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Abstract

This paper considers adding autonomy to robot hands
used in teleoperation systems. Currently, the finger po-
sitions of robot hands in teleoperation systems are con-
trolled viaarobot master using a Dataglove or exoskele-
ton. Thereareseveral difficultieswiththisapproach: ac-
curate calibration is hard to achieve; robot hands have
different capabilities from human hands; and complex
force reflection is difficult. In this paper, we propose
a model of hand teleoperation in which the input de-
vice commands the motions of a grasped object rather
than the joint displacements of the fingers. To achieve
this goal, the hand requires greater autonomy and the
capability to perform high-level functions with minimal
external input. Therefore, a set of general, primitive
mani pulation functions that can be performed automat-
ically is defined. These elementary functions control
simplerotations and transl ations of the grasped objects.
They areincor porated into a tel eoperation system by us-
ingasimpleinput deviceasacontrol signal. Preliminary
implementationswith a Utah/MIT are discussed.

1 Introduction

This paper considers the use of robot hands in tel eoper-
ation systems. Teleoperation has been cited as a means
of controlling robot handsin industry and for prosthetics
[7, 6]. The traditional means of teleoperating a robot
hand has been using a Dataglove or exoskel eton master:
there is a direct mapping from the human hand to the
robot hand. Generally, thefinger positionsof the human
master are translated to the robot and visual or force
feedback are returned from the robot to the master. (See
Speeter et al. [21, 18], Burdea et al. [4], Hong and Tan

[8]). There are severa difficulties with this approach:

1. Cdibration: It isdifficult to find a direct mapping
from the human hand master to the robot. For
example, Hong and Tan [8] developed a complex
three-step process each user must repeat.

2. The capabilities of robot hands are different from
those of human hands. For example, the human
hand can translate objects along only a single axis
while a hand such as the Utah/MIT [10] hand has
the ability to translate objects in three Cartesian
directions. Using a Dataglove thus reduces the ma-
nipulatory capabilities of the robot hand.

3. Controlling the many degrees of freedom of these
hands(e.g., 16 degreesof freedomfor theUtah/MIT
hand) requires high-bandwidth communication.

4. Autonomy: Traditionally, robot commandsare dis-
placements rather than functions. Without a high-
level function, it isdifficult to enhance arobot’s au-
tonomy. Furthermore, in situationsin which there
are long communication del ays between the master
and the robot (greater than 1 second), it is use-
ful for the robot to perform certain functions au-
tonomously (Bgjczy and Kim [2]).

5. High degree-of-freedom force feedback is still ex-
perimental and expensive. Burdea et al. [4], how-
ever, have developed a hand master that returnsthe
grasping forces in three directions to the user.

The traditional means of control is“manual control,”
in which the interface between the robot and the user
primarily transfers data and performs coordinate trans-
formations. We propose to increase the autonomy of the
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robot hand by shifting the control space from the joint
positionsto the space of thegrasped object. In Sheridan’'s
[20] hierarchy of control modes, this is termed “super-
visory control”: the control of robot motion is shared
between the operator and the robot. Rather than trans-
late the motions of the master’s fingers directly to mo-
tions of therobot hand, asimple, low degree-of-freedom
input device, such as a joystick, controls the motions
of the manipulated object directly. The motions of the
mani pulated object normally involve a single degree of
freedom; they are two-dimensional translations and ro-
tations. The system in turn computes the required finger
trgjectories to achieve the motion. The use of a low
degree-of-freedom input device is appealing because it
alleviates the problems cited above related to difficulty
of calibration, the high input and sensor bandwidths re-
quired for full telemanipulation. In addition, increasing
the autonomy of therobot allowsit to perform tasks such
as maintaining grasp forces and resisting external distur-
bances automatically. Low DOF input devices can in-
cludevoicerecognition systems, trackballs, Spacebal Ist,
myoelectric signals, and other devices used in industry
and rehabilitation.? Figure 1 illustrates the main system
components as applied to a screwdriving task. The im-
portant point to noteisthat the input device controlsthe
position of the screwdriver rather than the joint angles
of the fingers. The feedback to the operator is also in
the object space in the form of the actual position of
the screwdriver and the resistance torque applied to the
screwdriver by the environment.

Related work is described by Farry et al. [7] a
Rice University, who have proposed using myoelec-
tric control for a complex robot hand. Electrodes col-
lect myoelectric signals from a human subject. The
signals are low-pass filtered and the frequency spectra
analyzed. The signal processing shows the potential
of disambiguating between several different grasps-the
chuck and key grasps—by noting individua signatures
in the spectra of the grasps. Once the desired grasp is
understood, the Utah/MIT hand is to be programmed
to produce it. Here again there is a mapping from a
low-bandwidth input signal—one of two potential hand

1The Spaceball is amulti-function input device that sensesforces
and moments applied to it. It also has an array of software pro-
grammable buttons that can be assigned functions during a task.

