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Many kinds of robots have been developed to date. Historically, most of them have been applied to some

fields as industrial robots. These industrial robots have been isolated from humans, and have performed hard and
simple repetitive tasks which humans do not want to do or can not do. However, especially in Japan, the labour
force is shrinking and aging because of the falling birthrate and the aging population. To solve such problems that
beset Japanese society with robot technologies, robots are making their way from industrial fields to our daily life:
home, office, hospital and so on. A new field of robotics is emerging with the development of robot technologies.
For this purpose, a lot of robot systems and systems using robot technologies have been developed, even some
systems have been available commercially. These robot systems which are currently in practical use have limited
applications, and they have difficulty performing the task which have not been prepared. Then, the robot systems

which could perform not only prepared tasks but also various tasks in our daily life are needed. Most of the tasks

in such daily life are difficult to be automated perfectly, because humans and their living environment has a lot of
uncertainty.

However, these difficulties could be resolved by assuming
interactions between robots and humans, and various tasks in our daily
life could be executed by human-robot cooperation. Under the
assumption that robots are used in real environments with humans,
these robot systems should consider how they realize cooperation with
a human/humans more safely and effectively, not just carrying out the
cooperating tasks. Especially, ensuring safety is essential because

these robot systems should perform some tasks in real environments

with humans different from industrial applications, so there is a
possibility of harming humans when some problems occur in the robots. Furthermore, another problem is that all

people who will become the users of these robot systems in their daily life does not have enough knowledge about
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robots. Considering these problems in human-robot cooperating systems, the robot systems with which humans
could cooperate safely and simply are needed to realize our daily life with robots. Most of these human-robot
cooperating systems can realize simple and user intuitive control based on the haptic interaction between robots
and humans, however, there are a lot of control problems about safety and maneuverability such ass elf-collisions,
collisions with obstacles, limitation of the range of the joint movement and so on. One of the dangers in haptic
interaction is the self-collision problem, which includes collision of the robot’s body with its arms, collision
between two arms/legs. When the self-collision occurs, the robot is damaged or loses its balance and fall down,
and harms humans around it. Limitation of the range of the joint movement is another danger in haptic interaction
between robots and humans. Unfortunately, the possibility of these problems increases when the robot is
cooperating with a human/humans, because the motion of the robot is affected by the intentional force/moment
applied from a human/humans in a real-time so that resultant movements of the robot cannot be predicted in
advance. Moreover, humanoid robots and mobile manipulators, both of which have redundant degrees of freedom,
are very useful for realizing a variefy of tasks in cooperation with a human/humans, however, fhese robot systems
are likely to have these problems because of their redundancy. Therefore, solving these problems are essential for
robots cooperating with a human/humans.

We pay attention to the problem of the robot handling a single object cooperating with a human in real
environments in this dissertation, and we describe how to construct a unified methodology which could deal with
many control problems existing in human-robot cooperating systems such as self-collision, collisions with
obstacles, limitation of the range of the joint movement throughout this dissertation. Many control algorithms
have been proposed to date for solving control problems existing in human-robot cooperating systems, however,
there is no research that could deal with many control problems with a unified approach during human-robot
cooperation. To construct such methodology, we could realize safe and highly maneuverable human-robot

cooperation as well as human-human cooperation.

Self-Model ¢

Object-Model | For this purpose, we propose a concept of “Body
Models” which represents the structures and their
Partner-Model . . . .

