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Abstract. Path planning is a key technique used in the operation of bending robots. In this paper, an obstacle-
avoidance path-planning method of a 5 degrees of freedom (5 DOF) bending robot based on improved artificial
potential field is proposed. Firstly, a connecting-rod coordinate system of the 5 DOF Cartesian bending robot
is established to determine an equation of motion trajectory of the bending robot. Secondly, in view of the
problem of the local minimum in the artificial potential field (APF) method and the failure of path planning, an
improved APF path-planning method based on a rapidly exploring random tree (RRT) algorithm is proposed,
which reduces the length of the path and enhances path smoothness. Finally, through simulation and obstacle-
avoidance experiments on the path of a mechanical arm, effective path planning based on the improved APF
method is verified. The experimental results show that the proposed path-planning method can plan an optimal
path and meet the technical requirements of bending robot operations.

1 Introduction

In the industrial production field, bending robots replace hu-
man labor in bending operations, which greatly improves
working efficiency and machining quality. Path planning in
the machining process is a key technical link in the per-
formance delivery of bending robots. Its task is to find a
continuous path from the starting point to the target point
in the set area and avoid obstacles under the optimal or
quasi-optimal performance index (Akbaripour and Mase-
hian, 2017; Stentz, 1994).

According to the degree of environmental information, the
path-planning methods of mobile robots are usually divided
into global path planning and local path planning. Global
path planning is based on the known global obstacle map in-
formation and uses various optimization algorithms to obtain
the global optimal path, but it has some disadvantages such
as large computation, low search efficiency, and slow conver-
gence speed. Local path planning can acquire the information
of the current position and the local obstacle in real time ac-
cording to its own sensors, so as to obtain the optimal path

from the starting point to the target point, but it is easy to fall
into the local optimal solution.

Environment modeling and path search are two important
issues in global path planning. Global path-planning methods
include the visibility graph,A∗ algorithm,D∗ algorithm, and
artificial potential field (APF) (Shao et al., 2019; Wang et al.,
2019; Rasekhipour et al., 2016). Other global path-planning
methods are intelligent optimization algorithms, such as ge-
netic algorithm and particle swarm optimization (Korayem et
al., 2016; Kim and Lee, 2015). Using a differential evolution
algorithm, Das et al. (2018) propose a method of energy-
efficient path planning that can be applied to an industrial
robot arm in a workspace containing multiple obstacles. A
suitable cost function is used to track the optimal path be-
tween initial and final configurations of the robot arm joints.

For industrial robots, exploring in an unknown envi-
ronment is still a challenging task. In terms of percep-
tion and positioning of obstacles, Gala et al. (2018) and
Gala and Sun (2019) propose a three-dimensional sound
source localization technology based on a self-rotational
two-microphone array. It can estimate the position of a sta-
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tionary sound source in a spherical coordinate system. Fil-
ipenko and Afanasyev (2018) compare various simultane-
ous localization and mapping (SLAM) systems of mobile
robots in an indoor environment. The advantages and disad-
vantages of each SLAM system in different application sce-
narios are analyzed. Zheng (2019) introduces a new method
to investigate the trajectory planning for the multiple degrees
of freedom (MDOF) robot in improving accuracy and stabil-
ity. Fan et al. (2020) present a concise path-planning method
for an autonomous underwater vehicle (AUV) based on an
improved artificial potential field (APF) method, which con-
siders the spatial location and direction of the velocity of the
moving objects. Cong et al. (2020) present a bidirectional
fast extended random tree algorithm rapidly exploring ran-
dom tree connect (RRT) to complete the dual-arm path plan-
ning under the planning framework of “MoveIt”.

Considering a safe distance between an end effector of
a robot and obstacles to avoid collision, Lai et al. (2017)
presented an obstacle-avoidance method for a mechanical
arm based on non-uniform rational B-spline curves. Li et
al. (2022) proposed an improved A∗ algorithm by a bidi-
rectional alternating search strategy for mobile robots path
planning. Nishi and Mori (2018) proposed a motion planning
method based on the potential field, which saves energy and
optimizes picking points of the workpieces. Contreras-Cruz
et al. (2015) proposed a robust algorithm based on meta-
heuristic methods to generate a path composed of forward-
ing motion and rotation. By adding a singular value decom-
position method to optimize the measurement of operability,
Ahmed et al. (2022) proposed an integrated path-planning
algorithm based on the deformation of thin metal plates.
Kovács et al. (2016) presented a mobile robot path-planning
method using animal motion attributes, and it was capable of
online navigation in dynamic environments.

