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Abstract 

A cooperative multi-manipulator system is a nonlinear, time-varying, strong  

coupling system with multiple inputs and outputs. Because of external disturbance, 

load change and other factors, a cooperative multi-manipulator system needs to 

address the problems of uncertain environment interaction, feasible control methods 

and coordinated planning. In this study, the coordinated motion of a 

multi-manipulator is divided into two types: coupling and superposition motions. An 

adaptive coordinated motion constraint scheme is proposed for the two different 

motion forms. The coupled and superposition motions were investigated by 

coordinating a carrying task and a circle drawing task, respectively, and the 

effectiveness of the adaptive coordinated motion scheme was verified. Based on the 

adaptive kinematics constraint algorithm of the multi-manipulator, co-simulation 

analysis of the multi-manipulator coordinated motion is conducted. Simulation results 

show that the multi-manipulator preserves the coordination relationship at all points 

of the trajectory planning path and has a good motion effect. Finally, an experimental 

platform for a cooperative multi-manipulator system was built to conduct 

experimental research on the coordinated motion of the multi-manipulator. 

Experimental results show that the proposed adaptive motion constraint control 

scheme for cooperative multi-manipulator systems has a good coordination effect, 

strong adaptivity and high-control precision. 

Keywords: Multi-manipulator cooperation；Collaboration system；Adaptive 

coordination；Kinematic constraints. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

1 Introduction 

One of the trending topics in manipulator research is the coordinated motion of 

multiple manipulators[1][2]. The emergence of cooperative multi-manipulator systems 

overcomes the working limit of a single manipulator system by providing larger 

working space, greater working ability, a more flexible system structure and greater 

load capacity compared with a single manipulator. Cooperative multi-manipulator 

systems can accomplish many difficult tasks that cannot be accomplished by a single 

manipulator through coordinated movement[3][4], such as coordinated handling and 

welding. Multi-manipulator cooperation has many advantages over a single 

manipulator; however, it also introduces many control issues. Compared with a single 

manipulator, a cooperative multi-manipulator system has a more complex 

organisational structure, which is not a simple combination of multiple manipulators. 

It needs to address the problems of uncertain environment interaction, feasible control 

methods and coordinated planning[5]. Multi-manipulator coordination involves the 

cross-integration of multiple disciplines and is extremely complicated to implement. 

When multiple manipulators operate an object together, a closed chain system will be 

formed, which inevitably leads to control problems such as redundant degrees of 

freedom and motion limitation. Therefore, research into the motion coordination of 

multiple manipulators is required[6-9]. 

Zhang Haitao and Tang Licai proposed a path planning algorithm for spatial 

multi-manipulator coordinated motion depending on whether there is a relative 

motion in the process of multi-manipulator coordinated motion[10]. Hou Y and Wang 

TA proposed a welding path planning method by studying path planning problems of 

dual-robot coordinated welding of complex spatial welds on the basis of a 

multi-objective genetic algorithm[11]. Zhang Tstudied the welding coordination 

problem of two robots for complex curve welding. The master/slave scheme was used 

for coordinated motion planning, and motion trajectories of two manipulators were 

automatically calculated through a constraint relationship[12]. Park Ha and Lee C 

described the coordinated motion of two manipulators and investigated how to 

effectively use motion variables to control the coordinated motion of two 

manipulators[13]. Davidson J R proposed a coordinated motion planning method for 

two manipulators by combining evolutionary and local search algorithms[14]. Wang X 

and Chen L conducted theoretical derivation and experimental research on the 

coordinated movement of dual manipulators. From the perspective of visual 

information processing, they analysed and solved the specific target object 

recognition process. On this basis, a complete set of coordinated movements was 

proposed control[15]. The ability to perform coordinated movements is the premise of 

multi-manipulator collaboration. Existing multi-manipulator coordinated motion 

research is scarce, and the coordination effect is poor, often only solving relatively 

simple coordination tasks. For complex coordination tasks, existing coordination 

control schemes have poor coordination effects[16][17]. Thus, a multi-manipulator 

coordinated motion control scheme with high coordination accuracy and good 

coordination effect is urgently needed. 



