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Figure 4.3 Simulation result: The position of the end-effector has a priority higher 
than that of the end-effector's orientation . 

singularity (Nakamura and Hanafusa 1986), the robot manipulator would ei­
ther stop or oscillate near t = 8 (sec) if the inverse or pseudoinverse solution 
of the both requirements were applied without consideration for the order 
of priority. Figure 4.3 shows that r?(t) is always satisfied and only 1"2(t) is 
disturbed when both are not realizable. This example indicates that the in­
verse kinematic solution considering the order of priority is not only effective 
for redundant manipulators, but also useful for enlarging the workspace of 
nonredundant manipulators. 

The feedback coefficients were chosen as Gl1 = 0 (l/sec), G21 = 0 
(1/sec2)t42, G12 = 20 (l/sec), and Gn = 100 (1/sec2). In the simulation 

t4.2 Since the first manipulation variable is subject to no disturbance, the open-loop 
control is sufficient for simulation purpose. 
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1'2(t) is disturbed near ' t = 14 (sec). This disturbance occurs because we used 
Eq. 4.8 rather than Eq. 4.7 to reduce the computation cost. The disturbance 
would be much reduced if Eq. 4.7 were applied, and there would be no over­
shoot in the convergence process of 1'2(t) since the chosen 0 12 and 0 22 imply 
critical dumping. 

4.4.2 Obstacle Avoidance Using the Potential Function 

We apply local redundancy control to an obstacle-avoidance problem. Figure 
4.4 shows the numerical model of a 4-DOF manipulator and an obstacle in the 
workspace . The parameters of the manipulator are given in Table 4.2, where 
eimax is the mechanical limit of the ith joint-namely, leil :s fJ;max' The mass 
of each link is assumed to be uniformly distributed. The manipulator moves 
within a horizontal plane. The~e~?re, the dyn~mics equation takes the same 
form as Eq. 4.12 , where T, 9, 9, 9 and B(9, 9) E R4, A(9) E R4X4 . 

The first manipulation variable 1'1 E R3 is represented by 
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Figure 4.4 Planar 4-DOF manipulator and an obstacle. 

4.19 



136 Chapter 4 Local Optimization of Kinematic Redundancy 

Table 4.2. Parameters of 4-DOF manipulator . 

Ii (cm) mi (kg) (Jimu (degree) 

1 50.0 30.0 180 
2 43.3 25.0 120 
3 35.0 20 .0 120 
4 22.0 10.0 150 

Khatib and Le Maitre (1978) proposed the use of artificial potential and 
dissipative functions in determining the joint torque for obstacle-avoidance 
problems when only the final goal of the end-effector is given and the trajectory 
is free. According to this method, the joint torque is computed as follows: 

4.20 

where P and D are the artificial potential and dissipative functions, respec­
tively. If the joint torque of Eq. 4.20 is applied, the following joint acceleration 
is generated from Eq. 4.12: 

4.21 

We consider the acceleration in Eq. 4.21 as the acceleration of the second 
manipulation variable. Hence, from Eqs. 4.18 and 4.21, the joint acceleration 
considering both the first and second manipulation variables becomes 

4.22 

We obtain the required joint torque by substituting (), () and Eq. 4.22 into 
Eq. 4.12. 

The artificial potential and dissipative functions are defined by 

P = Po +PJ 
6 

Po = ko "L)CO(Pi) - 1)-1 
i=1 

4 

PJ = kJ 2)f)i~ax - (J?)-1 

i =1 

4.23 

4.24 

4.25 

4.26 
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where Po and PJ are potential functions due to the obstacle and the joint 

limits, respectively. The Pi ~ (Xli X2i)T (cm) are the positions of points on 
the manipulator and are used to evaluate the distance between the manipu­
lator and the obstacle. The locations of these points are indicated in Fig. 4.4. 
We use CO(Pi) = 1 to approximate the contour of the obstacle, and CO(Pi) 
is given as follows (Khatib and Le Maitre 1978): 