In terms of path planning based on machine learn-
ing, Zhou et al. (2022) developed an improved lazy
probabilistic-roadmap-algorithm-based online collision-free
path-planning method for arc welding robots. Zhuang et
al. (2019) proposed an RRT algorithm with a variable step
length for path planning of a dual-arm robot, which improved
search efficiency and shortened the time required for path
planning. Yu et al. (2017) proposed a task-oriented simula-
tion system of a mechanical arm based on a recurrent neural
network and obtained a mapping trajectory between angles of
joints of the robot arm. By a dynamic fuzzy neural network
algorithm, Han et al. (2015) obtained inverse kinematic pa-
rameters of a robot, which improved the calculation accuracy
and efficiency. Jun et al. (2017) proposed an improved spline
interpolation method based on spline functions and genetic
algorithms, which solved the problems of complex workload
and inflexible operation in path planning. Wang and Wan
(2015) used the improved quintic polynomial interpolation
method in a joint space. Sun et al. (2017) presented an im-
proved A∗ algorithm for global path planning and divided
the planned path according to a small step length, which re-

duced the length and turning angle of the path. Li et al. (2017)
proposed a trajectory planning method for sprawling robots
inspired by a trotting animal and offered references to the
trajectory planning of robots.

In the path-planning algorithms for obstacle avoidance, it
is common to use the APF method to abstract details per-
taining to the actual space. In reference to this, Cheng et
al. (2019), based on the task of path planning of a mo-
bile robot, improved the traditional A∗ algorithm and APF
method to shorten the driving path of the mobile robot. It
solved the problem of path-planning failures in the case of a
local minimum being located. To improve the global search
ability of path planning for a mobile robot, the improved APF
and ant colony algorithm (ACA) under a global static envi-
ronment was proposed in reference to Wang et al. (2018),
which allowed planning of the optimal path, albeit with com-
plex computational processing.

Path smoothing is an important part of path planning;
the path obtained by the traditional planning algorithms is
usually a sequence of multiple line segments and is a non-
smooth curve, which readily causes discontinuous motion of
a robot, while a smooth path can ensure continuous motion.
In this paper, an improved APF-based path-planning method
based on the idea of RRT is proposed, which reduces the
length of the path and makes the path smoother.

The remainder of this paper is organized as follows. In
Sect. 2, the kinematics of the 5 DOF bending robot is ana-
lyzed. In Sect. 3, trajectory planning of the robot based on
the improved APF method is introduced. Simulation and ex-
perimental results are presented and discussed in Sect. 4, re-
spectively. Section 5 concludes the paper.

2 Kinematic analysis of the 5 DOF bending robot

2.1 Establishment of the coordinate system of the
5 DOF robot

For a bending robot, it is necessary to find feasible solutions
in high-dimensional configuration space. Therefore, a spa-
tial coordinate system needs to be established for the bend-
ing robot to obtain the spatial position of its end effector,
thus turning path planning into a constrained optimization
problem (Ratiu and Prichici, 2017). A mechanical arm of the
bending robot is a multi-DOF structure with multiple rigid
bodies connected in series. To describe changes in the rela-
tive position between adjacent connecting rods, a coordinate
system is established for each connecting rod, thus obtaining
position coordinates of the end effector of the mechanical
arm in a three-dimensional (3-d) coordinate system.

During the motion of the mechanical arm, the coordinate
system of the base remains fixed, and the relative positions
of other connecting-rod coordinate systems are ascertained
based thereon. The 5 DOF Cartesian bending robot consists
of three moving joints and two rotating joints connected in
series. For three joints moving in a straight line, the Z axis
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Figure 1. Coordinate system of 5 DOF rectangular coordinate ma-
nipulator.

