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Kinematics and Control of Elastic Tendon-Driven Robot Arm using Flexible Joints

Abstract

This paper describes a control method for a robot arm with flexible joint
structure and elastic tendon drive system. An ordinary multi-joint robot arm has
one degree of freedom (DOF) around its rotational axis, by precisely controlling
the angle of rotation around that DOF, robotic tasks can be performed via precise
positioning control of the hand position. Contrary to this, the purpose of this research
is to make the joint structure of the robot arm flexible and to provide extra DOFs
other than that around the nominal rotation axis of joints, so that the robot arm
can perform robotic tasks that require environmental contacts with the hand just
by simple control laws and without depending on advanced sensor feedbacks. In
this study, the DOFs due to the flexibility of the joint structure is called the
parasitic degree of freedom (PDOF).

The goal of this study is to construct a robot kmemancs that can be used for
motion control of a flexible robot arm with PDOFs, and that is less dependent on
joint variables. The joint angle is useful as a generalized coordinate to describe
the motion of robot manipulators mainly for industrial use. However, the rigorous
definition of the joint angles can exclude the motion due to the PDOFs. In order
not to exclude the flexible motion, kinematics without using joint angles is
considered necessary. In addition, we developed a prototype of an elastic
tendon-driven two-link robot arm with flexible joints, and conducted simple task
‘experiments with it using contact motions that mimic human behaviors during
housework with simple control law. ‘

The contents of this paper are as follows. First, a kinematics equation is
derived, without using joint angles, in order to determine the length of the
driving tendons for a prototype two-link robot arm, given the target position of
the hand and the target posture of the arm plane. Idea of our kinematics is to
find the tendon attachment points simply by using the orientation matrices of the
link determined by the direction vectors of the link and nominal joint axis. The
manipulation length of the tendon can be calculated as the distance between the
attachment point and start point of the tendon. Next, to control the applied force
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of the hand, the balance of the external forces acting on each link and the balance
of the moments around the joint are calculated to express the statics relationship
without using the joint angle. The moment around the elbow joint was
determined by projecting the nominal DOFs onto the axis of rotation.

A prototype was manufactured to verify the above kinematics on a real robot
arm. The joints of the prototype consist of lightweight metal tubes covered with
soft sponges. The prototype has three DOFs in the shoulder and one DOF in the
elbow. The driving tendon is made of a metal wire with a spring inserted to give
it elasticity. The tendon is wound by a 3D-printed winding drum. The control is
carried out by the amount of rotation of the winding drum.

In grder to make a flexible joint structure, we did not incorporate sensors in the
joint, instead we used an external depth camera. For this purpose, color markers
were attached to several points on the links,

Using the prototype robot arm, we tested the accuracy of the hand position, the
posture accuracy of the robot arm, and the applied force at the hand. In addition,
we tested the robot's ability to unplug an electrical outlet as a human-like work
in daily life, To achieve the task, the robot needs to apply a sway motion on the
ouflet, without generating a large constraint force.

In the prototype robot arm, it was confirmed that the flexibility of the joints
prevented excessive force on the hand, allowing the robot to perform the task
under simple control. Furthermore, an iterative compensation method to improve
the large error caused by the low stiffness was experimentally verified.

Through these experiments, we confirmed the application feasibility of the
proposed kinematics. Moreover, we demonstrated the applicability of the
proposed kinematics-based control method for the robot arm with flexible joints
to human-like contact tasks. '

The conclusions of this paper are as follows. Based on the proposed kinematics,
the hand position of the two-link robot arm and the arm posture can be controlled
simply by tendon winding. The position error caused by the low stiffness of the
joints and tendons appear large. The error can be compensated by an iterative
update of the reference hand position and arm posture. We have confirmed the
applicability of the proposed robot to workplaces where precise environments
map is not available.
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