 

 

Aiming at the problem of the coordinated motion of cooperative 

multi-manipulator systems, this study divides the coordinated motion of 

multi-manipulator systems into two motion forms: coupling and superposition 

motions.An adaptive coordinated motion constraint scheme is proposed for the two 

different motion forms. The coupling and superposition motions are investigated by 

coordinating transportation and circle drawing tasks, respectively. A robot toolbox is 

used to verify two kinematic constraint control schemes. To simulate the process of 

multi-manipulator coordinated motion more realistically, the MATLAB–ADAMS 

Co-simulation analysis of multi-manipulator coordinated motion is conducted, and the 

dynamic simulation of coupling and superposition motions of cooperative 

multi-manipulator systems is realised. Finally, the correctness of the algorithm is 

verified by experimenting with two 6R manipulators for coordinated motion. 

2 Adaptive trajectory coordination motion constraint control of 

multi-manipulator 

Multi-manipulator cooperation has many advantages, such as large workspace, 

low load performance requirements and the ability to complete more complex 

operation tasks, and the coordinated movement of multi-manipulators is the key to 

realise multi-manipulator cooperation[18]. Before the trajectory coordination planning 

of a cooperative multi-manipulator system, the kinematics constraint relations of the 

cooperative multi-manipulator system should be classified[19], and different constraint 

relations have different trajectory coordination methods. According to different 

kinematics constraint relations of the cooperative multi-manipulator system, the 

coordinated motion of the system can be divided into two categories: 

（1）Coupled motion of multi-manipulators: there is a specific pose constraint 

relationship between the reference points of the end-effector of multi-manipulators, 

and through this specific kinematic constraint relationship, the pose between the 

end-effector of the manipulators remains unchanged. 

（2）Multi-manipulator superposition motion: there is not only a specific pose 

constraint relationship between the end-effector reference points of 

multi-manipulators but also a relative motion constraint relationship, and the final 

motion trajectory is the superposition of the two parts. 

2.1 Coordinated constraint control of multi-manipulator coupling motion 

Multi-manipulator handling is the most typical type of multi-manipulator 

coupling motion. When multi-manipulator coupling motion planning is conducted for 

two manipulators, one of the manipulators is determined as the master manipulator, 

and the other as the slave manipulator. The relative pose between the slave 

manipulator and the end-effector of the master manipulator should be kept unchanged 

during movement. Since the slave manipulator follows the master manipulator, it is 

not necessary to perform separate trajectory planning for the slave manipulator. After 
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the trajectory of the end-effector reference point of the master manipulator is 

determined, the unique trajectory of the slave manipulator can be obtained according 

to the coupling kinematics relationship. 

2.1.1 Coupled motion constraint algorithm 

Two reference points 1T  and 2T  at different positions were selected on the 

trajectory of the main manipulator, 1T
A and 2T

A  represent the coordinates of the 

trajectory point and the trajectory point in the base coordinate system of the 

multi-manipulator. Assuming that the main manipulator moves from track points 1T  

to 2T , the slave manipulator must move from track points 1T  to 2T . According to 

the definition of coupling motion, the relative pose relation between track points 1T  

and ⅠT  is equal to that between track points 2T  and ⅡT . Let ⅠT
B  and ⅡT

B  be the 

coordinates of track points T  and ⅡT  in the slave manipulator coordinate system. 

The  homogeneous transformation matrix 

T  of 4 4  represents point 

coordinates in rectangular coordinates as follows: 

 (2.1) 

where 3 3R R  represents the rotation transformation matrix and 
33RE  

represents the translation transformation matrix. 