C ( .)=(Xli- 60 )8 (x2i+ 15 )8 
o p. 20 + 15 4.27 

Figure 4 .5 illustrates the results of simulation. Figure 4.5(a) was computed 
neglecting the second term of Eq. 4.22. In Fig. 4.5(b), we took the obstacle 
into account by including the second term of Eq. 4.22. The desired trajectory 
of the first manipulation variable Tl is the constant velocity motion along the 
line connecting points A and B with the fixed end-effector orientation. Figure 
4.5(b) clearly shows that the inverse kinematics based on the order of priority 
is useful for obstacle avoidance. We chose ko , kJ , and kD in Eqs . 4 .23 through 
4.26 as ko = 5.0 X 105 (kgcm2 /sec2

), kJ = 6.0 X 104 (kgcm2 /sec2
), and kD = 

1.0 X 104 (kgcm2 /sec2
). The feedback coefficients for the first manipulation 

variable were zero-namely, Gll = G21 = O. 

4.4.3 Singularity Avoidance Using Potential Function t43 

Yoshikawa (1984) proposed using the measure of manipulability (see Section 
3.4) as the potential function for avoiding singularity. The potential function 
is now given as follows: 

4.28 

The measu re of manipulability, Jdet J 1 J'[, is nonnegat ive and becomes zero 
only at singular points. Therefore, it can be considered as a kind of distance 
from singular points. Choosing Eq. 4.28 as a potential function is expected to 
keep a manipulator away from singularity. Note that minimizing the poten­
tial function implies not only avoiding the singularity, but also maintaining 
the kinematic ability of the manipulator as much as possible . We obtain the 
resultant motion of the manipulator by substituting Eq. 4.28 into Eq. 4.9. 

A 3-DOF manipulator as shown in Fig. 4.3 is again used for numerical 
simulation. The link lengths are assumed to be II = 0.6, 12 = 0.85, and 
13 = 0.2 (m). The given task for the first manipulation variable is to move in 
the negative X2 direction with constant velocity 0.01 (m/sec) for 10 seconds. 
The initial joint angles are 8(to) = (180° - 175° oo)T . 

Figure 4.6(a) shows the resuit of simuiation when the second term of 

t4.3The content of Section 4.4.3 is from Yoshikawa, T . 1984."Analysis and cont.rol of 
robot manipulators with r edundancy," in Robotics research, eds. M. Brady and R. Paul , pp. 
735- 747, Cambridge, MA: MIT Press. Reprinted with permission. 
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Figure 4.5 Simulation results of obstacle avoidance. (a) Without obstacle. (b) With 
obstacle. 
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Figure 4.6 Simulation results of singularity avoidance. (a) Second term of Eq. 4.9 
neglected. (b) Second term of Eq. 4.9 included. (From Yoshikawa (1984), reprinted 
with permission.) 
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Eq. 4.9 was neglected. This is nothing but the resolved motion rate control 
(Whitney 1969) . Figure 4.6(b) shows the result when the second term was 
included in the same equation. The positive constant was chosen as k = 
5.0 (m- 2seC 1 ). Figure 4.7 shows the change of the measure of manipulability. 
Figure 4.7(a) and (b) correspond to the cases of Fig. 4.6(a) and (b). 

From Figs. 4.6 and 4.7, we can see that the conventional resolved motion 
rate control has no ability for moving away from the singularity, whereas 
utilizing redundancy by the potential function quickly drove the manipulator 
away from the singular point and afterward maintained the maximum value 
of the measure of manipulability. 

4.5 Experiments 

4.5.1 UJIBOT, a Robot Manipulator with 7 DOF 

Figure 4.8 shows the kinematic structure of UJIBOT, a robot manipulator 
with 7 DOF driven by DC servo motors. The specifications and dimensions 
are summarized in Table 4.3. The vector from the center of mass of the ith 
link to the ith joint, Ii, and the inertia tensor, Ii, are described in terms of 
the ith link coordinates fixed at the center of mass of the ith link. The x, y, 
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Figure 4.7 Change of the measure of manipulability. (a) Second term of Eq. 4.9 

neglected . (b) Second term of Eq . 4.9 included. (From Yoshikawa (1984), reprinted 
with permission.) 
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