
configuration [−139.92°, 40.68° and 20.57°].

Through the simulation experiment, the change curve of joint angle and velocity in
the process of obstacle avoidance movement of super redundant manipulator is
obtained, as shown in Fig. 4.

Can be seen from the Fig. 4, 3, 4, 5 joints Angle and angular velocity are within the
scope of the constraints, and a smooth curve, can be used for the control of mechanical
arm, arm successfully avoid the obstacles and reach the target configuration, today’s
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Fig. 4. Curve of joint angle and speed change during obstacle avoidance movement of the
robotic arm
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hyper redundant manipulator trajectory tracking of obstacle avoidance planning
requirements, fully demonstrates the effectiveness of the proposed design method.

On this basis, the traditional trajectory tracking planning method based on machine
vision technology is compared and further verified from the perspective of timeliness of
response of tracking planning instructions. The results are shown in Fig. 5.

According to Fig. 5, with the increase of verification times, the response time of
tracking planning instructions of different methods is also changing constantly.
However, it is obvious that the time of the proposed method is lower than that of the
traditional method. It can be seen that the method presented in this paper can realize
trajectory tracking planning more quickly.

4 Conclusion

In this study, VR technology was applied to the obstacle avoidance trajectory tracking
planning of hyperredundant manipulator. In the design process, the hyperredundant
manipulator is taken as the research object, the virtual model of the hyperredundant
manipulator is constructed by using VR technology, and the redundant space of the
manipulator is determined. Then, the pre-selected minimum distance index was
selected as the obstacle avoidance index of the manipulator. According to the calcu-
lated real-time minimum distance, the inverse kinematics equation of the manipulator
was obtained by using the escape velocity dynamic obstacle avoidance algorithm, so as
to realize the trajectory tracking planning. The experimental results show that this
method can effectively meet the requirements of obstacle avoidance trajectory tracking
planning for hyperredundant manipulators and is suitable for extensive application. In
the following research, the proposed method will be further optimized from the per-
spective of improving the control accuracy.
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