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Abstract: Bipedal, four-legged and humanoid robots are rapidly increasing in our lives. The design and development of robots continue in 

similar. For this reason, the importance of studies on bipedal robots is also increasing. In this study, the design of a biped robot, forward and 

inverse kinematics computation were made. Bipedal robot walking pattern and joint angle changes were determined according to the kinematic 

model of the robot and the power of the motors to rotate the joints. As a result of the walking pattern, center of mass and zero moment point 

change were tracked. As a result of the study, the stepping style, walking motion, gait analysis, changes in joint angles were determined of a 

bipedal robot.  
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1. Introduction 

Studies on the controlled and computing of bipedal and 

humanoid robots have been continued by many researchers for the 

last 70 years, according to the number of degrees of freedom (DOF) 

and different design[1] [2]. The main aim of the designs is to improve 

the robot's movement abilities, and it is desired that robots have the 

attributes of thinking, moving, and making decisions with artificial 

intelligence. Kinematic methods are used for joint movements in the 

control methods of bipedal robots[3][4]. In many studies, the walking 

motion of the robot has been created according to forward and inverse 

kinematic solutions. In addition to kinematic movement, the center 

of mass (COM) must be followed and kept within certain limits in 

order for the robot to remain in balance in the walking pattern[5][6]. 

Tracking the (COM) with the zero-moment point (ZMP) is another 

important control factor. The position and power information of the 

motors that provide joint movements constitute another control part. 

The movement structures of bipedal and humanoid robots require a 

multidisciplinary study[7]. This study, it is aimed to design a biped 

robot, determine the joint movements required for walking 

movement and to establish the walking control loop. 

In this paper, robot design, forward inverse kinematic 

calculations and joint movement of bipedal robot explained in section 

2. In section 3, the motion control walking pattern is explained, it is 

completed with the conclusion and references. 

2. Bipedal Robot Design and Kinematic Parameters 

Kinematic solutions are essential for the control of biped 

robots[8]. The positions of the robot joints can be solved in two 

different ways using forward kinematic or inverse kinematic 

calculations via D-H (Denavit and Hartenberg) parameters[9]. With 

kinematic calculations, joint angles, target positions, singularities 

(singularity) and working area boundaries can be determined.  

Forward kinematics is obtained by determining joint 

transformation matrices with the orientation of robot joint angles and 

positions from the main to lower end. This equation is the type of 

calculation in which the position angle motion relationship is 

determined. For the forward kinematic computation of the biped 

robot, the axis, angle and length values of the robot joints should be 

determined. In the study, the 3D model of the bipedal robot, the 

positions of the 6 axes on a single leg of the robot and the lengths of 

the joints are determined in figure 1. Based on this information, a 

table of DH parameters has been created and shown to obtain the 

transformation matrices of the joints in table 1. DOFs are shown in 

figure 1. Joint transformation matrices according to DH parameters 

are given in equations 1-5. The angle and positions change of the 

limbs during the walking locomotion can be determined with the 5th 

equation. 

 

Table 1:Six DOF Left Leg D-H parameters. 

 

 

int 𝑖 𝜃𝑖  𝛼𝑖 𝑎𝑖 𝑑𝑖 

0-1 0 90° 0 0 

1-2 𝜃1 -90° 0 0 

2-3 𝜃2 0° 𝐿1 0 

3-4 𝜃3 0° 𝐿2 0 

4-5 𝜃4 90° 0 0 

5-F 𝜃5 0° 0 0 

[ 𝑇1
0 ] = [

cos 𝜃𝑖 −sin 𝜃𝑖 0 𝑎𝑖−1

sin 𝜃𝑖 cos 𝛼𝑖−1 cos 𝜃𝑖 cos 𝛼𝑖−1 − sin 𝛼𝑖−1 − sin 𝛼𝑖−1𝑑𝑖

sin 𝜃𝑖 sin 𝛼𝑖−1 cos 𝜃𝑖 sin 𝛼𝑖−1 cos 𝛼𝑖−1 cos 𝛼𝑖−1𝑑𝑖

0 0 0 1

] (1) 

[ 𝑇1
0 ] = [

c 𝜃3 −s 𝜃3 0 0
0 0 −1 0

s 𝜃3 c 𝜃3 0 0
0 0 0 1

] [ 𝑇2
1 ] = [

c 𝜃4 −s 𝜃4 0 0
0 0 0 0

−s 𝜃4 − c 𝜃4 0 0
0 0 0 1

] (2) 

[ 𝑇3
2 ] = [

c 𝜃5 −s 𝜃5 0 𝐿1

s 𝜃5 c 𝜃5 0 0
0 0 1 0
0 0 0 1

] [ 𝑇4
3 ] = [

c 𝜃6 −s 𝜃6 0 𝐿2

s 𝜃6 c 𝜃6 0 0
0 0 1 0
0 0 0 1

] (3) 

Fig. 1  Bipedal robot and coordinate frames  
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The inverse kinematics is used for the computation of joint 

positions satisfying desired relative positions and orientations 

between the body center and foot[10]. This method to base on 

determining the joint variables in terms of the end-effector position 

and orientation. 

