
Research Article
Human-Machine Cooperation and Path Planning for Complex
Road Conditions

Guanghong Zhou

Department of Control Technology, Wuxi Institute of Technology, Wuxi, Jiangsu 214121, China

Correspondence should be addressed to Guanghong Zhou; zhough@wxit.edu.cn

Received 19 May 2021; Revised 17 June 2021; Accepted 28 June 2021; Published 6 July 2021

Academic Editor: Chenxi Huang

Copyright © 2021 Guanghong Zhou.+is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

With the rapid development of the information age, the development of industrial robots is also advancing by leaps and bounds. In
the scenes of automobile, medicine, aerospace, and public service, we have fully enjoyed the convenience brought by industrial
robots. However, with the continuous development of industrial robot-related concepts and technologies, human-computer
interaction and cooperation have become the development trend of industrial robot. In this paper, the human-machine co-
operation and path optimization of industrial robot in a complex road environment are studied and analyzed. At the theoretical
modeling level, firstly, the industrial robot is modeled and obstacle avoidance is analyzed based on the kinematics of industrial
robot; thus, an efficient and concise collision detection model of industrial robot is proposed. At the algorithm level, in view of the
complex road conditions faced by industrial robots, this paper will study and analyze the obstacle avoidance strategy of human-
computer cooperation and real-time path optimization algorithm of industrial robots. Based on the virtual target point algorithm,
this paper further improves the problem that the goal of the traditional path planning algorithm cannot be fully covered, so as to
propose the corresponding improved path planning algorithm of industrial robots. In the experimental part, based on the existing
industrial robot system, the human-machine cooperation and path planning system proposed in this paper are designed. +e
experimental results show that the algorithm proposed in this paper improves the accuracy of obstacle avoidance by about 10
points and the corresponding convergence speed by about 5% compared with the traditional algorithm and the experimental effect
is remarkable.

1. Introduction

With the rapid development of industrial robots, more and
more kinds of industrial robots come into people’s daily life.
Industrial robots can completely replace human beings to
complete highly repetitive work. At the same time, they also
further liberate productivity and improve production effi-
ciency. However, with the continuous advancement of the
concept of industrial robot and related technologies, the
technology of industrial robot is developing in the direction
of man-machine cooperation. +e new man-machine co-
operation mode will continue to break the boundaries be-
tween traditional industrial robots and workers, leading to
the development trend of industrial robot technology [1–3].
+e industrial robot based on human-computer cooperation
makes it possible to cooperate with human beings without

absolute isolation by safety fence, thus further reducing the
distance between human and machine, reducing the area
required by industrial production, fully combining the ad-
vantages of human and machine, and realizing comple-
mentary advantages. In the actual production activities, let
the robot complete the mechanical work with high re-
peatability, and let the human complete the work with
relatively strong flexibility, which needs continuous opti-
mization by manual work [4, 5]. However, compared with
the traditional industrial robots, the development of human-
computer cooperation has brought about the security
problems of the system.When human beings cooperate with
machines and industrial robots move in the production
place, the collision avoidance between human andmachines,
between machines and machines, and between machines
and other objects can hardly be guaranteed. Industrial robot
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human-computer cooperation and corresponding path
optimization algorithm has become an important research
direction in the development of human-computer cooper-
ation, and it is also the key difficulty to further promote this
technology [6–8].

