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Vertebrate animals such as humans consist of muscles, tendons and skeletons,
and it is so-called the musculoskeletal structure. Since the muscles are connected
with the skeletons by the tendons, pulling the tendons by actuation of the
muscles can move the joint. One of the most remarkable points is that this
mechanism can change the joint stiffness depending on the internal force of the
muscles. The joint stiffness is a physical quantity indicating the movability of a
joint against external torque. If a human has tense muscles in the arm, the joints
are inflexible (large stiffness) owing to generating large internal force. In
contrast, the relaxing muscles result in the decrease of the internal force, hence
the joint becomes flexible (small stiffness). The important point is that humans
can change the joint stiffness according to the situation. For example, when an
object falls to the human’s head, the human will protect the head by large joint
stiffness. If a human touches a child, the joint stiffness will become small enough
not to hurt them.

In the environments where a human and a robot work collaboratively or a
robot cares for a human, the robot needs to change the joint stiffness for safe and
dexterous motions. Although general robots (which are installed actuators on the
joints) can vary the joint stiffness by the software, that robots can be out of
control under the influence of time lags, sensory noises and some disturbance. To
overcome such difficulties, I propose a tendon-driven manipulator equipped with
Cylindrical Elastic Elements (CEE). The tendon-driven manipulator is similar to
the musculoskeletal structure in that actuators and wires are used in place of the
muscles and the tendons. Pulling the wire by the actuator, this manipulator
therefore can drive the joints. The CEE is made of a cylindrical flexible object or
rolling of a blade spring. For the control of joint stiffness, CEEs are inserted into
the routes of wires in a tendon-driven manipulator. Since the CEE can transmit
wire tension by transforming itself into an elliptic shape, the variation of wire
directions based on the deformation can change joint stiffness depending on




internal forces among wires. This system offers many advantages such as light
weight, low friction, low cost and so on.

However, it is very difficult to derive the kinematics of the proposed system
because the deformation of the CEE depending on the internal force is not clear.
In order to overcome this problem, this thesis presents the framework to
approximately solve the kinematics of a tendon manipulator equipped with
CEEs.

In the second chapter, I explain the characteristics of a CEE and a
tendon-driven manipulator equipped with CEEs. Especially the friction
characteristics of the CEE are unveiled because the tendon-driven system is
strongly affected by the friction. The static friction of the system using CEEs is
compared with that of the system using idle pulleys.

In order to derive the kinematics, approximate models of a CEE are proposed
in the third chapter. In earlier studies, although there were a lot of approximate
modeling types for such a flexible object, this thesis proposes three multi-linkage
models. From the viewpoint of the trade-off between model accuracy and
calculation cost, the approximate models are evaluated through the comparison
between experimental results and simulation results.

In the fourth chapter, I investigate the forward kinematics of a one-link
tendon-driven manipulator equipped with two CEEs. In this thesis, the forward
kinematics is defined as calculating a joint angle of the manipulator from wire
lengths. In order to derive the forward kinematics, the deformation of a CEE is
analyzed by using the selected approximate model. To analyze the deformation, I
employ to minimize the potential energy of the system based on the principle of
least action. From the deformation analysis, I demonstrate the forward
kinematics solving method to numerically compute the joint angle from the wire
lengths.

In the next chapter, expanding the forward kinematics, I discuss a calculation
method of the joint stiffness. In the generality, the joint stiffness is obtained from
a relation between the external torque and a joint angle variation depending on
this torque. Noticing that the torque is associated with the variation of the CEEs’
potential energy, the joint stiffness can be computed from the potential energy
variation depending on virtual external force.

In the sixth chapter, a numerical solving method of inverse kinematics is
discussed. In this thesis, the inverse kinematics is defined as calculating wire
lengths from the joint angle and the joint stiffness. To numerically solve the
inverse kinematics, I point out two conditions of the potential energy related to
the joint stiffness and the equilibrium of force. From the conditions, the inverse
kinematics can be numerically solved, and the usefulness of the proposed inverse
kinematics 1s demonstrated.

Finally the last chapter concludes the numerically solving framework of
kinematics of the tendon-driven manipulator equipped with CEEs.
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