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In order to improve the accuracy of the fve-axis redundant industrial robot arm in grasping static objects and shorten the grasping
time, a coordinated compliance control method based on a monocular vision for the fve-axis redundant industrial robot arm is
proposed in this paper. Using the monocular vision ranging method, the three-dimensional coordinates of the target object in a
base coordinate system of the fve-axis redundant industrial robotic arm are calculated and object target positioning is achieved.
According to the acquired object target position, the traditional Euler angle is used to calculate the actuator posture impedance at
the end of the robotic arm, thereby realizing the coordinated compliant control of the fve-axis redundant industrial manipulator.
Te simulation experiment results show that the proposed coordinated compliance control method for a fve-axis redundant
industrial manipulator based on monocular vision can successfully grasp the target object in the shortest time and has high
practical value.

1. Introduction

At present, automation and intelligence are the mainstream
of the development of modern industrial systems, and in-
dustrial robots have also become the main research direc-
tions in various countries. By applying robots to industrial
production, it is possible to realize mechanical automation
of industrial production and improve production efciency
[1]. Among various robots, the fve-axis redundant industrial
manipulator has been widely favored by virtue of its wide
movement space and high fexibility. Robotics is a highly
intersecting frontier subject, which has aroused the wide
interest of people with diferent professional backgrounds
(including mechanics, computer science and engineering,
control theory and control engineering, electronic engi-
neering, and artifcial intelligence sociology). In robotics
research, there is a major contradiction between the robot’s
high requirements for fexibility that can generate any force
when operating in a specifc contact environment as well as
the robot’s high requirements for position servo rigidity and
mechanical structure rigidity when operating in free space.
Te contradiction of the robot’s ability to comply with the

contact environment is called compliance [2]. To solve this
contradiction, robot experts at home and abroad have
conducted a lot of compliance control research. How to
improve the fexibility of the fve-axis redundant industrial
manipulator has become a new focus of attention. Te
fexibility of the robot arm refers to the ability of the robot
arm to adapt to the external constraint environment. When
the robot arm is in contact with the environment, the ability
of the contact force generated to track the desired force is
manifested as the fexibility of the robot arm. Te compli-
ance of the robotic arm can be divided into passive com-
pliance and active compliance. Passive compliance refers to
the use of a specifc compliance device to make the robotic
arm comply with changes in the environment. Although this
method can simplify the design of the controller, it requires
additional compliance devices and often cannot be used for
the control of complex or high-precision tasks. Active
compliance refers to the design of appropriate control
strategies to achieve control of the contact force between the
robotic arm and the environment. By combining with other
advanced methods, the advantages of active compliance
control can be maximized, so as to efectively deal with more
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complex environments and make the manipulator’s arm
obtain better compliance ability, which has become the main
direction of current research on manipulator compliance
control [3].

In literature [4], a compliance control method for the
end tool of a robotic arm based on impedance control is
proposed. Tis method establishes the dynamic relation-
ship between the pose of the end tool of the robotic arm and
the contact force/torque by using the joint position/speed
sensor and the wrist force sensor. Trough measurement,
the joint angle, joint angular velocity, and end contact force
feedback are obtained, so that the end efector of the
manipulator can produce corresponding compliant motion
according to the feedback. Te application of impedance
control in complex and delicate end tools is studied, and
position and posture are incorporated into compliance
control. In the design of the device, the integrated control
of the end position and attitude is realized. Finally, taking
screw removal as an example, the proposed end compliance
control law is simulated to verify the position and attitude
control and contact force control. Te simulation results
show that the designed compliance controller can efec-
tively control the contact force within a reasonable range,
and realize the integrated control of position and attitude
within a small error range. However, the static grabbing
success rate of the target object in this method is low,
resulting in a poor grabbing efect. In literature [5], a
somatosensory robotic arm control method based on time
series similarity is proposed for a six-degree-of-freedom
serial robotic arm with 51 single-chip microcomputers as
the main control board, Kinect Xbox One as the sensor by
using the Kinect sensor to collect human movements
without contact. Te information is converted into control
instructions, allowing the robotic arm to imitate and follow
the movement of the human body. Trough the bone data
acquisition module, the coordinates of the bone joint
points are collected, the joint angle is calculated and stored
in the MySQL database, and the MySQL database is used as
the main communication bridge. Te sexual algorithm
combines the bone data acquisition module and the robotic
arm control module. Te acquisition platform adds the
joint angle data to the database, the control platform re-
trieves the joint angle data from the database, and the
control module calculates the diference between the
current time and the previous time and then matches it
with the data in the database to identify the movement
trajectory and automatically complete the remaining ac-
tions. Te experimental results prove that this method can
efectively reduce the time lag, smooth raw data, and au-
tomatically flter out abnormal data. However, the static
capture time of the target object in this method is longer,
resulting in lower capture efciency.

