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Joint Compliance Regulation for Manipulators
Utilizing Redundant Degrees of Freedom

Toshio. Tsusi*, Toshiaki TaAkanasar* and Koji Iro*

Compliance control is one of the most effec-
tive control methods for force control of ma-
nipulators. Servo gains associated with the
joints contribute to end-point compliance of
the manipulator. This presents an inverse
problem : adjusting the servo gains at the
joints so as to achieve a desired end-point com-
pliance.

The present paper proposes a regulation
method of the joint compliance (or stiffness)
utilizing redundant joint degrees of freedom.
First of all, the general solution of the joint
compliance satisfying the desired end-point
compliance is derived, and it is shown that the
transformation of the end-point compliance to
the joint compliance becomes an under-con-
strained problem. Then, a criterion which
places the joint compliance close to the desired
one is considered. The solution gives the
optimal joint compliance in the least squared
sense while satisfying the required end-point
compliance. In order to confirm the validity
of our method, computer simulations are per-
formed for several arms and it is shown that
the compliance about the specified joint can be
regulated by the weighting matrix. The joint
compliance regulation method presented in
this paper will be useful in terms of com-
pliance control of arms with large redundancy
such as active cord manipulators, robotic hands
and human arms.

Key Words: compliance control, robot manipulator,
arm redundancy, joint compliance, end-point com-
pliance
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Fig.1 Compliance relationship between joint and
end-point coordinates
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Length of each link: 6(m)

Desired end-point compliance; C,=diag [10.0, 10.0]
Desired joint compliance ; C¥=qdiag[0.5, 0.5]
~ 0,370 ~0.55 c; 0.370 ~0.556
’"Lo, 556 t.1sl’ "Lu.sae 1113

Cost function; G(C;)=1.003765, G(C;)=1.003765
Determinant ; det €;=0.102881, detC;=0. 102881
Fig.2 Joint compliance regulation of a two-link

planar arm

¢€;+ minimum norm solution,

C;: optimal solution (Eq. (13))

A EBHAFRHE

Length of each link: 3{m)
Desired end-point compliance; C,=diag [10.0, 10.0]
Desired joint compliance;
Ch=diag [0.5, 0.5, 0.5, 0.5]

[ 0.402 —0.037 —0,476 —0,238]
| ~0.087 0.0 0088 0.0
~0.476  0.083 0.641 0.321

| ~0.238  0.041 0.321 0.160]

" 0.488 —0.209 —0.407 —0.2037
€, —0-209 0.368 —0.055 .08
~0.407 —0.055 0.796 0,148

[ —0.203 ~0.028 0,148 0.574]

Cost function; G(C;)=1. 078717, G({C;)=0.814635
Determinant ; det C;==0. 000000, detC;=0, 014190
Fig.3 Joint compliance regulation of a fourlink

planar arm

(€;: minimum norm solution,

C;: optimal solution (Eq. (13))

‘ Length of each link: 2(m)

Desired end-point compliance; C,=diag [10.0, 10.0]
Desired joint compliance;

. Ci=qdiag[0.5, 0.5, 0.5, 0.5 0.5]
r 0.306 0.097 —0.112 —0.320 ~0.213 (0. 107
0.097 0035 —~0.028 —0.090 —0.060 ~0.030
- —0.112 —0.028 0.056 0.140 0.094 0.047
~0.320 ~0.090 0.140 0.371 0.247 0.124
—~0.213 —0.060 0.094 .0.247 0.165 0.082
L 0,107 ~0.030 0.047 0.124 0.082 0. 041 J

0.464 —0.107 —0.178 —0.248 —0.165 —0.083"

~0.107 0,387 ~0.120 —0.126 —0.08¢4 —0.042
~0.178 ~0.120  0.438 ~0.004 —0.002 —0.001
~0.248 —0.126 —0.004 0.619 0.079 0,040
~0.165 -0.084 —~0. 002 0.079 0.553  0.026
L-—0.083 —0.042 —0.001 0.040 0.026 0,513
Cost function; G(C;)=1.186330, G(C;)=0.638262
Determinant ; det C;=0.000000, det C;=0.002083
Fig.4 Joint compliance regulation of a six-link

planar arm

(€;: minimum norm solution,

C;: optimal solution (Eq. (13))
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Table 1 Joint compliance regulations of a four-link planar arm using weightiﬁg matrices

Desired joint compliance, C} Weighting matrix, W . Optimal solution, C;
re.5 0.0 0.0 0.07 .0 0.0 0.0 0.0 0,488 —0.209 —0.407 —0.2037
0.0 0.5 0.0 0.0 0.0 1.0 0.0 0.0 —0.209  0.368 —0.055 —0.028
Case 1 0.0 0.0 0.5 0.0 0.0 0.01.000 -0.407 —0.055 0.796 0.148
‘ 10.0 0.0 0.0 0.5 10.00.0001.0 | ~0.203 —0.028 0.148 0.574]
: det C;=0, 014180
ro.5 0.0 0.0 0.07 1.0 0.0 0.0 0.0 [ 0.893 —0.646 —0.017 —0. 8427
0.0 0.5 0.0 0.0 0.0 1.0 0.0 0.0 ~0.646 0.492 0.006 0.315
Case 2 0.0 0.0 0.5 0.0 0.0 0.0 10.0 0.0 —0,017 0.006 0.500 0.015
10.0 0.0 0.0 0.5} 0.0 0.0 0.0 10 | —0.842 0315 0.015 1.236]
det Cj=—0. 033430
ro.5 0.0 0.0 0.07 .0 0.00.0 0.0 r 0,371 0.000 —0.555 0.000
0.0 0.00.000 0.0 50.0 0.0 0.0 0.000 0.600 = 0.000 ©.000
Case 3 0.0 8.0 0.5 0.0 0.0 0.01.0 0.0 —0.555 0,000 1.111 0.000
0.0 0.0 0.0 0.0 0.0 0.0 0.0 50.0 L 0.000 0.000 0.000 0.000
det C;==0. 000000

Desired end-point compliance; C,=diag [10.0, 10.0]
Arm posture ; O=(45° 0°, 60°, 0%
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