The relative pose constraint relation between track points 1T  and ⅠT  is equal to 

that between track points 2T  and ⅡT , so ⅡT
B  can be calculated according to 1T

A , 

2T
A  and ⅠT

B . Let the homogeneous transformation matrix from the T1 manipulator 

base coordinate system to the main manipulator base coordinate system be 9. Let the 

homogeneous transformation matrix from the ⅠT  manipulator base coordinate system 

to the main manipulator base coordinate system be B

A
U . The results are as follows: 

 
 (2.2) 

  (2.3) 

ⅠT
A  and ⅡT

A  represent the coordinate representations of track points ⅠT  and 

ⅡT  in the base coordinate system of the main manipulator. In the base coordinate 

system of the main manipulator, 1T  and ⅠT  are expressed as 1T
A  and ⅠT

A . Let 

1U
A  be the homogeneous transformation matrix of 1T  to ⅠT , then 
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which can be obtained from Equation (2.4): 

-1

11 )( ⅠTTU
AAA   (2.5) 

Substituting Equation (2.2) into Equation (2.5), we can obtain 

A
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UTTU  -1

11 )( Ⅰ  (2.6) 

where sb

mb
H  represents the inverse matrix of mb

sb
H : 

1)(  B

A

A

B
UU  (2.7) 

In the base coordinate system of the main manipulator, the coordinates of track 

points 2T  and ⅡT  can be expressed as 2T
A  and ⅡT

A . Set 2U
A  as the 

homogeneous change matrix of 2T  to ⅡT , then 

 (2.8) 

Substituting Equation (2.3) into Equation (2.8), we can obtain 
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B

B

AAAAA  222
 (2.9) 

Since the pose constraint equation of 1T  and ⅠT  is equal to that of 2T  and ⅡT , 

we can obtain 

 (

2.10) 

Substituting Equations (2.6) and (2.10) into Equation (2.9), we can obtain 

 

 

 

(2.11) 

 
(2.12) 

Equation (2.12) shows that for any two points 1T  and 2T  on the main 

manipulator trajectory, under a specified coupling motion mode, the corresponding 

two points ⅠT  and ⅡT  on the slave manipulator trajectory and ⅡT  on the slave 

manipulator trajectory can be calculated by 1T
A  and 2T

A  in the main manipulator 

base coordinate system and ⅠT
A  in the slave manipulator base coordinate system, 

respectively. 

2.1.2 Coupled motion coordination control 

Coupling motion control of multi-manipulators is investigated through a 

cooperative multi-manipulator handling task. In our double manipulator coordinated 
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handling experiment, Robot2 was set as the main manipulator and Robot1 as the slave 

manipulator. 

Assume that the main manipulator, Robot2, moves in a straight line from 
1T  to 

2T  and then to 
3T  in its base coordinate system. 

   

Then, the first point of the trajectory of Robot1 can be determined as 
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The trajectory point matrix of the slave manipulator can be obtained by 

Equations (2-12), and there is no need to plan the slave manipulator’s trajectory 
separately. 

Figure 2.1 shows the four positions and postures in the handling process: 

  

(a) Coupled handling pose 1    (b) Coupled handling pose 2 
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(b) Coupled handling pose 3    (d) Coupled handling pose 4 

Figure 2.1 Coupling handling of cooperative multi-manipulator system 

 

Figure 2.2 Coupling motion trajectory diagram 

Figure 2.2 shows that the simulation trajectory of the coupled motion of the two 

manipulator is consistent with the planned trajectory, and the relative pose of the ends 

of the two manipulators always remains unchanged, indicating the correctness of the 

coupled motion algorithm. 

2.2 Multi-manipulator superposition motion coordination and constraint 

control 

2.2.1 Superposition motion constraint algorithm 

In the main manipulator’s base coordinate system, the coordinates of any point 
on the trajectory of the main manipulator are expressed as 1T

A , )(tU A

m  is the 

transformation matrix from the base coordinate system of the main manipulator to the 

reference coordinate system of the end-effector. 1T
A  is the exact value of )(tU A

m  at 



 

 

time 
0t , i.e. 

 )( 01 tUT A

mA   (

2.13) 

)())(()( tTUtftU
A

m

mfm

A

m    (2.14) 

where ( ) t  represents the joint coordinate value vector of the manipulator at 

time t, ( ( ))m
f t represents the positive solution of the kinematics of the main 

manipulator, and 
m

mf
U represents the transformation matrix from the reference 

coordinate system of the end-effector of the main manipulator to the flange coordinate 

system of the main manipulator. 

