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In order to exert a large force on the environment beyond limitation of actuators, it is effective to apply impulsive force.

However, exerting impulsive force is one of the most dangerous tasks for a humanoid robot, since the generated reaction force
may bring the humanoid robot down. Therefore, the main goal of this research is to develop a methodology to generate an
optimal motion under stability constraint. We define a motion that performs a task by applying impulsive force as an *“impact
motion." In this research, nailing task and punching motion are taken as an example of impact motion. This thesis has three
contributions as follows.

The first contribution is experimental analysis and basic motion generation method of a nailing task. This research proposes a
way to generate a pose at the time of impact with the joint velocities for humanoid robots to exert a large force and a robust
feedback control method for driving a nail. The offline motion design method is not robust to error in the position of the nail
since timing of pulling up a hammer is defined in the designed motion in advance. Therefore, a robust feedback control method
for driving a nail is developed. The feedback controller stops execution of the motion generated offline when an impulsive
force is detected by the force sensor mounted on the hand. Experimental results clearly show effectiveness of the developed
method. In the experiment, the driving depth is drastically increased.

In order to predict impulse exerted on an object, an impulse prediction model is evaluated. Asada and Ogawa proposed the
virtual mass for analyzing dynamic behavior of a manipulator arm and its end effector that interacts with the environment. This
concept of the method is the projection of the robot's inertia to the contact point by using a jacobian matrix. The behavior of the
robot during the impact phase is approximated by a point mass dynamics. The concept lowers computational cost of the
contact dynamics of the manipulators fixed on the earth drastically. Thereafter, the model is used for predicting impulse exerted
on a nail. The predicted impulses are larger than actual impulse exerted on the nail at all the trials. The conceivable causes of
the error are as follows.

*  Effects of the feedback control program for nailing task and a postural stabilizer for maintaining the body balance.
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*  Elasticity and backlash of the hammer's gripper.

The virtual mass model does not consider effects of a servo controller. The feedback controller pulls away the hammer when
impulsive force is detected. Therefore, the impulse exerted on the target is lower than that of a motion without the feedback.
The error increases in proportion to the impulse exerted. A stabilizer for walking is implemented in the system of the humanoid
robot HRP-2. The detail of its algorithm is nondisclosed, however, basic concept of commonly-used stabilizers are based on
position control of center of mass. When the robot is subjected to external forces, in order to avoid falling, the stabilizer
accelerates speed of its center of mass toward direction of the fall. This results in the body moving in the direction of the fall.
By this modification of motion during impact phase, force is not exerted to the nail sufficiently. The effect of stabilizer is
particular to humanoid robots. The virfual mass is computed here on the assumption that the hammer and the hand are
connected rigidly. In reality, the hammer is held by grip force between the palm and the finger. Hence, there is minor
backlash between the hand and the hammer. Since the handle of the hammer is made of polyacetal resin and the shaft is made
of wood, there is also elasticity between the collision point and the hand.

For nailing tasks, accuracy of the contact position is significant. Therefore, trajectories of the hammer are measured. The
trajectory is captured by a motion capture system. Error between the reference and actual trajectories is increased in
proportion to the robot's angular momentum. Since the error in the position of the hammer caused by joint angle deflection is
minor, main cause must be deformation of the shock absorbers and slip at the sole of the feet. Therefore, it is significant to
determine the appropriate angular momentum at the time of impact. Since derivative of momentum yields force or torque
between soles and a floor, the impact motion must be designed under a certain momentum and angular momentum limitation
for avoiding falling or accuracy of the task execution.

The nailing task experiment shows that primary impact is an important parameter for the nailing task. When the robot drives a
nail into a hard wood, the impulse exerted by the primary impact can be predicted by dynamics between the hammerhead and
the nail since the hammer shaft and handle have elasticity. Afier the primary impact, subsequent contacts are observed in the
experiments. In order to detect fall, all the impact forces generated by the contacts subsequent including the primary impact
must be estimated. It is indispensable to predict ZMP trajectory during the impact phase by using the estimated impulsive
forces. However, the virtual mass model cannot predict ZMP trajectory. In addition, total time including the subsequent contact
is about 30 (ms). The virfual mass method is intended for high frequency collision phenomenon like collision between rigid
bodies. In this domain, effects of the servo stiffiness and the online motion controller cannot be neglected. Though force control
can control contact force when the contact time is long, the control cannot effectively respond to this level of frequency in
general since the inertia of the humanoid robot is large. 'Ihemfbre, a new dynamics computation method which can treat the
in-between domain is proposed.