The inverse kinematic computation of the designed bipedal robot 

is calculated by using the trigonometric approach[11].  According to 

figure 2(a), joint angles and leg position information are obtained to 

calculate the changing during the walking motion of the bipedal robot 

via equations 6-11. Joint angles and positions of the robot leg are 

computed in the equations 6-8, from right-side view in figure 2(b). 

Figure 2 (c) shows the angle between the wrist and hip joints also the 

total length of the leg this relationship is explained by the equation.9. 

In figure 2(d), the position information is shown as a result of the 

robot leg rotating and its expressed in equation 11. 

[ 𝑇5
4 ] = [

c 𝜃7 −s 𝜃7 0 0
0 0 0 0

s 𝜃7 c 𝜃7 0 0
0 0 0 1

] [ 𝑇𝐹
5 ] = [

c 𝜃8 −s 𝜃8 0 0
s 𝜃8 c 𝜃8 0 0

0 0 1 0
0 0 0 1

] (4) 

[ 𝑇𝐹
0 ] = [ 𝑇1

0 ][ 𝑇2
1 ][ 𝑇3

2 ][ 𝑇4
3 ][ 𝑇5

4 ][ 𝑇F
5 ] (5) 

𝛾 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
𝐿2𝑠𝑖𝑛𝛼

𝑅2
)     𝛽 = 𝑎𝑟𝑐𝑠𝑖𝑛 (

𝑥1

𝑅2
) (6) 

𝛼 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝐿1

2 + 𝐿2
2 − 𝑅2

2

2𝐿1
2𝐿2

2 ) (7) 

𝜃2 = 𝛼 + 𝛽    𝜃3 = 𝜋 − 𝛾      𝜃4 = 𝜃2 − 𝜃3 (8) 

𝜃1 = 𝜃5 (9) 

𝑅0 = √𝑥2 + 𝑦2  𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑦

𝑥
) − 𝜃0 (10) 

𝑥1 = 𝑅0𝑐𝑜𝑠𝜑     𝑦1 = 𝑅0𝑠𝑖𝑛𝜑 (11) 

(a) 

(b) 

(c) 

(d) 

Fig. 2 Bipedal robot DOF views 

Fig 3. 10 DOF motor rotation angle in walking pattern 
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Figure 3 shows the joint angles of the bipedal robot according to 

the walking pattern. The walking cycle is determined according to 

inverse kinematic calculations, torque limits of motors and friction. 

3. Locomotion Control and Walking Tracking  

The walking pattern of biped robots consists of one leg and 

double leg phase. In order for the robot to move without tipping over, 

it must create a reaction moment against the overturning moment 

caused by COM[12] [13]. This reaction is created by the reaction 

force between the ground and the foot base. The position where the 

reaction force occurs on the foot is called the zero-moment point 

(ZMP)[14]. This position changes according to the single and double 

leg phases. In figure 6, the oscillation in the walking process of COM, 

ZMP reference trajectory and steps of the robot are shown. The ZMP 

location is limited by the distance between the robot's two-legs. 

When this limit value is exceeded due to COM, the robot can topple 

over[15][16]. In order not to exceed this limit, it is requisite to control 

the joint movements of a bipedal robot that cause the change of COM. 

We can show this relationship with the diagram in the figure. 

In the control diagram in Figure 4, the control software of the 

servo motors is designed and controlled on the OpenCM card. When 

the joint movements in Figure 3 are applied to the dynamixel mx64 

servo motors, a walking pattern is obtained as in figure 6. in the steps 

pattern, the ZMP oscillation and COM trajectory information 

obtained from the gyro sensor appear in figure 7. When the projection 

of COM is examined, it is seen that it stays between the legs and 

walks on balance. The walking pattern in bipedal robots is similar to 

the walking pattern in humans. The human walking pattern appears 

in figure 5 [17]. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

The figure 6 (a) shows the walking phase of moving the right foot 

of the bipedal to forward steps. in the figure (b) movement of moving 

the left foot to forward.  

(a) 

(b) 

Fig. 4 ZMP COM control diagram 

Fig. 5 Human walking cycle phases 

Fig. 6 Bipedall robot walking phases 

Fig. 7 COM and ZMP oscillation of bipedal robot in walking pattern 
 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

101 YEAR XV, ISSUE 3 , P.P. 99-102 (2021)



4. Conclusion 

In this study, a bipedal robot is designed. Forward and inverse 

kinematic models are calculated. A walking style for ZMP and COM 

values were determined for gait and balance control. Walking styles 

in bipedal robots were wanted to be likened to be human walking 

styles, but due to motor torque values, angle limits were imposed on 

some joints. This angle limit also caused the walking style to be 

different. Better walking performances can be obtained with more 

powerful motors or smaller designs. The next study, it is aimed to 

expand the external factors that disturb the balance and the joint angle 

limits. In addition, it is aimed to perform locomotion trajectory 

control by measuring with sensors for ZMP tracking. As a result, an 

experimental bipedal robot that can walk at a speed of 4 cm/sec has 

been applied. 
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