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Abstract 

In the special environment (stairs), a hexapod robot with leg mechanism is designed to 
solve the unstable state when the legs of the fuselage come into contact with the stairs. 
Using three-dimensional modeling (Creo) to improve the robot with three-degree-of-
freedom mechanical legs on the basis of single-degree-of-freedom mechanical structure; 
By establishing a three-dimensional motion model and using forward and inverse 
kinematics, the joint angle of one leg of hexapod robot with improved three-degree-of-
freedom mechanism in this paper is calculated. The triangle gait was used in the special 
environment of climbing stairs. The foot planning of heel joint of hexapod robot in the 
process of climbing stairs is calculated by the least square method of curve fitting, and 
then the models of stairs and hexapod robot are imported into ADAMS to simulate and 
verify the stair environment. The simulation results show that the motion model of 
hexapod robot is effective and has better stability than that of hexapod robot with single 
degree of freedom mechanical structure. 
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1. Introduction 

Because hexapod reptiles have obvious advantages in nature, such as flexibility, terrain 
adaptability and kinematics performance, hexapod robots have been widely studied[1]. 
Hexapod robot is mainly used for rescue, detection, transportation and other dangerous tasks 
in unstructured natural environment. They are expected to work in extremely rugged areas that 
cannot be reached by wheeled vehicles. In 2008, the University of Pennsylvania and the 
University of California, Berkeley jointly developed a hexapod robot named SprawlHex[2], 
which can manually adjust the body extension through a programmable hexapod robot 
platform. The simple template model with hip drive has consistent prediction performance in 
each run. The fitting study shows that excitation has a strong effect on the formation of ground 
reaction force. In 2017, Joohyung Kim and others designed a reconfigurable hexapod robot [3]. 
The biggest feature of the robot is the modular robot system, which usually consists of several 
small building blocks. The fuselage is a regular hexagon, and each leg is assembled on six 
corners. The robot is compact in mechanism, small in size, flexible in movement and has good 
ability to cross obstacles. In 2019, Xiong Yifan and others of Nanjing University of Science and 
Technology designed a semi-circular leg hexapod robot [4]. The fuselage is a rectangle, and the 
six legs have the same structure and are symmetrically distributed on both sides of the fuselage. 
Each leg has only one rotating pair with the fuselage, which reduces the complexity of the 
mechanism and improves the adaptability in special environments such as climbing stairs. 
However, because the leg design is a semi-circular leg, the starting point of climbing the first 
stair is the displacement of the robot in the centroid Z direction, which will produce irregular 
changes. In the process of ascending, the fuselage is always parallel to the inclined plane of 
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stairs, which will make the fuselage unstable during operation. He Hao of Southwest Jiaotong 
University and others changed the path optimization gait by changing the nature of stairs 
(height and width of stairs, etc.). The experimental results show that the path optimization gait 
control method has better stability and rapidity, but the fuselage will have unstable moments 
in the process of climbing under the action of middle leg and retreat [5, 6]. At present, in order 
to adapt to the environment, stairs have become one of the obstacles that robots need to cross. 
Many improvements have been made in servo control, gait planning, speed improvement and 
attitude stability of robots at home and abroad. However, the current hexapod robot with single 
degree of freedom still has some problems in the process of walking, such as inflexible, unstable 
body and so on, which is far from achieving the rapidity and stability of animal walking. The 
experiment of the improved hexapod robot based on ADAMS[7, 8] shows that the robot body is 
parallel to the stair plane, thus greatly improving the stability in the walking process. Therefore, 
on the basis of keeping the original advantages in the transportation and exploration of articles, 
the stability of article transportation is further improved and the instability of camera 
exploration is reduced. 

1.1. Structural design of hexapod robot 

The robot designed by the author is improved into articulated legs on the basis of semi-circular 
leg hexapod robot, and the parallel distribution of double rows of legs is improved into regular 
hexagonal vertex uniform distribution, which ensures that the mechanical body will always be 
in the middle position of the robot, and the cooperation of each joint will make the center of 
gravity of hexapod robot lower during walking. In addition, each joint is made of alloy material 
with certain rigidity, and an anti-skid device is arranged at the bottom of the heel joint. As 
shown in fig. 1, the whole three-dimensional structure of hexapod robot, the leg physical model 
established according to the leg length ratio of 0.09:0.455:0.455 [9]. At this ratio of joint length, 
the robot will not have a dead point position during walking; The maximum speed and 
acceleration of its joints can also meet the performance requirements; The maximum velocity 
reproduction deviation of each joint is less than 0.2°/s2, and the maximum acceleration 
reproduction deviation is less than 0.7°/s2 [9]. The robot shown in fig. 1 is composed of a 
regular hexagonal mechanical body, a hip joint, a knee joint and a heel joint. 

 
Figure 1: Three-dimensional model diagram of hexapod robot 

Because the triangle gait is used as the research object of gait planning in this paper, the joints 
of each leg are consistent, so one leg is used as the research object, and the hip joint is connected 
with the mechanical body as shown in Figure 1 above; Then the knee joint is connected with 
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the hip joint; The heel joint is in contact with the ground, and it is also connected with the knee 
joint. The joint sizes of hexapod robot in this paper are shown in Table 1. 

 Table 1: Parameters of parts of spider-like robot 

Numble Name Material length /mm 

1 Mechanical body 456 240 

2 hip joint 213 30 

3 knee joint 654 150 

4 Heel joint  150 

2. Kinematics analysis of hexapod robot 

2.1. One leg forward kinematics 

The gait planning of the hexapod robot is based on kinematic analysis, and the transformation 
equation of the relationship between the joint angle of the three legs and the position of the foot 
end of each leg in space is obtained through forward kinematic analysis[10], which provides an 
important guide for the motion simulation verification.Firstly, three joints of one leg are 
selected to establish D-H coordinate system, and six legs (A-1, A-2, A-3, B-1, B-2, B-3) of the 
robot are selected. The one-leg D-H coordinate system of robot is shown in Figure 2(a), and (b) 
is a simplified model of D-H coordinate system. 