Suppose ⅠT
A  is the pose of any point on the trajectory of the slave manipulator 

in the base coordinate system of the master manipulator, then 

ⅠⅠ TtUT
A

A

mm  )( 0
 (2.15

) 

1))(()(  tUtU m

A

A

m  (2.16

) 
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m  is the time-varying matrix from the main manipulator’s base coordinate 
system to the end-effector’s reference coordinate system of the main manipulator. 
Substituting Equation (2.2) into Equation (2.15), we can obtain 
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) 

ⅠT
m  represents the trajectory of the slave manipulator in the reference coordinate 

system of the end-effector of the main manipulator. Equation (2.17) applies to any 

point on the trajectory of the slave manipulator within the entire cooperation cycle 

t  of the cooperative multi-manipulator system, namely, 
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It can be obtained from Equation (2.18): 
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Equation (2.19) indicates that given the known motion trajectory of the master 

manipulator in its base coordinate system and the relative motion trajectory of the 

slave manipulator in the reference coordinate system of the end-effector of the master 

manipulator, the motion trajectory of the slave manipulator in its base coordinate 

system can be solved. 

2.2.2 Superimposed motion coordination control 

Superposition motion control is investigated by performing a cooperative 

multi-manipulator circle drawing task. Task requirements for coordinating circle 

drawing are as follows: a manipulator follows another manipulator and forms a 

certain relative motion trajectory, whose relative motion trajectory is three circles with 

a radius of 200 mm. Set Robot2 as the master manipulator and its base coordinates as 

(1500, 0, 0). It moves from 1T  to 2T  in its base coordinate system. 
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Set Robot1 as the slave manipulator and its base coordinates as (−1200, 800, 0). 
This coordination circle drawing task requires that the relative motion trajectory of the 

end-effector of Robot1 on the reference plane of the end-effector of Robot2 be a circle. 

Therefore, Robot1 maintains the distance between the end-effector reference point 

and the end-effector of the main manipulator constant in its base coordinate system, 

and the x-axis of the end-effector of the slave manipulator Robot1 is always 

perpendicular to the x-y plane of the end-effector of the main manipulator Robot2. 

The actual motion of Robot1 consists of the following motion at a certain distance 

from the end-effector of Robot2 and the relative motion in the reference plane of the 

end-effector of Robot2. 

Because the collaborative task revealed that the relative distance between the 

end-effector of Robot1 and the end-effector of Robot2 is constant, the parametric 

equation of its relative motion trajectory is 
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The trajectories of the two manipulators in Cartesian space were divided into 200 

parts, and the relative trajectories of the manipulator Robot1 during this period were 

three circles. 

Figure 2.3 shows the base coordinate system of the two manipulators. 

 

Fig. 2.3 Master/slave manipulator base coordinate system 

Figure 2.3 shows that the base coordinate system of the slave manipulator rotates 

180° around the z-axis, the negative movement along the y-axis is 800 mm and the 

x-axis moves a distance of +2700 mm to complete the transformation to the base 

coordinate system of the main manipulator. The homogeneous transformation matrix 

M of the coordinate system relative to the base coordinate system of the main 

manipulator is as follows. 
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According to Equation (2.19), the corresponding trajectory matrix of the 

manipulator in its base coordinate system can be obtained. 

Then, inverse kinematics was used to solve the joint coordinates of the 

manipulator’s. so that the joint coordinates of each point could be obtained. Trajectory 

simulation was conducted using MATLAB-Robot Toolbox. Figure 2.4 shows the four 

groups of poses in the task of drawing circles with dual manipulators. 



 

 

 
(a)Coordinated circle drawing - pose 1  (b) Coordinated circle drawing - pose 2 

 
(c)Coordinated circle drawing - pose 3  (d) Coordinated circle drawing - pose 4 

Fig. 2.4 Simulation of cooperative multi-manipulator circle drawing task 

In the circle drawing task of the master/slave manipulators, the slave manipulator 

moves with the master manipulator and draws a circle on a reference plane of the 

end-effector of the master manipulator. The relative trajectory is a circle, the actual 

trajectory of the master manipulator is a straight line and the actual trajectory of the 

slave manipulator is a spiral curve. Figure 2.5 shows an actual motion track of the 

master and slave manipulators. 