At present, the research on human-computer coopera-
tion and path planning of industrial robot mainly focuses on
the sensor level, which installs a large number of sensors on
human and industrial robot, so as to realize mutual per-
ception between industrial robot and human [9]. Sensor
sensing of the current mainstream technology mainly used
sensors to collect uncertain or unknown factors in the en-
vironment to capture human action.+rough full analysis of
the captured information, it generates themotion simulation
representation of human and industrial robot and estimates
human behavior by this simulation representation.+en, the
actual distance between human and industrial robot is
further judged, and the distance is summarized into the
collision strategy of human and robot. At this time, when the
corresponding collision risk is confirmed by industrial ro-
bot, the corresponding collision strategy will be activated,
and the corresponding path trajectory of industrial robot
will be generated, so as to realize the obstacle avoidance
processing of human or related objects and machines
[10–12]. In addition to the above-mentioned contact sensor
technology, the current mainstream human-computer co-
operation and path planning technology also includes
contact motion capture system, but such systems often need
to bear high operating costs when applied in actual scenes,
and their customization degree is also high, which is not
conducive to industrial promotion and use [13, 14]. Based on
this, this paper will study and analyze the human-machine
cooperation and path optimization of industrial robot in a
complex road environment. Firstly, the industrial robot is
modeled and obstacle avoidance is analyzed based on the
kinematics of the industrial robot, so as to put forward an
efficient and concise human-machine collision detection
model of industrial robot. In view of the complex road
conditions faced by industrial robots, this paper will study
and analyze the obstacle avoidance strategy of human-
computer cooperation and real-time path optimization al-
gorithm of industrial robots. Based on the virtual target
point algorithm, this paper further improves the problem
that the goal of traditional path planning algorithm cannot
be fully covered and puts forward the corresponding im-
proved algorithm of industrial robot path planning [15]. In
the experimental part, based on the existing industrial robot
system, this paper designs the human-computer cooperation
and path planning system. +e experimental results show
that the algorithm proposed in this paper can achieve the
overall obstacle avoidance of industrial robot more effi-
ciently than the traditional algorithm, and the planned path
is more safe and efficient, which verifies the feasibility and
superiority of the algorithm.

+e structure of this paper is as follows: in the second
section of this paper, the research status of human-computer
cooperation and path planning algorithm of industrial robot
is analyzed. +e third section of this paper will focus on the
optimization algorithm of human-computer cooperation

and path planning of industrial robot, aiming at the research
and analysis of human-computer cooperation and path
optimization of industrial robot in a complex road envi-
ronment. In the fourth section of this paper, the simulation
system is designed based on the algorithm proposed in this
paper, the simulation experiments are carried out, and the
experimental results are analyzed.+e summary is presented
in the final section.

2. RelatedResearch: Research Status ofHuman-
Computer Cooperation and Path Planning
Algorithm of Industrial Robot

At present, the essence of the research on human-computer
cooperation and path planning algorithm of industrial robot
is the safety of human-computer cooperation. Based on this,
a large number of researchers and R&D institutions have
carried out research and analysis on it. At the physical level,
relevant researchers in the United States and Europe have
proposed to use physical materials with absorption elasticity
to develop industrial robots, so as to reduce the damage
caused by the collision between robots and human bodies.
+e robot combines the nonlinear control theory with the
electric drive system to realize the dynamic control of the
industrial robot, so as to further ensure the safety of workers.
With the continuous development of this kind of robot
technology, the new robot has the characteristics of smooth
structure, small size, and lightweight. However, this kind of
robot does not completely solve the safety problem of hu-
man-computer cooperation, it only reduces the corre-
sponding damage, and its corresponding production cost
and maintenance cost are relatively high [16–18]; relevant
scholars have studied and analyzed the control algorithm,
and the main research scope is focused on obstacle avoid-
ance strategy and path planning. Asian scholars have pro-
posed a motion planning algorithm for industrial robots
based on risk index minimization, which divides the robot
motion path and region into safe path planning, online real-
time safe trajectory planning, and real-time obstacle
avoidance control [19, 20]; American scholars have designed
a distributed distance sensor, which combines the risk as-
sessment algorithm of the sensor with the control of in-
dustrial robot and then allows the robot to make
corresponding obstacle avoidance actions, so as to improve
the safety of the system; European scientists propose a
motion control strategy to ensure safety, which mainly uses
camera technology to monitor the working area of robot,
calculates the distance between industrial robot and human
in real time, and then defines various behaviors of robot
based on this distance to ensure production efficiency and
human safety [21, 22]; relevant researchers have focused on
the application of video monitoring technology. Asian sci-
entists used the somatosensory camera technology to track
the position of workers, so as to obtain the three-dimen-
sional coordinates of human joints. At the same time, they
obtained the accurate position information of the target
object through image processing technology and finally
achieved a safe man-machine cooperation relationship [23].
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Based on the somatosensory camera technology, Japanese
scholars proposed further optimization of tracking tech-
nology. +ey developed an algorithm to estimate the dis-
tance between the omnipoint and the obstacle in Cartesian
space and used the truncated cone generated by the pixels in
the depth image to estimate the distance, so as to quickly
calculate the distance between the industrial robot and
human beings, so as to improve the running speed of the
whole system [24, 25].