2See Webster et al. [22] for a discussion of the range of input
devicesused for people with disabilities.
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Figure 1: Components of shared autonomy system

grasps—to a complex hand function.

Our work deals with manipulation of grasped objects
rather than pure grasping. First, while the hand is still
a a distance from the object to be grasped, the hand is
preshaped. Second, the input device—a Spaceball, for
example—is used to position the arm. Third, the hand
graspsthe object. Thegrasping functioniscontrolled by
the input device. Ideally, it should be possibleto control
thearm position while adjusting thegrasp. Thiscould be
done using a number of position and orientation sensing
devices, such as a Polhemus sensor. Furthermore, it is
useful to feed back finger force information from the
fingers to adjust the grasp strength. Finally, the object
is manipulated using the input device. In the case of
single-axis manipulations, such as translation in the x-
direction, the signal from the input device is filtered to
ignore off-axis commands. Notice that in each phase
of the manipulation, the input device serves a different
control function.

Therest of this paper presents an approach to solving
the problem of mapping alow degree-of-freedom input
deviceto acomplex robot with the Utah/MIT hand as an
example. An important part is finding hand primitives
for the particular manipulation tasks. Once these func-
tions are identified, the proposed idea of shared auton-
omy becomes more tractable. Section 2 describes a set
of elementary manipulation functions for the Utah/MIT
hand. Each robot hand has its own set of functions
based on the manipulatory capabilities of the hand; that
is, based on its kinematics, its workspace, its sensory
capabilities, and so on. Section 3 discusses the different
elements in a complete task and experimental work at
Columbia University with the Utah/MIT hand.
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2 Elementary functions

The complexity of robot hands makes direct telemanip-
ulationdifficult. A typical hand hasthree or four fingers,
each with up to four joints. Sensing a hand master’s
positions accurately and relaying them to a robot hand
isacomplex and error-prone task. In addition, the pure
relaying of joint displacementsto the hand isalow-level
action with no sense of functionality. The hand cannot
perform autonomously becauseitshigher-level goalsare
not defined. Low-level tasks such as maintaining grasp
stability and resisting external disturbances cannot be
built into a teleoperated hand that relies solely upon
manual control.

Our approach to enhancing the hand’s functionality
has been to design a set of basic functions that are a
toolkit for manipulation.®> Complex tasks are composed
of these simpler building blocks (or “units of action,” as
motor control researchers call them [11]). These manip-
ulations (described in Michelman [15]), which the hand
performs autonomously, are transl ations and rotations of
objects with circular and rectangular cross sections. It
is assumed that all finger contacts are on the fingertips
and that motions are performed slowly enough to alow
guasistatic analysis of forces to be used. To incorpo-
rate them into a teleoperation system, the control input
is transferred from within the controller to the input de-
vice.

The dementary set of functions includes the coop-
erative finger motions required to translate and rotate
objects in a desired way. There seem to be an endless
number of waysto manipulate objects. By isolating the
basic strategies for manipulation, it is possible develop
a set of functions that are parametrized for a wide range

30ur work takesitsinspiration from human manipulation studies.
There seems to be a limited number of the types of manipulations
that a person can perform. Napier [17] has written of human hands:
“ Considering the enormousvariety of activitiesthat the handiscalled
upon to perform, it might be supposed that prehensile movements
would be too numerous for simple analysis. However the diversity
of movementsismore apparentthanreal; itisnot somuch that thereis
aprofusion of actionsconcernedin day-to-day activitiesasthat there
is amultiplicity of objects involved—switches, doorknobs, latches,
cutlery, cups, glasses, pens, pencils, erasers, buttons and coins. In
fact, there are only two main patterns and two subsidiary patterns (p.
75).” Other researchers have claimed more than thesefew patternsin
manipulation. The biologist Bernard Campbell [5] stated that there
are fifty-eight basic manipulation motions. The take-off point is that
thereisalimited set.
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of tasks. For example, the same motions used to turn
the top of ajar may be used to turn a screwdriver. The
similarities between these two tasks are that both rotate
acylindrical object about its axis and both require esti-
mating and compensating for torques resisting rotation.
What are the differences between these two primitives?
Amongthem are: (1) the sizesof the grasped objects, (2)
the amount of torque to exert, (3) the directions of the
exerted forces (with the screwdriver, it is necessary to
exert aforce along screwdriver shaft, for example), (4)
the amount of timerequired to perform the tasks, and (5)
possibly the direction of rotation. These parameters can
be intuited during the task by sensing the finger contact
points and inferred from the input device.