Figure 2. Coordinate system of 5 DOF Cartesian robot.

denotes the direction of movement of each joint. For the two
rotating joints, the Z axis represents the rotational direction
of each joint. The first three moving axes determine the po-
sition of the end effector, and the last two rotation axes de-
termine the pose of the end effector. The X axis denotes the
Denavit–Hartenberg (D–H) modeling rule, and the Y axis is
determined according to the right-hand rule; therefore, the
established connecting-rod coordinate system of the 5 DOF
Cartesian mechanical arm is shown in Fig. 1. The established
coordinate system of the 5 DOF Cartesian bending robot is
shown in Fig. 2.

2.2 Kinematic analysis of the bending robot

This bending robot, with 5 DOF, cooperates with a computer
numerical control (CNC) bending machine to bend a sheet-
metal part. An end device of the robot clamps the sheet-metal

Figure 3. The motion coordinate system of the bending robot fol-
lowing the bending machine.

part. After the host computer sends the bending command,
the sliding blocks of the bending machine start to operate
from the top dead center. When the tool tip of the upper dies
contacts the materials to be bent, the bending machine sends
the bending command to the robot. According to the planned
path algorithm, the robot controls the mechanical arm to fol-
low the bending process. In the motion-following process
for bending the mechanical arm, the Y axis, Z axis, and A-
rotation axis of the bending robot need to follow the bending
of the sheet-metal part. The coordinate system of the robot
following the bending machine is shown in Fig. 3.

In Fig. 3, the coordinate system XOY is established with
the end effector of the bending robot at the center, while the
coordinate system X′O′Y′ is a basic coordinate system of the
bending machine. I , d , and α indicate the thickness of the
end effector of the robot, the thickness of the sheet-metal
part, and the angle between the sheet-metal part clamped by
the end effector of the mechanical arm and the X axis during
the bending operation, respectively. L, β, W , and S repre-
sent the horizontal distance from the reference origin O of
the sheet-metal part to the center O′ of a V -shaped groove,
the angle of the sheet-metal part to be bent, the width of the
V -shaped groove in the lower die, and the bending depth of
the sheet-metal part, respectively. I , d , and L are constants,
while α varies. When calculating the bending about the Y
and Z axes and the A-rotation axis of the bending robot fol-
lowing the bending of sheet-metal part, it is only necessary
to calculate the kinematic equations pertaining to the Y and
Z axes of the robot relative to the angle α.

The angle between the sheet-metal part clamped by the
end effector of the mechanical arm and the X axis shows the
following relationship with bending depth S and width W of
the V -shaped groove (known constants):

α = arctan

(
S(
W
2

)) . (1)

The relationship between α and the angle β of the sheet-
metal part to be bent is expressed as follows:

α=
180−β

2
. (2)
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The bending depth S is given by

S =
W

2
tan

180−β
2

=
W

2tan β2
. (3)

Similarly, according to the geometric relationship of moving
coordinates in Fig. 3, the displacement of point O in the co-
ordinate system of the robot’s end effector along the Z axis
is obtained as follows:

Zo′ = I + d +

(
L−

(
W
2

)
cosα

)
sinα− I cosα. (4)

The displacement of point ‘O in the coordinate system of the
robot’s end effector along the Y axis is

Yo′ = L−

(
L−

(
W
2

)
cosα

)
cosα− I sinα−

W

2

= L(1− cosα)− I sinα. (5)

Bending equations about the Y and Z axes of the robot with
respect to angle α are
α = arctan

(
S(
W
2

)
)

Yo′=L(1− cosα)− I sinα

Zo′ = I + d+

(
L−

(
W
2

)
cosα

)
sinα− I cosα

. (6)

Based on the above bending process, the motion path of
the end effector of the bending robot can be determined
through calculation. In the joint space and the Cartesian
space, the bending trajectory of the robot can be separately
planned.