3. Optimization Algorithm Analysis of Human-
Machine Cooperation and Path Planning for
Industrial Robot

+is section will mainly discuss and analyze the algorithm
optimization of the current industrial robot human-machine
cooperation and path planning level, which mainly includes
the optimization of two core algorithms; the corresponding
are the industrial robot kinematics optimization modeling
analysis and the industrial robot human-machine cooper-
ation security strategy and path planning research. +e
corresponding system framework diagram is shown in
Figure 1. From the diagram, we can see that the ultimate goal
of human-computer cooperation of industrial robot is to
protect the personal safety of the collaborators. +e corre-
sponding diagram contains the algorithm hardware and
software components of the system, as well as the security
strategy of the whole system.

3.1. Kinematics Optimization Modeling Analysis of Industrial
Robot. In order to better solve the problem of human-
computer cooperation and path planning of industrial robot,
this section analyzes the kinematics modeling of industrial
robot. In this paper, we focus on the axis robot as an example
for analysis and research, its specific needs to go through the
industrial robot position description, attitude description,
and link description. In this paper, the collision strategy
between industrial robot and human is considered in the
actual modeling, and based on this, the kinematics opti-
mization of industrial robot is carried out. +e principle
framework of the corresponding industrial robot kinematics
model is shown in Figure 2.

In the corresponding position description part of the
industrial robot, a certain space coordinate system is
established based on three-dimensional space, and the
points on the rigid body of the industrial robot are repre-
sented by three-dimensional Cartesian vector. In the cor-
responding orientation description level, the attitude
representation is mainly based on the relative coordinates of
the coordinate system. Assuming that {Q} is corresponding
to the original coordinate system, then the corresponding
rigid body coordinate system corresponds to {P}, and the
attitude of the rigid body can be expressed as the position of
the coordinate system fixedly connected to the rigid body
relative to the original coordinate system. In the description
of the pose of the corresponding industrial robot, this paper
focuses on its corresponding position and pose. At this time,
the corresponding rigid body feature points such as the

centroid or the center point are usually taken as the origin of
the rigid body coordinate system. Compared with the
original coordinate system {Q}, the corresponding rigid
body coordinate system can be expressed as the following
matrix 1, and the corresponding matrix has been
homogeneous:

Q
B
A �

pi oi pi oi

pj oj pj oj

pz oz pz oz

0 0 0 1
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. (1)

In the corresponding linkage description, it is mainly
subject to the structure of industrial robot. +e corre-
sponding structure of conventional industrial robot is spatial
open-chain structure. +e corresponding connecting rod is
processed in series through some column joints. +e first
link of corresponding industrial robot is recognized as the
base of industrial robot by default, and the latter link of the
corresponding group is regarded as the end actuator. +e
corresponding modeling rules of connecting rod parameters
based on this rule are as follows:

(1) +e corresponding z-axis direction in the corre-
sponding linkage system coordinate system is set as
the axis of the joint of industrial robot.

(2) +e corresponding origin is assumed to be the
vertical line corresponding to the z-axis direction.

(3) +e corresponding industrial robot x-axis is set as the
z-axis, and the vertical line of its adjacent z-axis and
the corresponding direction is determined by z-axis.

(4) +e setting of the corresponding y-axis follows the
right-hand rule and is determined by the right-hand
rule.

Based on the preparation of the above-mentioned related
modeling, the collision strategy between industrial robot and
human is considered and the kinematics model of industrial
robot is optimized. In the actual modeling, the obstacles in
the environment are regarded as operators in the collabo-
rative environment, corresponding to the real-time updated
obstacles. Aiming at the attitude and position information
model of the industrial robot and human body established
before, the precise three-dimensional model of industrial
robot and human can be obtained. Based on the above
model, the collision detection model is built based on the
bounding box collision algorithm. +e corresponding
modeling methods are as follows:

(1) +e collision detection of irregular obstacles in the
environment is transformed into collision detection
between corresponding regular geometry and can be
calculated quickly.

(2) According to different types of bounding box al-
gorithms, the corresponding envelope form is set as
the AABB model.

(3) When the corresponding industrial robot envelope is
collected, the images of multiple perspectives are
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collected, and the background is segmented and
filtered, so as to get the segmented images of the
robot from different perspectives.

