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Abstract- In this paper, brief elaboration of forward kinematics for 12-DOF humanoid robot legs is presented. DH-
parameters and Euler angle rotation method are used for carrying out forward kinematics of legs. The e ffectiveness of
the proposed methods are confirmed by simulation with the help of MATLAB and MATLAB Robot toolbox by using
dimension of WAseda Biped humanoid Robot-2(WABIAN-2) which is developed by Waseda University.
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I. INTRODUCTION

The stable walking ability without falling down under any environment is the most essential for a humanoid to
accomplish given tasks. Forward kinematics is a most important step for designing a good and stable biped walking.

Humanoid robot has total 6-DOF of two legs. There are 2-DOF of ankle, 1-DOF of knee joint and 3-DOF of hip is used.
Length of upper leg and lower leg are300mm and distance between two hips are 250mm.

Forward kinematics of robotic manipulator refers to use of the kinematic equation of a robot manipulator to compute the
end effector position from the given value of the joint parameter. Jacques Denavit and Richard Hardenberg (1995)
introduce a convention for defining the joint parameter. DH parameter helps to obtain joint matrices and link matrices to
standardize the coordinate frame for spatial linkages. There are mainly two different spaces are used for kinematics
modeling of robotic manipulators namely, Cartesian space and Quaternion space. The transformation of end effector in
Cartesian coordinate system can be decomposed in to a translation and a rotation matrix. DH parameter used to obtain
this homogeneous transformation matrix.

J. Denavit et al. [1] Developed a kinematic notation method for lower pair mechanism based on matrices. This method is
stand method for generating DH parameter for making final homogeneous transformation matrix of end effector of any
robot. J. Znnatha et al. [2]Studied about small sized and low cost commercial humanoid robot’s forward and inverse
kinematics which provide close form solution rot both kinematic problems. The robot used for forward and inverse
kinematics is ROBONOVA-I developed by Hi-TECH (16-DOF) which has 5-DOF legs. N. Kofinas et al. [3] Studied
about forward and inverse Kkinematics analytically for the NAO humanoid robot including software library
implementation for real time.

Il. HUMANOID THREE-DIMENSIONAL MOTION

Positioning a humanoid robot in three-dimensional space can be done with base-frame origin and three planes which are
perpendicular to each other. Anatomical position is shown in Figure 1. This position is standing position with face turned
forward and arms are hanging along the side of body with the

palm turned forward and legs are stretched with feet closer i
together. We can also set the position of palm pointing inward, piane
occasionally.

Motion of humanoid robot can be described relative to three
perpendicular planes and base-frame origin which is also shown |
in Figure 1. The base-frame origin is located at the floor. The e
direction of walking is pointing as the X-axis, the Y-axis is

pointing to the left-hand side of walking direction and the Z-axis v
pointing toward upward. The definition of these planes are as
follows: BT
Vg iy .
Frontal Plane: The plane which is parallel to YZ-plane is known k‘h
g?c :giol:trontal plane. Frontal plane is move along with the motion Figure 1. Positioning of humanoid robot
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Sagittal Plane: The plane which is parallel to XZ-plane is known as the Sagittal plane. Sagittal plane is stationary plane
for straight walking. The plane parallel to sagittal plane which containing the Center of Mass (CoM) is known as Median
Plane.

Transverse Plane: The plane which is parallel to the XY-plane is known as Transverse Plane. Transverse plane is
stationary plane for any type of walking.

I1l. CONFIGURATION OF DOF

Humanoid robot leg for which forward kinematics is carried out having total 12 DOF in leg. All joints are revolute joints.
These revolute joints are classified according to the axis of rotation with respect to global frame. There are three types of
revolute joints in humanoid robot legs:

1. Pitch Joint: The joint which rotates about Y-axis is called Pitch joint.

2. Roll Joint: The joint which rotates about X-axis is called Roll joint.

3. Yaw Joint: The joint which rotates about Z-axis is called Yaw joint.

Table 1 shows different joints which are in legs of humanoid robots. Error! Reference source not found. shows
different joints are there in humanoid legs.
Table 1. Joints of humanoid robots

Joint No. Leg Leg Part Axis of Rotation Joint Type
1 X Roll joint
Ankle joint
2 Y Pitch joint
3 Knee Joint Y Pitch joint
Right Leg
4 X Roll joint
5 Hip Joint Y Pitch joint
6 4 Yaw joint
7 X Roll joint
Ankle joint
8 Y Pitch joint
9 Knee Joint Y Pitch joint
Left Leg
10 X Roll joint
11 Hip Joint Y Pitch joint
12 4 Yaw joint
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All the joints of a human legs can rotate up to some maximum angle. This rotational limits of each joint of humanoid leg
is shown in Table 2.

Table 2. Joints limitations

Movable Range for
Parts .
Joints
of Leg .
humans(°) Wabian(°)
Roll joint -20 to +30 -25to +40
Ankle
Pitch Joint -45to +25 -33to +118
Knee Pitch Joint 0to 135 -50 to +160
Roll Joint -20 to +45 -22to +22 7
Hip Pitch Joint -15to0 +125 -98 to +100
Yaw Joint -45 to +45 -25 to +97 :
X

Figure 2 Joints of humanoid leg

IV. FORWARD KINEMATICS

There are mainly two types of approach available for the solution of the forward kinematics problem.