 

 

Figure 2.5 Actual motion trajectory of master/slave manipulators 

According to Fig. 2.5, the actual trajectory of the manipulator obtained through 

trajectory simulation is a three-loop spiral, which conforms to the trajectory planning 

result and verifies the correctness of the multi-manipulator superposition motion 

algorithm. 

3 Co-simulation of adaptive coordinated motion of a cooperative 

multi-manipulator system 

Through MATLAB and ADAMS Co-simulation, the coordinated motion process 

of a multi-manipulator can be simulated more realistically. According to the 

multi-manipulator coupling and superposition motion coordination algorithm, 

trajectory planning is performed using MATLAB, and joint data are derived. A 

multi-manipulator simulation model is established in ADAMS, and then, the joint data 

are input into the model to create a spline curve, and the spline curve is used as the 

joint driving function to drive the virtual multi-manipulator model for coordinated 

movement. 

3.1Coordinated handling simulation analysis 

The cooperative coupling motion of the multi-manipulator expands the 

manipulator’s working range, allowing it to carry a large mass and volume of a 
workpiece, and its application prospect is broad. In this section, coupling motion 

simulation analysis is conducted through the cooperative handling of a cuboid load by 

multiple manipulators. Coordinated handling task requirements are as follows: the 



 

 

centre of mass of the load coordinated by multiple manipulators moves in accordance 

with the specified trajectory, and its attitude always remains unchanged in the process 

of load movement. According to the multi-manipulator trajectory coordination method, 

the trajectory coordination planning of the two manipulators is simulated in MATLAB, 

and the joint angle is calculated every 0.005 s. In this simulation, the two 

manipulators act similarly when performing the coupled motion, so the angles of the 

joints corresponding to the two manipulators are also the same. Table 3.1 shows the 

joints of a manipulator at 2, 4, 6, 8 and 10 s. For the rotation angle value, the unit of 

change angle of each joint in the table is degree. 

Table 3.1 Coupling motion joint angle value 

  Time 

 

The joints 
2 4 6 8 10 

a 9.3727 27.009 27.602 21.381 19.264 

b 0.9312 8.4967 10.952 33.623 48.513 

c −0.9390 −9.1465 −11.065 −30.482 −49.643 

d 0 0 0 0 0 

e −0.0078 −0.6498 −0.1128 3.1404 −1.1303 

f 9.3727 27.009 27.602 21.381 19.264 

Spline curves were generated numerically for each joint, and spline curves were 

used as joint driving functions for the virtual multi-manipulator model. The 

simulation time is set as 10 s. When the simulation begins, the two manipulators 

jointly carry the cuboid load, and the centroid of the cuboid moves from Point A to B 

and then to Point C. Figure 3.1 shows the simulation process is smooth without any 

delay. Four pose groups in the simulation process. 

  



 

 

  

Fig. 3.1 Coupled motion simulation process 

Figure 3.2 shows the angle changes of each joint of the two manipulators during 

the coupling motion simulation, where Fig. (a) illustrates the angle changes of each 

joint of the manipulator Robot1 and Fig. (b) depicts the angle changes of each joint of 

the manipulator Robot2. 

 

(a) 

 

(b) 

Figure 3.2 Angle change curve of coupled motion joint 

Figure 3.3 shows the velocity changes of each joint during the coupling motion 

simulation of two manipulators. Figure (a) depicts the velocity changes of each joint 

of the manipulator Robot1, and Fig. (b) depicts the velocity changes of each joint of 

the manipulator Robot2. 



 

 

 

(a) 

 

(b) 

Figure 3.3 Speed change curve of coupled motion joint 

Figures 3.2 and 3.3 depict that the angle and velocity curve changes of each joint 

are relatively smooth, indicating that during the simulation, the running speed of each 

joint of the two manipulators is relatively stable and the trajectory coordination effect 

is good. 

