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Human beings can dexterously perform highly dynamic motions. For instance, we achieve
efficient walk by utilizing the posture with extended knees and hips. We push or pull a heavy object
as a habitual and physically strenuous task. When we pull an extremely heavy object, we use our
whole bodies. The translational momentum (or kinetic energy) of tht; trunk is generated before we
apply a pulling force to the object with our hands, and then a large force is applied to the object near
a configuration where the arm is fully extended. Human beings usually lift up heavy objects to a
higher place in the daily life. In a weight lifting motion, an athlete lifts up a heavy barbell. He or she
firstly extends his robot manipulators and then suddenly starts to lift it from the ground. After lifting
it above his head, the body stretches to sustain the barbell. In a vertical jumping motion of human
beings, the leg stretches rapidly in an aligne& position in stance phase, and the take-off posture is
almost stretched out. In these motions, the extended postures of human beings, that are called
singular configurations i’n robotics, seem to be very useful. As we know, both human beings and

. robots can be modeled as multibody systems, and they have much in common.

The development of the robots that can perform human-like movements has attracted many
researchers. Over the past decades, researchers have proposed several robot manipulators to perform
highly dynamic tasks such as grasping,” batting and throwing by their end-effectors. The lifting
motion performed by the robots in behalf of us has been studied well.

Mobile manipulators are expected to perform various tasks by using the manipulator mounted on
the mobile platform. Due to fukushima daiichi nuclear disaster, the mobile manipulators that can
wotk in unknown and dangerous environment instead of human beings attract the interest of many
reséarchers re(':aegtl_}:;‘ Mobile manipulators have been used inside the fukushima daichi reactor
buildings for seveiil purpbses such as opening door and picking up debris.

Many of the robot manipulatm:s ( including the mobile ones ) are equipped- with the actuators with
high performance. However, powerful actuators often have heavy weight, and may bring external
energy consumption during robot motions, especially by the mobile robots which are powered by the
batteries. When these mobile robots work in an unknown environment such as an earthquake rubble
or a nuclear rubble, there would be adequate power supply for any emergency issue. If the tasks are
performed efficiently even by small actuators, energy consumption can be reduced and the tasks can
be achieved as much as possible before running out of batteries. Therefore, there is a pressing need
to find a way of efficiently achieving dynamic tasks. ~

In robotics, a robot configuration that has a degenerated Jacobiari matrix is called singular
configuration. The kinematic properties of singular configurations are well-studied. In a singular
configuration, the robot end-effector loses one or more degrees of freedom, and cannot be freely
controlled in each direction. For this reason, many control and motion planning strategies have been
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used to avoid the singularities. Nevertheless, the control and motion-planning process becomes more
complex and the range of feasible tasks is restricted.

As we know, everything has two sides. Some researches showed that singular configurations are
also a:ivantageous in several robot motions, even though the advantage has been neglected for a long
time. As mentioned earlier, human beings dexterously utilize the singular configurations in several
motions such as walking and pulling. When we make the robots perform such dynamic tasks-like
human beings, it becomes necessary to understand the dynamic features of robot near their singular
configurations. This dissertation focuses on the relation between the robot motion and the singular
configurations.

Chapter 1 introduces the background, motivation and goal of this dissertation.

Chapter 2 derives the kinematic and dynamic equations of a multibody system as a general
representation. Since this dissertation deals with several kinds of robots, the corresponding
kinematics and dynamics can be easily calculated based on the obtained equations.

Chapter 3 lists all the features of singular configurations observed up to now. Two of them have
been noticed but not theoretically explained before. A simplified model of a two-link manipulator is
considered, and the two features are verified through theoretical analysis. The main contribution is
that this dissertation provides a theoretical explanation on the dynamic features of singular
configurations, which can be utilized in robot motion.

Chapter 4 deals with the motions of two-link robot manipulators such as a manipulator with fixed
base and a mobile manipulator with unfixed base. Sections 4.2 and 4.3 present the lifting motions of
a 2-link robot manipulator, a lifting motion and a weight lifting motion, respectively. A heavy object
attached to the end-effector is to be moved upward by the manipulator. In the lifting motion, the
heavy object i's lifted up a certain height from the lowest position, while the heavy object is lifted up
to the highest position in the weight lifting motion. These motions are optimized for minimizing the
necessary joint torques. The numerical simulation results show that the features ‘of singular
configurations are advantageous in generating energy, causing large acceleration, and reducing joint
torques. Section 4.4 deals with the optimal motion of a mobile manipulator for dragging a heavy
object with the end-effector. When the object is moved a certain distance, the torques that are
consumed in the mobile manipulator during the motion are minimized by numerical optimization. In
the optimized motion, the arm mounted on the mobile base passes through its singular configuration,
and a large force to pull the object is generated simultaneously. A theoretical analysis is performed to
explain the numerical results By using a simplified model of the mobile manipulator.

Chapter 5 deals with the motions of legged robots, jncluding a two-link legged robot and a
four-link legged one. Sections 5.2 and 5.3 obtain optimal jumping motions of a two-link legged
robot and a four-link legged one. For the two-link robot, the robot motion in stapce phase is
considered, and a fixed amount of translational energy is supplied to the robot from joint torques by
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the take-off time when the foot-leaves the ground. For the four-link robot, the robot motion in aerial
phase in addition to the one in stance phase is also considered, and the rotations of joints are stopped
in the air by the time when the robot reaches the maximum héight with the joints fully extended. For
both the two-link robot and four-link one, the numerical optimization results show that the take-off
posture that is close to a singular configuration has the advantage in supplying a large force (or
acceleration) efficiently in stance phase. Furthermore, the numerical optimization results of the the
four-link robot with different take-off postures show that the take-off posture close to a singular
configuration is also useful for reducing the rotational energy that has to be eliminated in aerial
phase. Even though the model of the four-link robot is more complex, the features of singular
configurations can be noticed in the motions of both robots. Section 5.4 deals with optimal landing
motions of a four-link legged robot that minimizes the impact force at the contact point and the joint
torques necessary during the motjon. The cost function for optimization is given as the weighted sum
of the impact force and the joint torques. The configuration of the robot that is close to a singular
configuration is advantageous in minimizing the joint torques for a-heavy body, while the
configuration where the leg is bent is advantageous in reducing the impact force. This is shown by
numerical optimization results with different weights for the cost function and a theoretical analysis
of a simplified model for the legged robot.
Finally, this dissertation is summarized in Chapter 6.
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