(4) +e corresponding space segmentation images are
subdivided into several basic elements, and the posi-
tion information of the finite cylinder and the corre-
sponding key nodes of industrial robot are determined
according to the known relevant information.

(5) A complete operational model of industrial robot is
built.

+e flowchart of the corresponding kinematic model of
industrial robot is shown in Figure 3.

3.2. Analysis and Research on Safety Strategy and Path
Planning of Industrial Robot Man-Machine Cooperation.
Based on the above industrial robot kinematics modeling,
considering the core algorithm of the whole system, namely,
the safety strategy algorithm, this section will formulate the
safety strategy based on the accurate movement speed of
industrial robot and human. In the actual development of
the corresponding safety strategy, the corresponding safety
distance is set to 100 cm. When the distance between the
corresponding industrial robot and human exceeds the
safety distance of 100 cm, it indicates that the corresponding
human is outside the working space of the industrial robot,
and the corresponding industrial robot will work at a certain
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speed v. When the safety distance between the corre-
sponding industrial robot and human is less than 100 cm,
but this kind of data only has a single digit, then the strategy
thinks that the data at this time is the noise data of the
sensor, and the industrial robot still works at a certain speed
v. When the corresponding warning data shows periodic
stability, it is considered that the distance between the in-
dustrial robot and human is too close, and the working speed
of the industrial robot is reduced. When the safety distance
between the industrial robot and human is shrinking, the
industrial robot stops working. +e corresponding real-time
adjustment function of the industrial robot is shown in
formula (2). In the formula, a represents the reduction
percentage of the speed of the industrial robot, d repre-
sents the safe distance between human and industrial
robot, d1 and d2 represent the distance between human
and machine when the industrial robot begins to reduce
the working speed and stops working, and V1 and V2
represent the deceleration function of the industrial robot.
To a certain extent, it controls the speed of industrial
robots.

a(d) �

0 d> dmax 0

(1 − v1(d − 15))

y
dmin < d< dmax v1

1 d<dmin v
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. (2)

+e most important of the above-mentioned industrial
robot safety strategies is the precise control of the speed of
industrial robots. In this paper, the auxiliary functions V1
and V2 are used to control the speed of industrial robots in
practice. +is can improve the security of the whole system
and reduce the mechanical wear of the industrial robot. +e

corresponding speed precision control curve used in this
paper is shown in Figure 4. From the figure, it can be seen
that the safety of the system can be maximized by consid-
ering the corresponding speed, inertia, sharpness, and other
attributes of industrial robots.

In the corresponding path planning algorithm level, we
mainly consider improving the traditional form of artificial
potential field. In this paper, the potential function is used to
replace the traditional potential field force method for path
planning of industrial robot, so as to achieve obstacle
avoidance.

+rough observation, analysis, and summary, the
smaller the rotation angle of each joint of industrial robot is,
the lower the probability of collision with human will be.
+erefore, the improved gravitational potential function is
shown in formula (3), where k represents the coefficient of
joint angle distance, q represents the angle of each joint of
industrial robot, and p represents the position of the end
point of industrial robot.

M(p) �
k

2
􏼠 􏼡∗ p − pi􏼈 􏼉

2
􏼐 􏼑 +

k

2
􏼠 􏼡k∗ 􏽘

n

i�1
p − pi􏼈 􏼉. (3)

Aiming at the problem that the traditional path planning
algorithm can not reach the target, this paper introduces the
distance between the end point and the target point of the
industrial robot on the basis of the gravitational potential
function. When the corresponding industrial robot is close
to the corresponding target point, the distance between the
end point and the target point is shrinking, which plays a
drag role on the corresponding repulsive potential field.
+us, the problem of unreachable target is solved. Based on
this, the flowchart of the corresponding path planning al-
gorithm is shown in Figure 5. From Figure 5, we can see that
the corresponding details are as follows:

Collision strategy
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robot kinematics model

Real-time update
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Model optimization

The collision detection of irregular obstacles in
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detection of regular geometry

Images from multiple perspectives are collected,
and their backgrounds are segmented and

filtered

According to different types of bounding box
algorithm, the corresponding envelope form is
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Figure 3: Flowchart of industrial robot kinematics model establishment.
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(1) Get the initial joint angle of the industrial robot,
establish the bounding box model through the
corresponding sensor, and determine the corre-
sponding parameters of the improved artificial po-
tential function, the repulsion influence distance,
and the corresponding safety distance threshold.