1 2.

(@ (b) (@ (b)

(@

Figure 2: The basic manipulations: (1)-(2) trandlations
toward and parallel to palm; (3) Log-rolling; (4) Twiddle,
(5) Pivot; (6) ‘Y’ -rall

Space does not permit the elaboration of the com-
plete set of primitivefunctions defined for the Utah/MIT
hand. The set includes three basic translations and three
rotation strategies. Figure 2 illustrates the manipula-
tions. The translational strategies are similar. Figure
2(1)-(2) show the motion of arectangular object toward
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and parallel to the palm of ahand. Figure 2(3) presents
the so-called “log-rolling” strategies, which are used to
rotate objects with circular cross sections. Side rolling
is shown in Figure 2(3a), and fingertip rolling in Figure
2(3b). In side rolling, the contact point moves along
the cylindrical side portion of the fingertip, while in
the tip rolling it moves around the spherical end of the
tip. Figure 2(4) illustrates a common strategy used to
rotate rectangular objects with the fingertips, the “twid-
dle” manipulation. Figure 2(5) is the “pivot” rotation,
an example of using controlled slip (Brock [3]). A fi-
na rolling strategy is shown in Figure 2(6), in which
the contacts cause a rectangular object to rotate around
the circumference of a finger, a variant of the twiddle
rotation.

Asnoted above, each of these strategiescan beusedin
different start configurations. The following table (Fig-
ure 2) outlines the forces monitored for all strategies.
(The coordinate frame used is shown in Figure 5.) In
all cases, once agrasp is attained, it is maintained auto-
matically during the manipulation. The force feedback,
[fe, fys [ mp, my, m], represents the estimated force
and moments resisting the motion of the object in a par-
ticular direction (rather than the contact forces). The
resisting forces are estimated from sensed contact force
information.

Strategy

| Control parameter |
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sides of the thumb and index finger.) To achieve arota-
tion of angle 4, finger, Fp, movesr.6 inthe z direction
and £7 moves the same distance in the —z direction.
In general, the precise geometry of the cylinder is not
known or it may be desired to vary the grasping force
(to increase the amount of torque applied to the top, for
example).

Task partitioning is used to control the grasping force
easily. Normally, one finger (or virtua finger, Iberal
[9]) remains rigid in the direction of the grasp and the
opposing finger modul ates the grasping force. Here the
internal grasping forces are seen clearly from the equi-
librium condition: fo, + f1, = O, where fo, isthe com-
ponent of the thumb's contact force in the y direction.
There are an infinite number of solutions for the inter-
nal grasping forces (Salisbury [14]), and the selection
of internal grasping forcesis an active area of research.
For the simple two-contact case, in which the forces are
diametrically opposed to each other, the grasping forces
are always equal and opposite. By holding the position
of onefinger fixed in thegrasping direction, it ispossible
to control the grasping forces by controlling the force of
the other finger. We call this the “principle of the fixed
surface,” and it is a useful way to specify position and
force directions for manipulation tasks. In addition, if
both fingers obey pure force control, the position of the
object is not stable in the grasping directions. Figure 3

Force feedback |summarizesthe position- and force-controlled directions

Palmer Tranglation X fa

Pinch Trandation Z f-
Transverse Translation | YV fy
Genera Trangation XY, Z fos fys f2
Side-roll rotation R, my
Tip-roll rotation R, m,
Twiddle rotation R,or R, my, Of m

Task partitioningisdiscussedin Michelmanand Allen
[16]. The individual fingers in a manipulation are given
specific roles in a manipulation. The roles can often be
described using C-surface specifications (Mason [13])
and implemented with a hybrid position/force controller
(Raibert and Craig [19]). For example, supposethe task
is to rotate a cylinder with two fingers. The technique
used for rotating cylindrical objectsis the “log-rolling”
strategy, shown in Figure 2(3). (With the Utah/MIT
hand, it is possibleto perform this manipulationwith the

for thistask. In genera, the grasping forces are set so
as to avoid slippage. For each finger contact force, the
tangential and normal forces are f; and f,,. Using the
Coulomb model, to avoid dlip, the ratio jf—; < u, where
u isthe coefficient of friction between the object object
and the fingers.

HFinger\x\y \z\
FO p ny p
Fl p fly p

Figure 3: Task partitioning: Hybrid position/force spec-
ifications

Consider an elementary function for translating a
block in the z-direction of the Utah/MIT hand (which
isparale to the palm moving toward and away from the
thumb). The manipulationis shown in Figure 4. People
havevery littlerangein performing thismotion—if they
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can do it at all—due to kinematic limits.