Aiming at the problems of the above methods, this
paper proposes a coordinated compliance control method
for fve-axis redundant industrial manipulators based on
monocular vision. Te premise of capturing the target is to
determine the position of the object. Terefore, the
monocular camera is used to locate the target from the
background environment, so that the fve-axis redundant

industrial robotic arm can automatically determine the
location of the target object, thereby completing the co-
ordinated compliant control of the robotic arm and
achieving high-precision crawl motion.

2. Coordinated Compliance Control Method of
Five-Axis Redundant Industrial Manipulator
Based on Monocular Vision

2.1. Object Localization Based on Monocular Vision.
Visual ranging can be monocular or binocular. Binocular
ranging equipment is expensive and complicated to install.
Monocular ranging has the advantages of simple calibration,
convenient installation, and high economic efciency. Te
three-dimensional coordinates of the target object in the
coordinate system of the fve-axis redundant industrial
manipulator base are obtained to achieve target positioning
[6–8].

If the internal and external parameters of the camera are
known, and the three-dimensional coordinates of the target
point P are known, the unique coordinates of the target
point on the imaging plane can be obtained. However, the
image coordinates of a known target point cannot be
uniquely calculated due to its three-dimensional coordinates
in space, because a single camera can only obtain two-di-
mensional information about the target object, so the points
on the two-dimensional imaging plane are diferent from the
three-dimensional space, which meets the one-to-one cor-
respondence [9, 10]. In view of such shortcomings, if some
constraints can be used to make the points on the image
correspond to the points in space one by one, then a single
camera can be used to locate the target object in three di-
mensions.Te experimental objects and environment of this
study should follow the constraints below:

(1) Te movement of the robot body platform is on the
ground level

(2) Te position of the camera can be measured and
fxed

(3) Te angle of the camera is known and fxed

Under the above conditions, according to the perspective
projection and the solid geometric relationship, a monocular
vision ground plane ranging model is obtained, as shown in
Figure 1.

In Figure 1, the triangle ABU is the horizontal ground,
the corresponding horizontal plane area within the ABCD
camera’s feld of view, the intersection of the camera’s optical
axis OG and the horizontal plane is G, and the point I is the
vertical projection of the point O on the ground. Te
horizontal plane coordinate system is defned with G as the
origin and the front of the fve-axis redundant industrial
manipulator as the Y axis [11]. Te points G, A, B, C, and D
on the horizontal plane correspond to g, a, b, C, and d in the
image, as shown in Figure 1(b), H and W are the camera’s
vertical resolution and horizontal resolution, respectively.
Let the coordinate of any point P on the horizontal plane be
(XP, YP), and the corresponding point on the camera im-
aging plane is p(xp, yp).
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Te imaging geometric relationship of the target point in
the Y-axis direction is shown in Figure 2:

In Figure 2, it can be seen from the projection rela-
tionship that the triangle OEI is perpendicular to the hor-
izontal plane. Te intersection of the extension line of ML

perpendicular to OG and the straight line fF is L. Py is the
projection point of the point P on the y axis of the camera
image coordinate system, Py is the projection point of the
point P on the y axis in the horizontal plane coordinate
system, and z is the intersection point of the line PyPy and
the line ML [12, 13].

Assuming that the horizontal and vertical felds of view
angles of the camera are known, which are 2β0 and 2α0,
respectively, the angle between the optical axis of the camera
and the ground is c0, and the vertical distance OI between
the lens center O and the ground is h, so we have

α � arctan
2yp tan α0( 

H
 ,

OG �
h

cos c0
,

IG � h∗ tan c0,

IPy � h∗ tan c0 + α( .

(1)

In the horizontal plane coordinate system, the value of
GPy is the coordinate YP of P in the direction of the Y axis so
that

YP � h tan c0 + α(  − tan c0( . (2)

In triangle IGO, IG � h∗ tan c0, IF � h∗ tan(c0 − α0),
so we have

GF � h tan c0 − tan c0 − α0( ( . (3)

Simultaneously OG � h/cos c0, OF � h/cos(c0 − α0), we
have

GJ �
h

cos c0
∗ tan β0,

FC �
h

cos c0 − α0( 
∗ tan β0.

(4)

From the similarity of triangle UFC and UGJ, we can get

UG �
UF∗GL

FC
�

h/cos c0( ∗ tan β0 ∗ h tan c0 − tan c0 − α0( ( 

h/cos c0( ∗ tan β0 − h/cos c0 − α0( ( ∗ tan β0

�
cos c0 − α0( ∗ h tan c0 − tan c0 − α0( ( 

cos c0 − α0(  − cos c0
.

(5)

In the horizontal plane triangle ABU, we can obtain the
following formula according to the triangle similarity
theorem:

XP �
GL∗ UG + YP( 

UG

�
UG + YP

UG
∗

h

cos c0
∗
2∗ xp ∗ tan β0

W
.