(2) Combine the corresponding joints.
(3) Using the forward kinematics equation of the in-

dustrial robot, the coordinates of all joints and end
points of the industrial robot under each joint
combination are obtained

(4) Build the bounding box model and test the collision
with the human bounding box.

(5) Substituting the recording distance corresponding to
step 4 into the function formula of gravity and re-
pulsion, the potential energy corresponding to each
combination of industrial robot is calculated and
compared, and the joint angle combined with the
smallest total potential energy is selected.

(6) Path planning based on the above parameters.

4. System Design and Simulation Experiment

In order to verify the superiority of the algorithm, the overall
design of the system is carried out first, and the corre-
sponding overall design architecture is shown in Figure 6. It

Bounding box model

Start

Search joint
angle

combination

Positive
solution of

adjacent joint
angle

Interpersonal collision detection

Discard
combination

Recording
potential
energy

Local
minima

Treatment of
local minima

Motion execution of
industrial robot

�e model of
bounding box

Parameter values
of artificial

potential function

Safe distance
threshold

Choose the
minimum total
potential energy

Update gravity
function

Calculation of virtual
gravitational

function

Determine the
target position of

virtual point

All kinds of
parameters for
path planning

Is there a collision

Storage link

Bounding box model

Database

Figure 5: Flowchart of path planning algorithm for human-machine cooperation of industrial robot.
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can be seen from the figure that the corresponding system
includes the algorithm part and the hardware sensor part.
+e data acquisition module corresponding to the algorithm
part is mainly responsible for collecting the real-timemotion
coordinate data of human and industrial robot. +e cor-
responding network transmission is mainly responsible for
the data transmission between each module. +e corre-
sponding planning algorithm is mainly responsible for
collision detection between industrial robot and human, and
it also needs to further calculate the next motion angle and
speed of industrial robot in this case. +e corresponding
real-time calculation data in the core control module will be
verified by the virtual simulation and robot control module,
and the real-time motion control of industrial robot will be
completed.

+e corresponding hardware module design level mainly
includes five hardware modules, which are data acquisition
module, network data transmission module, core algorithm
module, virtual simulation module, and robot control
movement module. In the corresponding data acquisition
module, it mainly collects the spatial coordinate information
of industrial robot and humanmovement and sends the data
collected to the corresponding analysis module of the al-
gorithm. +e corresponding data needs to be cached in the
corresponding local species after the acquisition. In the
actual transmission, the latest data is obtained from the local
at a certain time and transmitted to the collision avoidance
path planning program for processing. In the corresponding
network data transmission module, it is mainly responsible
for the transmission of data in each module of the system, so
as to ensure the reliability of data. +e corresponding
transmission mode adopts TCP transmission mode and
socket to connect different data, so as to realize the reliable

transmission of data. +e corresponding algorithm module
includes security strategy algorithm and path planning al-
gorithm. It calculates the joint angle combination and
corresponding motion speed of the next motion of industrial
robot continuously and carries out real-time path planning
processing based on the current corresponding data. At the
corresponding speed control level of industrial robots,
computer control line is mainly used to connect with the
corresponding speed controller of industrial robot. +e
corresponding working flowchart of industrial robot control
module is shown in Figure 7.

Based on the design of the above system, this paper
carries out experimental simulation based on an industrial
robot in the corresponding scene. +e main simulation
experiments of this paper include security strategy simu-
lation and path planning simulation.

4.1. Security Policy Simulation Experiment. In order to
further verify the obstacle avoidance ability of the industrial
robot in the presence of environmental interference, on the
premise that other control environment variables remain
unchanged, observe the curve change of the end point of the
industrial robot in the z-axis of the spatial coordinate in the
interference and noninterference environment, and the
corresponding change trajectory is shown in Figure 8. It can
be seen from Figure 8 that, in the noninterference envi-
ronment, the industrial robot has been moving along the
direction corresponding to the z-axis and finally reaches the
end point. In the corresponding interference environment,
the industrial robot starts to avoid obstacles when it moves
to the 34th step, and its corresponding joint conversion
angle is also smaller and smaller. After successfully
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Figure 6: General principle framework of industrial robot human-machine cooperation and path planning system.
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bypassing the obstacles, it moves to the end point again. +e
corresponding security strategy simulation is mainly the
obstacle avoidance experiment. When the distance between
human and machine is less than 150mm, the corresponding
industrial robot will actively avoid obstacles. +e corre-
sponding industrial robot reaches the specified target lo-
cation after 166 times and 115 times, respectively. +ere is
human interference process in the corresponding envi-
ronment. From the analysis of the figure, we can see that the
corresponding industrial robot motion trajectory is smooth

and continuous, which proves that the algorithm in this
paper is effective and feasible in the actual industrial robot
motion to a certain extent.