The second contribution is a high speed dynamics computation method. The computation method is proposed to estimate
impulsive force. The computation cost of the proposed method is lower than full-featured dynamics computation method since
the computation method only considers impact phase. Multibody dynamics and the effect of the servo stiffess to impulsive
force are also considered in the proposed method. The approach achieves a balance between computation accuracy and speed:
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n addition, the method can predict ZMP trajectory during the impact phase.

In order to estimate impulsive force accurately, a model which can consider the servo stiffness is required. Hence, a three
dimensional contact dynamics model is proposed to estimate impulsive force and impulse in practical tasks. An approach to
compute the force at low computation cost is proposed. In order to compute dynamics of a humanoid robot, dynamics
computation methods for a fixed manipulator cannot be applied without medifications since there are problems particular to
humanoid robots.

Some challenges of the impact motion by a humanoid robot are as follows.

« Falling caused by impulsive reaction force.
+  Changing constraint conditions.
+  Ahumanoid robot has many degrees of freedom.

In order to deal with changes in the constraint condition, a humanoid robot is expressed by a free-floating space robot model.
Different constraint conditions are expressed in the model by adding extra weight to the robot’s sole(s). The mass properties of
its end effectors are varied depending on the constraint conditions. This scheme can be applied for various constraint conditions
without reconstructing the structure description.

In order to reduce computation cost of the contact dynamics of the humanoid robot, a simplified dynamics computation
method is proposed. The concept of this method is to simplify the dynamics equation on the following assumption specialized
for collision phenomenon.

*  The joints angles of the robot are taken as constant immediately before and after the impact.
*  The changes of the joint velocities are discontinuous and cannot be ignored.
*  The joint accelerations increase exponentially.

With these assumptions, jacobian matrix and inertia matrix can be regarded as constant values in the dynamics equation.
Therefore, the computation cost is reduced since acceleration of the end effector can be obtained without computing the
jacobian matrix and the inertia matrix at each simulation step. In this simulation process, the joint accelerations are computed. -
Hence, behavior of the links can be obtained and ZMP trajectory during the impact phase can be predicted. Since the virfual
mass method does not compute the behavior of the links during impact phase, the model cannot compute ZMP trajectory.

In order to evaluate accuracy of estimation of impulsive force and ZMP trajectory, nine types of punching motions are
designed heuristically. In addition, in order to see the accuracy of the virfual mass method, the impulsive force is estimated by
using the virfual mass model. The estimation results of each motion are compared with simulation results by OpenHRP3. As
an example, a contact model between the hand and the target is expressed by the commonly-used spring and damper model in
the evaluation. This scheme is not dependent on the contact model and any contact model can be implemented. The maximum
force errors are minor in both estimating method. The impulse error of the virtual mass method, however, is not negligible. The
maximum error of the virfual mass method is about 116 (%). On the other hand, the impulse error of the proposed method is
small. The maximum error is about 6 (%). Therefore, the proposed method is useful for estimating dynamics behavior of a
humanoid robot. The trend of estimated ZMP trajectory by the simplified dynamics computation method is quite similar and
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the position error is under about 0.03 (m) in each direction. This method is applied to a proposed impact motion generatio,
method.

The third contribution is an impact motion generation method. By using the proposed dynamics computation method, a force
exerted on a target by a humanoid robot’s whole body is maximized while maintaining stability. The motion is divided inty
acceleration, impact and slowdown phases. In all phases, stability is considered in the optimizing process. The dynamjcg
computation method and the motion generation method are evaluated by performing a punching motion. The proposed methog
can generate a whole body motion utilizing impulsive force while maintaining stability. The motion is designed as follows,

1. Determining end effector’s velocity, momentum, angular momentum and CoM (Center of Mass) velocity at the time of

impact. 7

2. Interpolating these physical values from zero and to zero.

3. Generating motions for acceleration and slowdown phases to satisfy the interpolated trajectories.

With this scheme, stability during the acceleration and slowdown phases can be evaluated in the optimizing process without
computing inverse dynamics. This is an important concept of the proposed method.

Stability during the whole motion is evaluated by two methods in the optimization process. The stability during the
acceleration and slowdown phase can be evaluated with the above-mentioned scheme. The stability during the impact phase
can be evaluated by the proposed simplified dynamics computation method. In order to maximize the generated impulsive
force, the contact dynamics simulation is repeated a number of times in the optimization process. The simplified dynamics
computation method can produce a solution faster than the full-featured one. With the optimal end effector’s velocity,
momentum, angular momentum and CoM velocity, reference trajectories of the acceleration and slowdown motions are
generated by third-order polynomial interpolation.

These contributions are implemented to an impact motion generating software. The software is developed by using the
technical computing language MATLAB R2007b (The MathWorks, Inc.).
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