3 Trajectory planning of the robot based on the
improved APF method

3.1 Artificial potential field (APF) method

The APF method is a virtual force method that constructs the
fields of attractive force and repulsive force acting together
around the objective position and obstacles by introducing
a potential field function to describe the workspace of the
robot (Orozco-Rosas et al., 2019). The robot is subject to the
joint action of the attractive force generated at the objective
point and the repulsive force generated by obstacles in the
virtual potential field, and the optimal collision-free path is
planned by searching the descent direction of the potential
function. The APF method, with its high computational ef-
ficiency, can achieve real-time path planning and trajectory
smoothing; however, it is often trapped in local optima, pre-
venting path planning (Wan et al., 2019; Kovács et al., 2016).

The energy applied to the robot at a certain point in the
trajectory can be expressed as

U (i)= Uatt(i)+Urep(i), (7)

where U (i) indicates the virtual potential field; and Uatt(i)
and Urep(i) represent virtual potential fields of the attractive
and repulsive, forces, respectively.

If the bending robot moves in a two-dimensional finite
space and its position in the motion space is Pi , the potential
function of attractive force between the robot and the objec-
tive point is expressed as follows:

Uatt =
1
2
ka
∣∣Pi −Pg∣∣2, (8)

where ka and
∣∣Pi −Pg∣∣ denote the scale factor of attractive

force and the distance between the current position and the
objective position of the robot, respectively.

The potential function of the repulsive force between the
bending robot and obstacles is written as follows:

Urep =

{
1
2kr

∣∣∣ 1
di
−

1
d0

∣∣∣2 di ≤ d0

0 di > d0

, (9)

where kr, di , and d0 indicate the scale factor of the repulsive
force, the distance between the robot and obstacles, and the
radius of influence of the potential field of the repulsive force
of obstacles.

When the negative gradient energy in the potential fields of
attractive and repulsive forces acts on the robot, the resultant
force on the robot is expressed as follows:

F (i)=−∇U (i)=−∇Uatt(i)−∇Urep(i), (10)

where ∇U (i) represents the gradient of the potential field at
the point i.

The attractive and repulsive forces applied to the robot can
be separately expressed as follows:

Fatt(i)=−ka
(
Pi −Pg

)
, (11)

Frep(i)=

{
kr

(
1
di
−

1
d0

)
1
d2
i

∂d
∂X

di ≤ d0

0 di > d0
. (12)

The APF method searches for the optimal solution by simu-
lating the energy field, but there are two special cases: one is
that when the objective point is within the influencing range
of the repulsive force of obstacles, the repulsive force will be
very large and the attractive force is relatively small, which
makes the objective point unreachable. The other one is that
when the robot is in a straight line with the objective point
and obstacles, or it encounters U -shaped obstacles during
motion, it will be trapped in a local minimum.

In view of the above shortcomings of the APF method, a
new potential field function is constructed for improvement,
based on the idea of the RRT algorithm when the local po-
tential model conflicts with the global one during the path
selection of the robot.
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3.2 Improved APF method based on the RRT algorithm

The RRT algorithm is a search algorithm based on a tree
structure. It is a planning algorithm that extends outward
into a tree structure from the initial point and randomly sam-
ples points in the planning space to determine the next direc-
tion of extension, thus realizing rapid path planning. Char-
acterized by the advantages of avoiding the physical mod-
eling and mathematical modeling of the objective space,
quickly expanding to explore the feasible region in the
space, and providing efficient execution, the method has been
widely used.

The main idea of the improved APF-based path-planning
method based on the RRT algorithm is to improve the APF
method with the random extension and search characteris-
tics in order to avoid local minima. When falling into the
local minimum, the RRT algorithm is used to generate uni-
form numbers of root nodes around obstacles, and then the
components of attractive and repulsive forces are applied to
the root nodes to generate a local random tree near the local
minimum. Under the guidance of components of attractive
and repulsive forces in the APF, the random tree grows to the
objective point, thus solving the problem, such as that asso-
ciated with an unreachable objective point and local minima
found during motion planning.