3.2 Simulation and analysis of coordinated circle drawing 

In this section, the simulation analysis of superposition motion is performed by 

drawing a circle through the collaboration of multiple manipulators. Coordinating the 

circle drawing task requires the end-effector of the manipulator Robot2 to connect the 

drawing board. The drawing board moves in a straight line along the x-axis, whereas 

the posture remains the same. It moves from Point D (−100, 1490, 1250) to E (100, 

1490, 1250). The end-effector of another manipulator, Robot1, is connected with the 

brush, which is always perpendicular to the drawing board. Draw a 330-mm-diameter 

circle on the drawing board by following the manipulator Robot2. 

The spline curve was also used as the driving function in the superposition 

motion simulation. The trajectory coordination planning of the two manipulators was 

simulated in MATLAB, and the joint rotation angle was calculated every 0.005 s. 

Table 3.2 shows the joint angle values of manipulator R1 at 2, 4, 6, 8 and 10 s; Table 

3.3 shows the joint angle values of manipulator R2 at 2, 4, 6, 8 and 10 s. The unit of 

the change angle of each joint in the table is degree. 

Table 3.2 Joint angle value of R1 superposition motion 

    Time 

The joints 2 4 6 8 10 

a −6.8409 −29.381 −37.607 −31.065 −28.256 



 

 

 

Table 3.3 Joint angle value of R2 superposition motion 

The spline curve is generated from the numerical value of each joint, and the 

spline curve is used as the joint driving function of the virtual multi-manipulator 

model. The simulation time was set to 10s. After the simulation started, the 

manipulator Robot2 held the drawing board and moved the drawing board from Point 

D (−100, 1490, 1250) to E (100, 1490, 1250). The manipulator Robot1 held the 

paintbrush to draw a circle on the drawing board. The entire simulation process is 

smooth and free of lag. Figure 3.4 shows four pose groups in the simulation process. 

      

b 1.7508 11.323 17.111 10.629 9.3386 

c −7.4187 −16.956 −5.6284 −4.5118 −10.126 

d −20.202 −49.232 −41.117 −17.228 0 

e −7.4209 −25.708 −19.549 −4.1893 −0.7876 

f −4.5143 −15.040 −34.467 −31.358 −28.256 

     Time 

The joints 
2 4 6 8 10 

a-2 1.5759 9.3727 20.415 27.008 28.245 

b-2 0.0275 0.9312 4.6155 8.4967 9.4032 

c-2 −0.0275 −0.9390 −4.8074 −9.1465 −10.198 

d-2 0 0 0 0 0 

e-2 0 −0.0078 −0.1918 −0.6498 −0.7957 

f-2 1.5759 9.3727 20.415 27.008 28.245 



 

 

      

Figure 3.4 Superimposed motion simulation process 

  

(a)                                   (b) 

Fig. 3.5 Angle change curve of superimposed kinematic joint 

Figure 3.5 shows the angle changes of each joint of the two manipulators during 

the superposition motion simulation, where Fig. (a) depicts the angle changes of each 

joint of the manipulator Robot1 and Fig. (b) depicts the angle changes of each joint of 

the manipulator Robot2. 

Figure 3.6 shows the velocity changes of each joint in the superposition motion 

simulation process of the two manipulators. Figure (a) depicts the velocity changes of 

each joint of the manipulator Robot1, and Fig. (b) depicts the velocity changes of each 

joint of the manipulator Robot2. 



 

 

 

(a) 

 

(b) 

Fig. 3.6 Variation curve of the angular velocity of superimposed motion joint 

Figures 3.5 and 3.6 show that the change of angle and velocity curves of each 

joint of the two manipulators is relatively smooth, indicating that during the 

superposition motion simulation process, the running speed of each joint of the two 

manipulators is relatively stable and the trajectory coordination effect is good. 