(6)

From the triangle relationship, the distance from the
camera to the target object is

OP �

��������

OI
2

+ IP
2



�

�����������������������

h
2

+ X
2
P + YP + h∗ tan c0( 

2


. (7)

After obtaining the three-dimensional coordinates of the
target object in the ground coordinate system through the
monocular ranging algorithm, the target object in the fve-
axis redundancy can be obtained through coordinate system
transformation from the ground coordinate system to the
fve-axis redundant industrial robot base coordinate system.
Te transformation formula of the three-dimensional

coordinates in the coordinate system of the industrial robot
arm base is as follows:

0
PD �

0
WT

W
PD

OP
, (8)

where WPD, 0PD are the three-dimensional coordinates of
the target object in the ground coordinate system and the
fve-axis redundant industrial robotic arm base coordinate
system, respectively. 0WT is the transformation matrix from
the ground coordinate system to the fve-axis redundant
industrial robotic arm base coordinate system [14, 15].

According to the acquired three-dimensional coordi-
nates of the target object in the robot arm base coordinate
system, the target positioning of the object is realized, which
provides environmental information for the subsequent
coordinated compliance control of the fve-axis redundant
industrial robot arm.

2.2. Impedance Control of Robotic Arm-Compliant Motion.
After obtaining the target position of the object through
monocular vision ranging, impedance control is performed
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on the compliant motion of the fve-axis redundant in-
dustrial manipulator. Te impedance control does not di-
rectly control the force of the robot in the environment. In
fact, according to the relationship between the position,
speed, and acceleration of the robot end and the interaction
force between the end of the robot and the environment, the
goal of controlling the force is achieved by adjusting the
target impedance even though the end of the robot achieves
a smooth motion. So, in a sense, impedance control can be
regarded as an extension of position control.

When themanipulator is in a stable state, selecting a low-
weight parameter matrix K−1

p KM can achieve efective anti-
interference, which is equivalent to the stifness control of
the lightweight end efector. When the end efector is in
contact with a more rigid environment, the end efector’s
fexibility will be eventually afected, and the solution to
separate motion control from impedance control. Te
purpose of motion control is to improve stifness, thereby
enhancing the anti-interference ability. Rather than ensuring
accurate tracking of the desired end efector trajectory, it
should be ensuring accurate tracking of the reference po-
sition and direction generated by the impedance control
action. In other words, the desired trajectory and the ac-
quired contact force and torque are used as the input for
impedance control, and then a new position and posture are
generated through appropriate integration as the motion
control reference input.

In addition to the desired coordinate system, it is nec-
essary to introduce a reference coordinate system using pd

and Rd, respectively. Tis coordinate system is called a
fexible coordinate system, which is specifed by the position
vector pc and the rotation matrix Rc. In this way, only the
actual end efector position pe and posture Re and Rc and Rc

are consistent, and the inverse dynamic motion control
strategy is still available. Similarly, the actual linear velocity
pe
′ and angular velocity ωe of the end efector correspond to

pc
′ and ωc, respectively.
To realize a solid physical interaction between the end

efector and the environment, the following equation needs
to be satisfed:

MPΔpdc
′ + DPΔpdc

′ + KPΔpdc
′ � f, (9)

where pd represents the desired trajectory, which is a
constant. MP and KP are symmetric matrices. By calcu-
lating the inertial force generated by the rigid body with
mass mP, then the kinetic energy of the entire robotic arm is
as follows:

Tp �
1
2
0
PDmppc

′. (10)

Secondly, the variable to be calculated is the dissipative
damping force. Te last variable represents the force acting
on the linkage of the robotic arm. Te force is composed of
the stifness matrix KP and the desired trajectory pd. Te
potential energy of the entire robotic arm is as follows:

Up �
1
2
TpΔpdc
′ KP. (11)

In order to ensure the successful execution of inter-
active tasks, the end efector has a suitable compliant be-
havior. Te choice of the stifness matrix is crucial.
Terefore, it is necessary to analyze the elastic items from
the collective perspective. Te stifness matrix KP can be
decomposed into

KP � UpΓpUp, (12)

where Γp, Up are the eigenvalue matrix and eigenvector
matrix, respectively.

By further considering the impedance of the rotating
part, that is, the posture impedance of the end efector of the
robotic arm, the rotational impedance equation is calculated
by using the traditional Euler angle.

T � Δφdc M0 + D0 + K0( , (13)

where M0, D0, K0, respectively represent the generalized
inertia tensor, rotational impedance, and rotational stifness,
which constitute a positive defnite matrix. Δφdc represents
the moment in the compliant coordinate system.

