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Abstract

In this paper we analyze and experimentally measure the
benefits of tactile sensing for stiffness control in the presence
af uncertainty. There are two parts of the manipulation process
where tactile information is helpful: determining the initial
object pose as the fingers close to grasp, and tracking the
object as it rolls and slides against the fingers during
manipulation. The paper begins with an analysis of uncertainty
associated with the initial orientation of a grasped object. We
then review the object stiffness control algorithm [Salisbury
1985], and derive an expression for the errors in the
commanded stiffness based on object orientation uncertainty.
Experimental execution of a peg insertion task demonstrates
that tactile sensing can effectively determine the initial
orientation of the object. Tactile sensing can also be used to
track object rolling, but update rates are slow, which can limit
the maximum stiffness,

1. Introduction

In order for robots to move out of the factory and into our
daily lives, they must adapt to unstructured environments.
Tactile sensing promises to increase the dexterity of robot hands
by providing information about the mechanical state at the
finger-object interface. One type of information that is
particularly important is the contact location, and its motion
as the grasped object rolls or slides against the finger tip during
manipulation. Recent research on the use of tactile information
in manipulation has demonstrated the capability of using this
contact location in real-time control. Berger and Khosla [1991]
and Chen et al. [1995] used tactile array sensors to track object
edges in sliding. Maekawa et al. [1995] and Nicolson [1993]
used tactile information to reorient objects by rolling them
between the finger tips.

In this paper we examine methods of using contact
information to improve the performance of object stiffness
control with multifingered hands. Stiffness control provides
a means to modulate the mechanical impedance of a grasped
object. A number of studies have demonstrated that impedance
control permits effective robotic execution of certain tasks,
and several algorithms have been proposed for controlling a
robot hand to achieve a desired impedance of a grasped object
[e.g., Salisbury 1985; Cutkosky and Kao 1989].

The stiffness control algorithm attempts to make the
grasped object act as if suspended by a set of springs and
dampers. The controller senses displacement of the object

from its desired location and orientation, and uses the fingers
to generate proportional restoring forces and torques. Without
tactile sensing, the stiffness controller can only sense object
displacements through motions at the finger joints. Therefore,
tactile sensing can enhance the performance of stiffness control
by providing object-finger contact location information. There
are two parts of the manipulation process where tactile
information is helpful: determining the initial object pose as
the fingers close to grasp, and tracking the object as it rolls
and slides against the fingers during manipulation,

In this paper we analyze and experimentally measure the
benefits of tactile sensing for stiffness control in the presence
of uncertainty. To provide a focus, we consider peg-in-hole
insertion as the prototype for a range of dexterous manipulation
tasks involving contact between the environment and the
grasped object. We begin with an analysis of the uncertainty
in the initial orientation of a grasped object, based on friction
and object-width to finger-tip-radius ratio. Then we review
the stiffness control algorithm, and calculate the errors in the
actual stiffness of the grasped object based on object orientation
uncertainty. Finally, we Jook at rolling manipulation, and
present the results of an experimental execution of the peg
insertion task.

2. Orientation uncertainty from friction

Uncertainty in object orientation after grasping can arise
from friction between the fingers and the object. To illustrate
this uncertainty, consider an unconstrained object with parallel
flat sides at a skewed orientation as two fingers come together
to grasp it. If there is no friction, the object will slide against
the fingers and reorient so that its surfaces are perpendicular
to the line between the fingers. The object orientation may
then be inferred from the positions of the finger tips, i.e. from
joint angle measurements. If friction is present, however,
sliding will stop before this condition is reached. This static
equilibrium occurs when the grasp force, which is directed
between the finger-object contact points, falls within the
friction cones centered about the object’s surface normals. For
“point contact” finger tips whose radius is small compared
with the size of the object, the range of stable object orientations
is determined by the friction cone angle w =tan™ u, where
i is the coefficient of friction. For fingers with finite radius,
the limiting equilibrium angle of the object also depends on
the ratio of object-width to the finger-tip-radius along with
the friction coefficient.