1. Geometric Approach

This approach gives easiest solution for the simple situation. However, in this approach the angles are measured relative
to the direction of the previous link. The first link is an ideal link. The angle is measured relative to its base frame
position. For robots with more DOF and whose links extends into 3 dimensions, the geometry gets much more tedious
and process get more complicated

2. Algebraic Approach

This approach involves coordinate transformations matrix. Firstly, frame assignment is carried out with respect to base
frame. The joint parameter of the robot manipulator is obtain with the help of DH-parameters. For each of the link DH-
parameter is obtain. There are four types of the joint parameter which we have to obtain from the frame assignment.
Joint parameter required for forward kinematics are listed below:

1. Link length (a;): It is shortest distance between Z-axes of two consequent joint.

2. Link twist (oy): It is angle between Z-axes of two consequent joint.

3. Joint variable 59

a) Joint angle (6;): It is the angle of rotation of joint. Used only for the revolute joint.

b) Joint offset (d;): It is the distance of offset of joint. Used only for the prismatic joint.

Here, we are using algebraic approach because we have large number of DOF to handle. Humanoid robot leg has large
number of DOF. So, Forward kinematics is carried out in two parts.

1. Forward kinematics when right leg as support leg

2. Forward kinematics when left leg as support leg

Here, in this both cases configuration of all joints remain same but only base frame is moving according to stance leg.
Following are the frame assignment of humanoid leg when left leg a stance leg.
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1. Forward kinematics when right leg as support leg

Forward kinematics when right leg as support leg, right leg is the leg which is fully supported on the floor while left leg
perform step. Here, right leg is considered stance leg. For forward kinematics frame assignment is carried out. Following
frame assignment helps to get DH-parameter. DH-parameter used to get configuration of Transformation matrix of stance
leg. Frame assignment is done with respect to the base frame. Base frame is nothing but global coordinate with respect to
which robot manipulator perform tasks.

Hip(3DOF)

Xs
Knee (1DOF) /[\ I
¥s Zs
Ko
Ankle(2DOF) Y}/I‘\ .
_—

zl./[\‘\,” ]
: Zio  Ku
Zl/[\' Y2
xl?

Figure 3. Joints configuration when right leg as support leg
DH-parameters for Right leg as stance leg are as followed.

Table 3. DH-parameter when right leg as support leg

Link (i) | Link length () | Link twist (o;) | Joint angle (6;) | Joint offset (d;)
0 0 /2 /2 0
1 0 /2 0.+ m/2 0
2 L 0 0, 0
3 L 0 05 0
4 0 /2 0,7 0
5 0 /2 Os- /2 0
6 L 0 0 0
7 0 /2 6,+x 0
8 L /2 Og+ /2 0
9 L 0 0, 0
10 0 0 010 0
11 0 /2 R 0
12 0 0 0, 0

Where, L = length of upper leg or lower leg = 300mm and

| = Distance between two hip of legs = 250mm
Transformation matrix gives the overall transformation matrix of robotic manipulator. It is obtained by using DH-
parameter and some analytical equation. With the help of transformation and current position, we can find the position of
new position.
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2. Forward kinematics when left leg as support leg

Left leg is the leg which is fully supported on the floor while right leg perform step. Here, consider left leg is stance leg
and right leg is swing leg. For forward kinematics frame assignment is carried out. This frame assignment help to get
DH-parameter of left leg. DH-parameter used to get configuration of Transformation matrix of stance leg. Frame
assignment is done with respect to the base frame. Base frame is nothing but Global coordinate with respect to which
robot manipulator perform tasks. Frame assignment of Stance leg or Right leg is shown in following figure.

Here also, all the joints are revolute joints. So, joint angles are taken as the joint parameter. DH-para meter of right leg

s
X:ﬂ
 Hip(3DOF)
— T /J\
L Xs
Knee (1DOF) Knee (1DOF) [
= y Yz i)
‘lrv s

Js

Hip(3DOF)

1

An kIEIZDOF}

D )\ |

Y
X Base Frame 7. Xu

shown in following table.