: motions of robots, objects in the environment and
the partner for the cooperation (humans), from
the point of view of constructing a unified

methodology by providing the models of the

information about the structures/motions of its
body, objects in the surrounding environment and the partner of the cooperation (a human) to the robot as well as
humans. There would be a lot of modeling methods to construct the “Body Models”, and we have to select a

modeling method which meets the problem to be solved.

elastic area

In this dissertation, we address a self-collision problem as the examples
of the problems during human-robot cooperation first, and we explain “RoBE
(Representation of Body by Elastic elements)”, one of the modeling methods to

construct body models. The self-collision problem is one of the dangers in .
, rigid area
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haptic interaction as mentioned above, however, there are few research about this problem and almost no of them
could deal with the self-collision problem during human-robot cooperation. The self-collision avoidance control
algorithm proposed in this dissertation enable robot systems which cooperate with a human/humans to avoid
self-collisions in a real-time. Furthermore, we consider task constraints and environmental constraints during the
self-collision avoidance motion, and propose two priority functions for generating the self-collision avoidance
motion which could deal with these constraints. We also design the proposed control algorithm could be applied to

any human-robot cooperating systems. Then, we focus on the range of the joint movement of the robots. By

considering the range of the joint movement on the self-collision
avoidance motion generation method, the robot could also avoid
the limitation of the range of the joint movement caused by the
kinematic constraints while cooperating with a human, as well as

self-collisions. Additionally, by setting the range of movement of

R . N robot’s mobile base according to the position of obstacles, the
~ Fjoimi task condition and so on, we could generate the cooperating

motion which could deal with environmental/task constraints.

All of proposed control algorithms, we could construct a unified methodology based on force/moment
information which could deal with self-collisions, collisions with obstacles, limitation of the range of the joint
movement and environmental/task constraints while the robot is cooperating with a human/humans based on the
intentional force/moment applied from a human/humans. Some computer simulations are done for illustrating the
validity of these proposed control algorithms. Furthermore, some of these control algorithms are experimentally
implemented in the human-friendly robot referred to as “Mobile Robot Helper (MR Helper)”, and the
experimental results illustrate the validity of these proposed control algorithms.

In chapter 2, we first introduced the concept of “Body Models” which represent the information about
structures of robots’ body, objects in the environment and the partner of the cooperation (humans) and their
motions in this dissertation, to construct a unified methodology realizing natural, smooth and safe human-robot
cooperation as well as cooperation among humans. Then we defined three types of “Body Models™ to represent
the information of structures and motions which have relations with human-robot cooperation; “Self-Model”,
“Object-Model” and “Partner-Model”, and we explained how to deal with the control problems during
human-robot cooperation by using these models. Furthermore, we explained “RoBE (Representation of Body by
Elastic elements)”, one of the modeling methods to construct body models. Constructing the models by using

RoBE, we could deal with the problems of

B-S self-collisions and collisions with obstacles with a

SHOULDE}/

unified approach. Then we explained how to solve
these control problems as the examples of solving
BODY . .
some problems during the human-robot cooperation
by using the body models constructed by using
RoBE.

In chapter 3, the proposed self-collision avoidance control method based on the self-model constructed by
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using RoBE was implemented in a human-robot cooperating system, referred to as MR Helper. Then we proposed
some self-collision avoidance motions for MR Helper, and experiments using MR Helper were done to illustrate
the validity of the proposed self-collision avoidance control method.

In chapter 4, we proposed two priority functions for robots to realize the several kinds of tasks in an
environment based on the force/moment applied by a human to consider task constraints and environmental
constraints during the self-collision avoidance motion. Furthermore, we designed the proposed control algorithm
could be applied to any robot systems which used for human-robot cooperation. The pro-posed self-collision
avoidance motion was implemented planar 3-DOF manipulator and PA-10, and computer simulations and
experiments were for illustrating the validity of the proposed motion control. The experiment using MR Helper
was also done for illustrating the validity of the proposed motion control in real human-robot cooperating systems.
In addition, computer simulations were done for demonstrating that the robot could also avoid colliding obstacles
as well as the self-collision with the proposed method.

In chapter 5, we considered the range of the joint movement on our self-collision avoidance motion
generation method based on the self-model which represent the information of the robot’s joints and their
movements, and proposed how to generate the virtual joint forces/torques to consider the range of the joint
movement of the robot. Then, the cooperating motion generation method which could consider the range of the
joint movement was proposed. To illustrate the validity of the proposed method, some computer simulations and

experiments using MR Helper were done.
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