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1.  INTRODUCTION

Humanoid dual-arm robot is a kind of bionic robot designed by 
imitating the shape, structure and function of human body. It can 
work with both hands cooperatively just like human. The inverse 
kinematics of manipulator mainly includes geometric method, 
analytical method and numerical method. The geometric method 
is a special case of analytic method in some cases, and its applicabil-
ity is weak [1,2]. Analytical inverse kinematics of the manipulator 
can efficiently obtain all the inverse solutions of the manipulator 
in the desired position, but the manipulator must satisfy the Piper 
criterion [3]. The numerical method has no special requirements 
for the joint number and structure of the manipulator, but it needs 
to be solved through continuous iteration, which not only takes a 
long time, but the average calculation error is also 10 times that of 
the analytical method [4,5].

Because it takes a long time to meet the accuracy requirement and 
solve the problem of manipulator inverse kinematics solution, the 
analytical solution is adopted. In Section 2, a closed inverse kine-
matics algorithm is proposed for the humanoid robot arms. The 
algorithm is used for simulation analysis in Section 3. And we 
verify the effectiveness of the algorithm in Section 4.

2. � KINEMATIC MODELING OF  
DUAL-ARM ROBOT

2.1.  Forward Kinematics

The robot model in this paper is shown in Figure 1. Each arm 
of the robot has six Degrees of Freedom (DOF). The three axes 

of the shoulder joint intersect at one point. Because this case 
conforms to the Piper criterion, there are analytic solutions. In 
general, the end of the robot meets the Piper criterion, but the 
shoulder joint of the humanoid robot generally meets the Piper 
criterion. Although it looks the same, their solutions are differ-
ent. Taking the shoulder joint as the basic coordinate frame [6], 
Figure 1 also shows the link coordinate frames of the right arm 
and its D–H parameters. Where joint i represents the i-th joint 
of the manipulator, qi is the angle between xi−1 and xi, di is the 
distance between xi−1 and xi, ai is the distance between zi−1 and zi, 
ai is the angle between zi−1 and zi. The left arm and the right arm 
are identical.

The position and orientation of the end-effector can be obtained by 
chain-multiplying the six link-transformation matrices together to 
obtain the spatial displacement of the sixth coordinate frame with 
respect to the base coordinate frame:
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Where xi, yi and zi represent the unit vectors along the principal 
axes of the coordinate frame i, i-1Ai is a general link transformation 
matrix, relating the i-th coordinate frame to the (i − 1)th coordi-
nate frame, and [n, s, a, p] represents the normal vector, the slid-
ing vector, the approach vector and the position vector of the hand 
respectively.

2.2.  Inverse Kinematics

We take the inverse of both sides of Equation (1). The new matrix 
T ′ is
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We can obtain an equation that we label as E2 equation by moving 
the link transformation matrix 5A6 to the left-hand side of  
Equation (2).
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The left-hand side of E2 is
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And the right-hand side of E2 is
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Where Si ≡ sin qi, Ci ≡ cos qi, Sij ≡ sin(qi + qj), Ci ≡ cos(qi + qj), and 
lLi are geometric link parameters in Figure 1. By comparing the ele-
ments (1, 4), (2, 4) and (3, 4) of the EL2 and ER2, we can obtain C4 and 
then S4 from C4, and from which we can find the joint solution for 
q4. we can solve q5 when we have solved q4. Similarly, we can solve 
q6 when we have solved q4 and q5.
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To solve for the remaining joint angles, we can move the link trans-
formation matrix 3A4 

4A5 to the left-hand side of Equation (3). And 
we can obtain an equation that we label as E4 equation.
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The left-hand side of E4 is
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And the right-hand side of E4 is
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By comparing the element (2, 3) of EL4 and ER4, we get C2 and then 
S2, and the joint solution q2 from them,
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By comparing the elements [(1, 3) (3, 3)] and [(2, 1) (2, 2)], we can 
find the joint solution q3 and q1,
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The solution of the six joints is obtained by the above proce-
dure. The left arm is exactly the same as the right arm for the 
solution.

3. � DUAL-ARM ROBOT MODELING  
BASED ON SIMSCAPE

3.1.  Model Building

In this paper, the dual-arm robot simulation model mainly 
includes three parts, namely the trajectory planning joint angle 
input module, the robot body module and the output mea-
surement module. Its Simscape Multibody model is shown in  
Figure 2.

Path plan

Robot
Measure

Transform Sensor2

Transform Sensor1

SensorL

SensorL

<thete1>

<thete2>

<thete3>

<thete4>

<thete5>

<thete6>

<thete1>1

<thete2>1

<thete3>1

<thete4>1

<thete5>1

<thete6>1

SensorR

1

1

2

2

3

4

5

6

7

8

9

10

11

12

SensorR

Figure 2 | Dual-arm robot simulation model.

Figure 1 | Link coordinate frames of the right arm and its D–H 
parameters.
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3.2. � Establishment of Joint Angle Input 
Module for Trajectory Planning

We plan the trajectory of space in Cartesian coordinates. After 
solving the inverse kinematics function, we can obtain the angles of 
each joint. Then we output these angles to the various joints of the 
arm. The joint angle input model for trajectory planning is shown 
in Figure 3.

3.3. � Establishment of Robot  
Ontology Module

Figure 4 shows the robot ontology module. It includes world coor-
dinate frame and robot ontology. The robot has two arms. Each 
arm has six DOF, including three DOF for shoulder joint, one DOF 
for elbow joint and two DOF for wrist joint.

3.4. � Establishment of Output  
Measurement Module

The output measurement module shown in Figure 5 can measure 
the rotation angle of each DOF. Through this module, we can also 
obtain the displacement of the terminal coordinate frame of the 
manipulator relative to the base coordinate frame.

4. � SIMULATION VERIFICATION  
AND ANALYSIS

4.1.  Simulation Process

The robot first raised their arms and then approached each other. 
The entire process is shown in Figure 6.

4.2.  The Motion Angles of Each Joint

Figure 7 shows the motion angles of each joint of the manipula-
tor. At the initial moment, the angle of each joint is 0 radian, and 
at about 10 s, the robotic arms begin to approach each other. The 
angle of each joint is continuous in the whole process, which proves 
that the inverse kinematics solution algorithm in this paper can 
solve the analytic solution effectively.

5.  CONCLUSION

In this paper, the kinematics modeling of dual-arm robot is car-
ried out. We present an analytical solution method for six DOF  
dual-arm robot for each arm. Simulation results show that the pro-
posed method is effective. In the future, it will be applied to the arm 
trajectory planning of the robot.
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Figure 3 | The joint angle input model for trajectory.

Figure 4 | The robot ontology module.

Figure 5 | The output measurement module.

Figure 6 | Simulation diagram of each moment. (a) t = 5 s. (b) t = 10 s.  
(c) t = 15 s. (d) t = 20 s.
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Figure 7 | The motion angles of each joint of the (a) left and (b) right arms.
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