1. Search process using the RRT algorithm.

The specific search process using the RRT algorithm
is as follows: an initial point is selected in the envi-
ronment, which is recorded as a root node xinit of the
random tree. By searching for the free space, a random
sampling point xrand is selected. If xrand is not in the
region with obstacles, xinit and xrand are connected to
obtain a line L. If the whole line L is not in the region
with obstacles, a new node xnew is generated along line
L from xinit to xrand according to a certain step length ρ.
In this way, the simplest tree is formed by xinit, xnew, and
their connection. By selecting node xnear nearest the ran-
dom sampling point xrand, they are connected, and a new
node xnew is generated from xnear at a certain step length
ρ. If there is no collision with obstacles during exten-
sion from xnear to xnew, a random tree is generated by
adding this new node xnew into the random tree. When
sub-nodes in the random tree contain the objective point
xgoal, a path from the initial point xinit to the objective
point xgoal can be generated in the random tree. If col-
lision occurs, this extension is canceled. A schematic
representation of the path search in a space containing
obstacles using the RRT algorithm is displayed in Fig. 4.

2. Extension of the RRT algorithm by increasing the com-
ponent of attractive force.

The component of attractive force is added to the RRT
algorithm to guide the local random tree to grow to-
wards the objective point, and a schematic diagram of

the extension is shown in Fig. 5. The idea is to add an
objective function G(n) of attractive force to each node
n in the random tree (node n represents the nth node
xnew as the random tree extends outward from the ini-
tial point xinit); the objective function of attractive force
can be expressed as follows:

G(n)= ρka
xgoal− xnear∥∥xgoal− xnear

∥∥ , (13)

where ρ and ka indicate the step length and scale fac-
tor of attractive force, respectively; and

∥∥xgoal− xnear
∥∥

represents the absolute value of the geometric distance
between node n and the objective point xnear.

The RRT algorithm of a new node xnew can be expressed
by the following equation:

R(n)= ρ
xrand− xnear

‖xrand− xnear‖
. (14)

The equation for generating a new node after introduc-
ing the component of attractive force into the RRT al-
gorithm is shown as follows:

xnew = xnear+ ρka
xgoal− xnear∥∥xgoal− xnear

∥∥ + ρ xrand− xnear

‖xrand− xnear‖
. (15)

In this way, the points in the random tree can search for
and grow to the objective direction in the free space un-
der the action of the component of attractive force, thus
avoiding the problem that the objective point is unreach-
able by the robot.

3. Extension of the RRT algorithm by increasing the com-
ponent of repulsive force.

The component of repulsive force is added to the RRT
algorithm to guide the local random tree to grow away
from the obstacles. The extension diagram is demon-
strated in Fig. 6. The core idea is to add a function T (n)
of repulsive force of obstacles into each node n in the
random tree, where node n represents the nth node xnew
as the random tree extends outwards from the initial
point xinit. The function of the repulsive force of ob-
stacles can be expressed as follows:

T (n)=

{
ρkr

(
1
pn
−

1
p0

)
1
p2
n

∂(xnear−xobstacle)
∂xnear

pn ≤ p0

0 pn > p0
, (16)

where ρ and kr denote the step length and scale fac-
tor applied to the repulsive force, respectively; pn de-
notes the shortest distance from the node to obstacles;
and p0 and xobstacle denote the influence range of re-
pulsive force of obstacles on the node and the position
vector of obstacles.

The RRT algorithm of the new node xnew can be ex-
pressed by the following equation:

R(n)= ρ
xrand− xnear

‖xrand− xnear‖
. (17)
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Figure 4. Schematic diagram of RRT algorithm searching in obsta-
cle space.

Figure 5. Extension map of RRT algorithm with added gravity
component.

The equation for generating a new node after introduc-
ing the component of repulsive force into the RRT algo-
rithm is given by

xnew =


xnear+ ρkr

(
1
pn
−

1
p0

)
1
p2
n

∂ (xnear− xobstacle)
∂xnear

+ ρ
xrand− xnear

‖xrand− xnear‖
pn ≤ p0

0 pn > p0

. (18)

In this way, under the action of the component of repul-
sive force, the points in the random tree seek and grow,
in a direction leading away from obstacles in the free
space, so that the robot can escape from the local mini-
mum and reach its objective.

3.3 Implementation of path planning of the robot based
on the improved APF method

The main idea of path planning of the robot using the im-
proved APF method is summarized as follows: firstly, the
APF method is used for path planning in the workspace of
a robot. When the motion path falls to a local minimum or
the objective point is unreachable, the RRT algorithm is used
to optimize the local optimal solution and forces it out of

Figure 6. Extension map of RRT algorithm with added repulsion
component.