3. Simulation Experiment Analysis

3.1. Experimental Platform Equipment and Parameter
Settings. In order to verify the performance of the proposed
coordinated compliance control method for the fve-axis
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Figure 1: Ground projection model and camera image plan.

4 Journal of Control Science and Engineering



redundant industrial manipulator based on the monocular
vision in practical applications, simulation experiments are
performed based on Simulink in MATLAB software. Te
experimental platform device for the fve-axis redundant
industrial manipulator is shown in Figure 3.

In this paper, SC-A850HLS5 fve-axis redundant ma-
nipulator is selected as the research object, and its specifc
parameters are shown in Table 1.

Te basic parameter settings of the robotic arm are
shown in Table 1.

3.2. Test Subject. Te practical performance of the proposed
method is evaluated by taking the grab success rate and
grab time as the evaluation indicators. Select 6 target ob-
jects as experimental objects, and place them on the same
level as the fve-axis redundant industrial manipulator
experimental platform.Te experimental objects are shown
in Figure 4:

3.3. Crawl Success Rate. Te proposed fve-axis redundant
industrial manipulator coordinated compliance control
method based on monocular vision, the compliance control
method of the end tool based on impedance control pro-
posed in the literature [4], and the time series similarity
based on the literature [5] are comparatively analyzed.Tree
methods are used to carry out static grasping experiments on

six kinds of target objects, namely, the manipulator grabs the
designated target in the platform, and each experiment is
carried out 30 times. If the target object is not captured
successfully within 30 s, that is, the surrounding objects are
captured or touched, the capture is judged as failed. For each
group of experiments, calculate the number of successful
captures, the number of failed captures, and the success
rates. Te experimental statistical results are shown in
Tables 2–4.

According to the data in Tables 2–4, the proposed
method has 30 successful grasps and 0 fails, with a success
rate of 100%. For the method proposed in the literature
[4], the number of successful grasps of the six target
objects is about 26–28, and the highest success rate is only
93.3%. For the method in literature [5], the number of
successful grasps of six target objects is about 25∼26, and
the highest success rate is 86.6%.Te results show that this

Figure 3: Te experimental platform device for the fve-axis redundant industrial robotic arm.

Table 1: Basic parameters of the robotic arm.

Category Explain
Joint type Rotating joint
Body mass 330 kg
Payload 15 kg
Drive mode Servomotor
Basic materials Aluminum alloy
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Figure 2: Te imaging geometry of the target point in the Y-axis direction.
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method is superior to the other two methods, and will not
touch the surrounding objects during the static capture of
the target. Tis is mainly because this method uses the
monocular vision ranging method to calculate the posi-
tion of the target object in the fve-axis redundancy.
According to the three-dimensional coordinates in the
basic coordinate system of the industrial robot arm, the
object and target can be accurately located.

3.4. Crawl Time. Te proposed method as the methods in the
literature [4, 5] is comparatively analyzed in terms of crawling
time, and the comparison results are shown in Figure 5.

According to Figure 5, the proposed method realizes
static grasping of the target object within 11 s, while the
grasping time of the method in literature [4, 5] is 13 s and
14 s, which shows that the static grasping time of the target
object of the proposed method is shorter.

Figure 4: Experimental object.

Table 2: Experimental results of static crawling when using the proposed method.

Goods Success times (times) Failure times (time) Success rate (%)
A 30 0 100
B 30 0 100
C 30 0 100
D 30 0 100
E 30 0 100
F 30 0 100

Table 3: Results of static capture experiment of the method in literature [4].

Goods Success times (times) Failure times (time) Success rate (%)
A 27 3 90.0
B 26 4 86.6
C 28 2 93.3
D 28 2 93.3
E 28 2 93.3
F 26 4 86.6

Table 4: Te experimental results of the static grabbing using the method in literature [5].

Goods Success times (times) Failure times (time) Success rate (%)
A 25 5 83.3
B 26 4 86.6
C 25 5 83.3
D 26 4 86.6
E 25 5 83.3
F 25 5 83.3
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4. Conclusions

For a new generation of interactive robots, the control of the
manipulator is extremely important. Aiming at the problems
of long static grasping time and low grasping success rate of
the traditional coordinated compliance control method, a
coordinated compliance control method of a fve-axis re-
dundant industrial manipulator based on monocular vision
is proposed. Tis method uses a monocular vision ranging
method to calculate the three-dimensional coordinates of
the target object, so as to achieve rapid and accurate target
positioning. Ten, according to the target position obtained,
the traditional Euler angle computer is used to calculate the
attitude impedance of the end efector of the robot arm, so as
to realize the coordinated control of the fve-axis manipu-
lator. Finally, the simulation experiment is conducted to
prove the practicability of the proposed method. According
to the comparison results, the method proposed in this paper
can successfully capture the static target with a success rate
of 100%, and its static capture time is less than 11 s, showing
high capture efciency and great application value.
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