 

              
(a)Three-dimensional coordinates               (b)simplified model 

Figure 2: one-leg D-H coordinate system 

According to the connection of single leg joint of robot, the transformation matrix of single leg 
joint can be calculated by D-H[11,12] construction method as follows: 
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In which:-the rotation angle of the jth joint of the ith leg; —the included angle between the 
adjacent axes of the jth joint of the ith leg; -the length of the jth connecting rod of the ith leg; —
the distance between the common perpendicular lines of the adjacent connecting rods of the j 
joint of the i-th leg. To simplify the complexity of writing, the matrix of each joint of each leg is 
converted into: 

1j

ij ijF T                                                                                   (2) 
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The transformation matrix of adjacent joints of B-1 leg can be obtained from D-H 
transformation matrix, and then the transformation matrix of B-3 leg foot end coordinate 
system relative to base joint coordinate system can be obtained as follows: 

0

63 61 62 63T F F F                                                                           (3)  

Among them, the transformation matrices F61, F62 and F63 can be calculated by formula (1) 
respectively. 

According to the motion characteristics of hexapod robot, the size of each mechanical leg is 
exactly the same, and the corresponding coordinate system is also the same, so the matrix from 
the foot end coordinate system of all root joints to the hip joint coordinate can be obtained as 
follows: 

0

3 1 2 3i i i iT F F F                                                                                (4) 

The regular hexagonal mechanical body coordinate system is taken as the reference coordinate 
system, where yb is the vertical direction of the robot, xb is the stair advancing direction, and 
zb is the vertical stair direction. Therefore, the matrix transformation from the contact point to 
the torso coordinate system is calculated by using the D-H construction method: 

0

3 0 3

b b

i i iT T T                                                                                (5) 

     0 0 0 0, , , ,b

i rans i i i i iT T x y z R z R y                                                       (6) 

Where: the position of the origin of the ith leg joint coordinate system in the trunk coordinate 
system; Angle between base section and horizontal plane; The angle between the plane of one 
leg and the plane of trunk. 

The position of the foot end point in the torso coordinate system can be solved by the above 
formula, namely: 
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In which: the jth joint angle of the ith leg; The sum of the jth joint angle and the kth joint angle 
of the ith leg. 

2.2. Inverse kinematics analysis of one leg 

Inverse kinematics analysis is the inverse solution of all joint angles of each leg when the 
coordinates of each joint are known. In this paper, the rotation angle of each joint is inversely 
solved according to the reference coordinate system of mechanical body[13]. The three 
equations in the above formula (7) can be solved as follows: 
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In which: I is the ith leg. In which: 
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The rotation angle of each joint can be solved by the above formula, which provides 
experimental data for ADAMS simulation. 

3. Gait simulation analysis of hexapod robot climbing stairs 

In this paper, according to the established motion simulation model, the driving function is 
added to each joint of hexapod robot. The robot can make the mechanical leg at the upper part 
of stairs bend and the mechanical leg at the lower part of stairs stretch through the cooperation 
of supporting phase and swinging phase. Yes, the stability of the hexapod robot is guaranteed. 
In this paper, the simulation experiment is a common aspect ratio stair in life, with the height 
of 150mm, the width of 300mm and the inclination angle of 30 [14].The supporting angle, 
swinging angle, supporting angular velocity, swinging angular velocity, supporting time and 
swinging time can be obtained through simulation analysis. 

 
Figure 3: Curve of hip joint torque change in L1x direction 

 
Figure 4: Curve of hip joint torque change in L1y direction 
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Figure 5: Curve of knee joint torque change in L1x direction 

 
Figure 6: Curve of knee joint torque change in L1y direction 

It can be seen from Figure 3-Figure 6 that the sudden change points in the curve can be seen 
from the analysis that the joint torque changes of each leg are similar, but there will be a large 
reaction force when the robot contacts the stair plane with the joint, and it is relatively stable 
in the process of the robot going up the stairs. Therefore, the measured value will increase when 
touching the ground, but will decrease when leaving the ground. At these two instantaneous 
moments, the robot is in an unstable state, which needs further optimization in the later stage. 

 
Figure 7: Displacement diagram of frame centroid in X, Y and Z directions 

From the above figure 7, it can be shown that the hexapod robot can keep steady in the whole 
process of climbing stairs, and the displacement and velocity fluctuation in the direction 
perpendicular to the stairs are relatively small. The simulation results show that the biped 
robot in this paper can climb the common stairs with the time triangle gait, which verifies that 
the motion model of the hexapod robot is effective, and the semi-circular legged robot has 
better robustness compared with it. 
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4. Conclusion 

In this paper, an improved mechanical structure model of hexapod robot with different 
mechanism from semicircle leg type is proposed. The foot of heel joint is planned by the 
calculation method of curve fitting least square method, and the robot is simulated and planned 
on common stairs by triangle gait. The experimental results show that the improved mechanical 
structure model of hexapod robot with different mechanism from semicircle leg type is correct 
and effective in design structure. In the process of climbing stairs, its Displacement of vertical 
stairs_X and Forward displacement of stairs_Y are continuous and smooth. In the Vertical 
displacement of stairs_z direction, the displacement is smooth and slow when going up stairs, 
and there is a robot posture change between going up stairs. The hexapod robot in this paper 
provides a gait reference for walking in special environment. 
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