Figure 7. Path-planning process based on the improved APF
method.

the region of oscillation. When the robot escapes from the
local minimum, it returns to path planning using the APF
method. The path-planning process of the robot is illustrated
in Fig. 7.

The specific implementation steps for path planning of the
robot based on the APF method are presented as follows:

Step 1. The APF method is used to establish a virtual po-
tential field in the workspace. The attractive, repulsive,
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and resultant forces of the potential field are calculated,
respectively, and path planning is conducted.

Step 2. The robot moves to its objective under the guidance
of forces in the potential field. If the objective is un-
reachable, or the algorithm falls into a local minimum
during the motion of the robot, Step 3 is performed. Oth-
erwise Step 4 is executed.

Step 3. The RRT algorithm is utilized to detect and search
for obstacles in the space. By taking the minimum point
as a root node, a search structure in the form of a tree
is generated until the robot escapes from the region of
oscillation.

Step 4. The robot returns to the potential field and continues
to move towards its objective.

Step 5. Check whether the robot has reached its objective; if
it has not, the algorithm returns to Step 2, and if it has,
the task of path planning ends.

The main characteristics of the improved APF algorithm
are shown as follows:

1. The proposed algorithm is simple and implemented in
a small search space. By improving the traditional po-
tential field function and searching for the path which
escapes only near the local minimum using the RRT al-
gorithm, the optimal path can be rapidly found. In this
way, the time taken to pass an obstacle is reduced, the
probability of convergence of the algorithm is increased,
and the planning time is shortened.

2. The algorithm is highly robust. Compared with algo-
rithms such as neural networks and genetic algorithms,
the APF function can avoid the singularity of the robot
and improve the smoothness of the path.

4 Experiment and verification of the algorithm

The proposed path-planning method of robots based on the
improved APF method is able to plan a realizable, collision-
free motion path that does not fall into the local optimum
according to the positions of the initial point, objective point,
and obstacles. It is applied to the bending operation of a
bending robot.

4.1 Simulation analysis of the algorithm

In the workspace of the bending robot, by taking the position
where the X axis of the mechanical arm moves to the far left
as the origin, three obstacles of different shapes are estab-
lished. Their boundary coordinates can be seen in Fig. 8. The
schematic diagram of the mechanical arm moving from the
initial point Q (50 cm, 350 cm) to the end-point Z (400 cm,
120 cm) is also illustrated in Fig. 8.

Figure 8. Schematic diagram of environmental obstacles.

Figure 9. Projection trajectory of RRT in XOY plane of robot.

By using the RRT algorithm, the path of the mechanical
arm moving from initial point Q (50 cm, 350 cm) to the end
point Z (400 cm, 120 cm) is simulated using MATLAB™
(Fig. 9). The parameters of the improved APF method are
generally obtained according to the empirical method, sim-
ulation result, and experimental environment. The parameter
values are set as the step length ρ = 0.5, the scale factor of
attractive force ka =1, and the repulsive force of attractive
force kr = 50. The simulation results demonstrate that the
motion path planned by the RRT algorithm contains turn-
ing points, thus increasing the optimization path, making the
moving process unsmoothed, and requiring more time for
computation.

In the same workspace, the improved APF method is sim-
ulated. The APF is constructed for the obstacles in the above
space, and the potential field of attractive force at the ob-
jective point and potential field of repulsive force generated
by obstacles are illustrated in Fig. 10. The resultant potential
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Figure 10. Potential field of the target point and obstacle point.

Figure 11. Composite potential field of obstacle and target point.

field of the obstacles and the objective point in the motion
space is displayed in Fig. 11.

The trajectory of the robot, from the initial point to the end
point, is shown in Fig. 12; the path generated by the improved
APF algorithm meets the requirements of obstacle avoidance
and is smooth, avoiding local minima.

Table 1 lists the length of the optimal path, completion
time, and accuracy of obtaining the optimal path by perform-
ing 20 simulations of path planning using the RRT algorithm,
APF algorithm, and improved APF algorithm.