4 Experimental and analysis 

To verify the feasibility and accuracy of the coordinated motion algorithm of the 

cooperative multi-manipulator system, an experimental platform for the cooperative 

multi-manipulator system was developed to conduct experimental research on 

cooperative multi-manipulator circle drawing tasks. The cooperative 

multi-manipulator system’s coordinated motion experiment platform is primarily 
composed of an upper computer (computer), a lower computer (speedgoat controller), 

servo drives and two mechanicals. As shown in Fig. 4.1, two 6-degree-of-freedom 

manipulators are used as experimental objects in the coordinated motion experiment 

of multi-manipulators. 
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Fig. 4.1 Multi-manipulator experimental platform 

In this study, the coordinated motion algorithm of the multi-manipulator is 

verified by the multi-manipulator coordinated circle drawing experiment. During the 

experiment, the end-effector of a manipulator, Robot2, was connected to the drawing 

board, which moved along a straight line with the same posture. The end-effector of 

another manipulator, Robot1, was connected with a brush following the movement of 

the manipulator, Robot2, and two circles with a diameter of 400 mm were drawn on 

the drawing board. 

Before the experiment, the base coordinate system of the two manipulators 

should be calibrated first, and the homogeneous pose transformation matrix between 

the two manipulators base coordinate systems should be determined. 

  

 

Then, trajectory planning is performed according to the coordinated motion 

method of the multi-manipulator. The servo driver is controlled by the controller to 

drive the joint of the manipulator, and the multi-manipulator is coordinated to draw a 

circle. After several experiments and debugging, the multi-manipulator coordinated 

circle drawing result is obtained, as shown in Fig. 4.2. 



 

 

    

Fig. 4.2 Experiment of coordinated circle drawing with multiple manipulators 

 

Figure 4.2 shows that after several experiments and debugging, the actual 

trajectory is consistent with the expected trajectory and can produce the basic shape 

required by the task, indicating the feasibility of the coordinated motion algorithm. 

The experimental results will inevitably be affected by various factors, resulting 

in experimental errors. There were some trajectory tracking errors in the 

multi-manipulator coordinated circle drawing experiment, and the task curve was not 

sufficiently smooth. Therefore, this section analysed the experimental errors through 

the experimental results and investigated the accuracy of the coordination algorithm. 

In the experiment of the multi-manipulator coordinated circular motion, the 

relative trajectory between the brush at the end-effector of manipulator R1 and the 

sketchpad clamped at the end-effector of manipulator R2 is circular. Because the 

actual motion trajectory at the end-effector of manipulator R2 is a straight line, 

whereas the actual motion trajectory at the end-effector of manipulator R1 is a spiral 

curve, the change of joint rotation angle is more complex, and the end-effector 

trajectory error is larger. Thus, the error of this experiment mainly comes from the 

error of manipulator R1. This section focuses on the analysis of the end-effector 

trajectory error of manipulator R1. 

In the coordinated circular drawing movement, the eight groups of error values 

corresponding to the moment when the terminal position error of manipulator R1 

varies greatly are shown in Table 4.1. The maximum position error in the x-axis 

direction appears during the start-up phase, with a maximum error value of −1.52 mm. 
The maximum position error value in the y-axis direction appears at approximately 

7.3 s, with a maximum error value of approximately 1.58 mm. The maximum position 

error value in the z-axis direction also appears at approximately 7.3 s, with a 

maximum error value of approximately 2.13 mm. 

Table 4.1 End-effector position error of R1 

Time (s) X-position error 

(mm) 

Y-position error 

(mm) 

Z-position error 

(mm) 

0.01 −1.521 −0.615 2.102 



 

 

0.22 0.423 1.033 1.038 

0.41 −0.038 0.077 0.950 

2.25 −0.192 0.696 1.006 

5.27 1.838 1.374 1.192 

7.32 1.385 1.579 2.131 

7.69 1.462 0.761 0.692 

9.55 1.521 0.739 1.661 

Figure 4.3 shows the position tracking error of the endpoint of manipulator R1. 

Comparing the actual position of the endpoint of the manipulator R1 with the 

expected position, the maximum errors in the x-, y-, and z-axis directions in Cartesian 

space are −1.523, 1.579 and 2.131 mm, respectively. The end-effector position error 

of the manipulator R1 can meet the accuracy requirements in this coordinated circle 

drawing task. 