Simulation of the robot trajectory in the case of inter-
ference in the above experiment is corresponding three-
dimensional obstacle avoidance diagram of industrial robot.
From the figure, it can be seen that the industrial robot can
effectively deal with the corresponding obstacles in three-
dimensional obstacle avoidance, and the corresponding
curve is relatively smooth, which further verifies the effec-
tiveness of the safety strategy algorithm in this paper.

4.2. Path Planning Simulation Experiment. In order to verify
the advantages of the proposed algorithm in the path
planning of industrial robots, the paper compares the al-
gorithm with the traditional algorithm in the presence of
interference. +e main comparison indexes include the al-
gorithm running time, the length of the algorithm planning
path, and the security comparison of the algorithm. +e
corresponding algorithm average running time comparison
curve is shown in Figure 9(a). From the figure, it can be seen
that the algorithm time proposed in this paper is relatively
short compared with the other two path planning algo-
rithms, the corresponding real-time effect is better, and the
path adjustment can be performed in real time when the
path planning is carried out. Figure 9(b) shows the curve of
the algorithm and the other two traditional algorithms in the
length of the algorithm planning path. From the graph, it can
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be seen that the corresponding planning path of the algo-
rithm proposed in this paper is the shortest and the cor-
responding algorithm is stable. Although the traditional
algorithm has some advantages in time, the corresponding
planning path is longer. Figure 9(c) shows the contrast curve
of the algorithm and the traditional algorithm in the al-
gorithm security. From the figure, it can be seen that the
proposed algorithm can ensure that the distance between the
links and obstacles of industrial robots is greater than the
safety distance compared with the traditional algorithm,
while the distance corresponding to other traditional al-
gorithms will be less than the safety distance. +is will cause
the collision between industrial robot and obstacles or
human beings, which will affect the safety strategy of the
whole system.

Based on the above experiments and analysis, it can be
concluded that the algorithm in this paper has obvious
advantages compared with the traditional algorithm in the
aspect of human-computer cooperation and path planning
of industrial robot, and its corresponding obstacle avoidance
effect is significant, which has high practical promotion
value.

5. Summary

+is paper mainly analyzes the development trend of in-
dustrial robot and the research hotspots of human-computer
cooperation and path planning and gives the development
difficulties of human-computer cooperation and path
planning of industrial robot. In view of the above difficulties,
this paper studies and analyzes the human-machine coop-
eration and path optimization of industrial robot in a
complex road environment. Firstly, based on the kinematics

of industrial robot, the theoretical modeling and obstacle
avoidance analysis of industrial robot are carried out; thus,
an efficient and concise human-machine collision detection
model of industrial robot is proposed. In view of the
complex road conditions faced by industrial robots, this
paper studies and analyzes the obstacle avoidance strategy of
human-computer cooperation and real-time path optimi-
zation algorithm of industrial robots. Based on the virtual
target point algorithm, it further improves the problem that
the traditional path planning algorithm can not fully cover
the target and puts forward the corresponding improved
path planning algorithm of industrial robots. In the ex-
perimental part, based on the existing industrial robot
system, this paper designs the human-computer cooperation
and path planning system. +e experimental results show
that the algorithm proposed in this paper can achieve the
overall obstacle avoidance of industrial robot more effi-
ciently than the traditional algorithm, and the planned path
is more safe and efficient, which verifies the feasibility and
superiority of the algorithm. In the following research, this
paper will focus on the application of the proposed algo-
rithm in large-scale industrial scenes and study the corre-
sponding algorithm consumption and convergence
problems.
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Figure 9: (a) Comparison curve of average running time of algorithm. (b) Comparison curve of path length of algorithm planning. (c)
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