Table 4. DH-parameter when left leg as support leg

Link (i) Link length Link twist Joint angle Joint offset
(a) (o) (0) (d)
0 L /2 ) 0
1 0 /2 0.+ /2 0
4 0 /2 94_- TT 0
S 0 /2 Os- /2 0
7 0 /2 0,+m 0
8 L /2 Og+ m/2 0
9 L 0 0o 0
10 0 0 910 0
11 0 w2 011Fm 0
12 0 0 912 0

Where, L =

length of upper leg or lower leg = 300mm and

| = Distance between two hip of legs = 250mm
Following equation is used to find transformation matrices of any joint. With the help of above equation and DH-
parameter we can calculate transformation matrix of each links. Following are the calculation for the homogeneous
transformation matrix of the right leg when right leg have support.
Overall transformation matrix can be calculate as follows:
T = TOTOTI TR TR TATI TETYTLOT AT
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So, we can get the position of end effector by following equation: P, = TP,

Where, P, = New Position of end effector,

P; = Current position of end effector.
This matrix multiplication can be solved with the help of MATLAB. Appendix-I shows program of translation of all
revolute joints and Appendix-11 shows program of forward kinematics with the help of general MATLAB codes.
Appendix-111 shows program of forward kinematics with the help of MATLAB Robot Toolbox. Here, we get a final
homogeneous transformation matrix for both legs when right leg have support. This transformation matrix is compared
with the transformation matrix generated by the robot toolbox and they are perfectly matched.

V. RESULTS

With the help of DH-parameters we can find homogeneous transformation matrix for the humanoid leg. For this
MATLAB Robot toolbox software is used. Frame assignment with the help of toolbox is showing below. Figure 5 shows
the frame assignment of both leg during right leg have support in MATLAB robot toolbox [4]. Figure 6 shows the frame
assignment of both leg during left leg have support in MATLAB robot toolbox support in MATLAB robot toolbox.
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400 - / Y
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Figure 5. Joint configuration when right leg as support leg by Figure 6. Joint configuration when left leg as support leg by
MATLAB Robot toolbox MATLAB Robot toolbox

VI. CONCLUSION:

Forward kinematics of humanoid robot legs required perfect frame assignments. This will help to get final homogeneous
transformation matrix. With the help of MATLAB and MATLAB Robot Toolbox we can easily assign the frames to all
revolute joints. Also, for such more DOF require complex matrix multiplication which is also can be easily done with
help of programming in MATLAB. Programming for forward kinematics of humanoid leg can be done in both
MATLAB and MATLAB Robot Toolbox. This will gives location of swing foot for the given joint parameters. Final
transformation matrix getting by MATLAB is compared with the transformation matrix generated by the robot toolbox
and they are perfectly matched.
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APPENDIX-I
Program of transformation of revolute joint frames with
the help of MATLAB:
function trans_ind = transformCalculate(parameter)
d = parameter(1);
theta = parameter(2);
r = parameter(3);
alpha = parameter(4);

trans_ind = [cos(theta), -sin(theta)*cos(alpha),
sin(theta)*sin(alpha), r*cos(theta);

sin(theta), cos(theta)*cos(alpha), -
cos(theta)*sin(alpha), r*sin(theta);

0 , sin(alpha) , cos(alpha) ,d

0 , 0 , 0 1 1;
end

APPENDIX-11
Program of forward kinematics with the help of
MATLAB:
function [e, Transform] = Forward_Kkinematics(parameters)
joints = length(parameters(;,1));
dimension = 3;
Transform = eye(dimension +1,dimension+1);
for i= 1:joints
Transform =

Transform*transformCalculate3(parameters(i,:));
end
Transform=[0010.175;1000.250;0100;000
1]*Transform;
e_homogenous = Transform*[0; 0; 0; 1];
e =e_homogenous(1:3,1);
end
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APPENDIX-111
Program of forward kinematics with the help of
MATLAB Robot toolbox:
L1 =0.300; L2 = 0.300;L3 = -0.300; L4 =-0.300; L5 =
0.250;
L(1) = Link([0 0 0 pi/2]);
L(2) = Link([0 0 L1 Q]);
L(3) = Link([0 0 L2 Q]);
L(4) = Link([0 0 0 pi/2]);
L(5) = Link([0 0 0 pi/2]);
L(6) = Link([0 0 L5 Q]);
L(7) = Link([0 0 0 pi/2]);
L(8) = Link([0 0 0 pi/2]);
L(9) = Link([0 0 L3 Q]);
L(10) = Link([0 0 L4 0Q]);
L(11)= Link([0 O 0 pi/2]);
L(12) = Link([0 0 0 O]);
Rob = SerialLink (L);
Rob.base = transl(0.175, 0.250,
0.065)*trotx(0)*troty(pi/2)*trotz(pi/2);
Rob.name = 'LEFTLEGSOPPORT";
gl = input('gl ="; g2 = input('g2 = "); g3 = input('q3 =
); g4 = input(‘'q4 = ");g5 = input('g5 ="); g6 = input('g6 =
;07 = input('q7=";
g8 = input('g8 ="); q9 = input('q9 ="); 10 = input('q10
=";011 = input('q1l1 ="); q12 = input('q1l2 = ");q13 =
input('ql3 =");
thl = ql+pi/2; th2 = g2 ; th3 = g3; th4 = g4-pi; th5 =
g5-pi/2 ; thé = g6; th7 = q7;
th8 = g8+pi ; th9 = q9+pi/2; thl0 = q10; th1l = q11;
th12 = q12+pi; th13 = q13;
q = [thl th2 th3 th4 th5 th6 th7 th8 th9 th10 th11 th12
th13];
Rob.plot(q)
T = Rob.fkine(q);
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