Therefore, integrating the RRT algorithm into the im-
proved APF can overcome the shortcomings of being unable
to escape the trap of a local minimum. When the motion plan-
ning of the algorithm falls to a local minimum, the local ran-
dom tree generated by the RRT algorithm guides the robot to
continue the process of moving towards the objective point
to obtain the optimal planning path. At the same time, the
problems of an unsmoothed path planning and the long plan-
ning time needed in the RRT algorithm are optimized, thus
accelerating the overall path-planning process.

4.2 Obstacle-avoidance path-planning experiment of
the robot

To verify the obstacle-avoidance planning ability of the robot
based on the improved APF method, obstacles are set in an

Figure 12. Projection trajectory of improved APF in XOY plane of
robot.

Table 1. Performance comparison of path-planning algorithms in
the simulation environment.

Path-planning algorithms RRT APF Improved APF

Path length (cm) 565.6 572.8 536.2
Completion time (s) 1.6 2.1 1.5
Accuracy rate (%) 86.31 61.54 98.26

actual working environment to assess the effectiveness of ob-
stacle avoidance of the robot and the optimality of the path.

In the experiment, the position parameters of the
obstacles are established: two cartons, whose size is
400 mm× 300 mm× 280 mm (length×width× height), are
selected as obstacles at central coordinates of (−100 mm,
−900 mm, −260 mm) and (825 mm, 100 mm, −260 mm).
The actual scene of the robot obstacle-avoidance experiment
is shown in Fig. 13.

Before the system is started, the mechanical arm of the
robot is situated at an initial position with coordinates (0 mm,
0 mm, 0 mm). The coordinates of the objective point of mo-
tion input in the system are (525 mm, 240 mm, −240 mm).
The system is then run, and the mechanical arm moves from
the initial point to the objective. During the motion, the me-
chanical arm avoids obstacles according to the automati-
cally planned shortest obstacle-avoidance path. The obstacle-
avoidance process of the robot arm to the end point is demon-
strated in Fig. 13.

The RRT algorithm, APF algorithm, and improved APF
are used to conduct 20 path-planning experiments for obsta-
cle avoidance during bending, respectively. The results of the
length of the optimal path, completion time, and the accuracy
of the resulting optimal path are listed in Table 2.

The experimental results illustrate that in the presence of
obstacles in the potential path of the robot, the improved APF
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Figure 13. The obstacle-avoidance process of the robot arm: (a) the starting state, (b) the obstacle-avoidance state, and (c) the ending state.

Table 2. Performance comparison of path-planning algorithms in
the actual obstacle of the bending robot.

Path-planning algorithms RRT APF Improved APF

Path length (mm) 968.3 1019.2 843.9
Completion time (s) 3.3 4.9 3.1
Accuracy rate (%) 83.76 58.61 96.54

method can effectively plan an optimal obstacle-avoidance
path to make the robot avoid obstacles in the shortest time.
The mechanical arm moves smoothly and continuously with-
out halting, thus meeting the technical requirements imposed
upon such a bending robot.

5 Conclusions

A strategy of path planning for a 5 DOF bending robot is
conducted in an environment with obstacles, and the equa-
tions of motion tracks of the mechanical arm are determined.
For the obstacle-avoidance problem, the improved APF algo-
rithm, in combination with the idea of a random tree method,
is proposed, and the implementation process of improved
APF is presented. In view of the existence of local min-
ima in the APF method, based on the random extension
and search characteristics of the RRT algorithm, the robot
can escape from the local minimum, which shortened the
time of path planning and ensured smoothness of motion. Fi-
nally, the feasibility of path planning based on the improved
APF method is verified through MATLAB simulation and
obstacle-avoidance experiments for path planning of the me-
chanical arm. The experimental results illustrate that the pro-
posed path-planning method can find the optimal path and

meet the technical requirements expected of such a bending
robot.

In subsequent studies, dynamic obstacles should be added
to the existing environment to increase the complexity of the
path-planning environment and to verify whether the algo-
rithm can maintain a high accuracy in the environment with
dynamic obstacles. Therefore, our next work is to improve
the performance of the proposed method by building an ex-
perimental verification platform.
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