 

Figure 4.3 Position error of coordinated circle drawing motion 

 

In this multi-manipulator coordinated motion experiment, there are also 

certain requirements for the posture of the end-effector of the manipulator. The brush 

at the end-effector of manipulator R1 and the drawing board at the end-effector of 

manipulator R2 always maintain a certain angle. When the posture error of the 

end-effector of manipulator R1 varies greatly, the corresponding eight groups of error 

values are shown in Table 4.2, and the unit of the angle of the change of each joint is 

degree. The maximum error of the rolling angle appears in the start-up stage, and the 

maximum error is approximately 0.176°. The maximum error of the pitch angle is 

approximately 5.3 s, and the maximum error is approximately 0.067°. The maximum 

error of yaw angle is approximately 5.3 s, and the maximum error is approximately 

−0.053°. 
Table 4.2 R1 end attitude error 

Time (s) Rz-error (°) Ry-error (°) Rx-error (°) 

0.01 0.176 0.044 0.046 



 

 

0.22 −0.078 −0.011 −0.035 

0.41 0.101 0.033 0.023 

2.25 0.004 0.046 −0.014 

5.36 0.053 0.067 −0.053 

7.32 −0.012 0.016 0.037 

7.69 0.074 0.030 0.015 

9.55 0.056 0.067 0.045 

Figure 4.4 shows the terminal attitude error of manipulator R1. Comparing the 

actual and expected attitude of the endpoint of manipulator R1, the maximum errors 

of rolling angle, pitch angle and yaw angle are 0.1761°, 0.0674° and −0.0526°, 
respectively. In this coordinated circle drawing task, the terminal attitude error of 

manipulator R1 meets the accuracy requirements. 

Fig. 

4.4 Posture error of coordinated circular drawing motion 

 

Figures 4.3 and 4.4 show that there is a large error value in the start phase of the 

manipulator. The main reason for the error at this stage is the start delay. Additionally, 

the error value varies significantly between 5 and 8 s, and the cause of the error at this 

stage is more complicated. Analysing the error peak value, the maximum position 

error and the maximum attitude error can meet the requirements of coordinated 

motion accuracy. 

Although error always exists in the entire coordinated motion and the error value 

varies frequently, the error value can be controlled in a certain range to meet the 

accuracy requirements, demonstrating the feasibility and accuracy of the adaptive 

coordinated motion algorithm of the multi-manipulator. 



 

 

5 Conclusion 

(1) In this study, an adaptive coordinated motion constraint control scheme for a 

cooperative multi-manipulator system is proposed, and coordinated motions of the 

multi-manipulator system are divided into coupling and superposition motions while 

considering the kinematics constraints of the coordinated motion of the 

multi-manipulator. 

(2) According to the adaptive trajectory coordination constraint control algorithm 

of multi-manipulator, there is no need to plan the motion of each manipulator in the 

cooperative multi-manipulator system; only the trajectory of the master manipulator 

has to be determined, and the trajectory of the other (slave) manipulator can be 

obtained automatically by the adaptive trajectory constraint algorithm. Using this 

method to coordinate the movement of the cooperative multi-manipulator system 

achieves a better coordination effect. When there is an external disturbance, only the 

main manipulator needs to be adjusted in motion, and other manipulators can be 

automatically adjusted using the adaptive motion constraint algorithm. 

(3) This study uses multi-manipulator coordinated handling and circle drawing to 

investigate coupled and superimposed motions, respectively, which verifies the 

correctness of the control scheme proposed in this study. 

(4) In this study, MATLAB and ADAMS are used for the joint simulation 

analysis of the multi-manipulator. The simulation results show that the proposed 

adaptive trajectory coordinated motion constraint control scheme has a good 

coordination effect, and the cooperative multi-manipulator system can always 

maintain a coordinated motion relationship during movement. 

(5) Finally, a multi-mechanical coordinated motion experimental platform is 

developed to conduct the multi-manipulator coordinated circle drawing experiment. 

The experimental results show that the proposed control scheme has a good 

coordination control effect and strong self-adaptive ability. 
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