[T T T

Figure 4: Palmar trandlation: (Utah/MIT hand pho-
tographs)

Figure 5: Palmar translation

Palmar tranglation partitions the fingers roles into
leader and follower (or, equivalently, master/slave). The
finger behind the object pushes, whilethe finger in front
complieswith the motion. The motion of the objectisin
the direction of contact normals. In Figure 5, F7 func-
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tions as the master and F5 the slave. The control of the
pushing finger is based on position error, while the slave
finger control isbased on force errors. Previous work on
the coordination of two-arm manipulation has discussed
master/slave control for quasistatic manipulation (Kopf
and Tetsura [12]). The selection vectors for the mas-
ter and slave fingers, 5, and S, are: 5,, = [0,0,0]”
and 5, = [1,0,0]7. In master/slave control, there is no
communication between the two fingers. Asthe master
finger pushes, the slave finger reacts solely to the sensed
motion of the grasped object.

Hybrid force/position control enables the hand to
maintain grasp stability during manipulation. In the
complete teleoperation system, once a manipulation
function begins, it maintains the grasp throughout its
operation. This section has discussed the elemen-
tary manipulation functions and the key components of
parametrization and grasp maintenance. The following
section outlines how they can be used in a complete
tel eoperation system.

3 Manipulation system

To perform telemanipulation requires that the grasping
and manipulation functions be combined. At each stage
in an operation, theinput device acquires adifferent sig-
nificance. Consider using ajoystick with a pushbutton
to control a tranglation function. At the beginning, the
joystick isused to command the arm to approach the ma-
nipulated object. Oncethearm isnearby, asingledegree
of freedom of motionisused to control the closing func-
tion of the hand. Once the hand has grasped the object,
the joystick controls the position of the grasped object.
For most operations, the sequence “ approach, grasp, ma-
nipulate” isfixed and can be represented as afinite state
machine. For each manipul ation, sensory events need to
beincluded. A generd finite state machineis shown in
Figure 6.

Select function Preshape Establish Manipulate
and grasp hand grasp object

Figure 6: General finite state machine

The system at Columbia University currently uses a
keyboard and monitor to control the hand system and re-
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lay informationto themaster. The systemisdescribedin
Allen et al. [1]. The e ementary manipulation functions
outlinedin the preceding section have been implemented
and work autonomously. The Utah/MIT hand includes
an analog position controller, but no method to control
applied finger forces. To verify the use of task partition-
ing, aforce controller was devel oped. Two force-control
strategies have been developed. One controls the com-
puted fingertip force, where the force is measured in
the Cartesian hand frame. The second controls the joint
torque. With the Cartesian controller, arbitrary force
directions can easily be specified. With the joint con-
troller, individual joint torques are controlled separately.
The joint torque controller runs between five and ten
timesfaster than the Cartesian controller because it does
not have to perform kinematic and inverse kinematic
transformsin every cycle.

For each manipulationfunction, there are several pos-
sible start grasps. For example, each trandation func-
tion can be performed with two or more fingers. For the
Utah/MIT hand using purely fingertip grasps, there are
three possible two-finger grasps, three possible three-
finger grasps, and one possible four-finger grasp, or
seven possible start configurations. Therefore, before
preshaping, the start grasp is selected. After thehandis
positioned near the object to be grasped, the input de-
vice is used to control the grasp. Most grasps rely on
simply flexing the fingers in a predefined way. During
the flexing motion, the contact forces are monitored and
relayed to the master, who determines when the object
is grasped sufficiently. Currently, it is possible to set
a contact limit threshold so that motion continues until
the limit is reached; after that point, the hand no longer
responds to input device.

After the grasp is established, the input device con-
trol s object manipulation purely. Since the manipulation
primitivescontrol only asinglerotational or translational
degree of freedom of a grasped object, the mapping
from the input device is straightforward. In [15], the
autonomous functions are described. For tel eoperation,
the internal command signals are replaced by the ex-
ternal master control of the teleoperator. Thus far, the
pamar translation and twiddle manipulation have been
operated using keyboard command signals and feeding
back external force information to the user.
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4 Conclusions

Elementary palmar translation and log-rolling have been
implemented using the system as described. Asatele-
operation system, itsultimate utility depends on the ease
with which the interface can be used. The input device
used in this preliminary work was a keyboard, and force
feedback was relayed numerically to a monitor. Other
interfaces present new challenges. With a keyboard, the
magnitude of the object displacement for each motion
command and the motion velocity are fixed. Tracking
the motion of a joystick will require varying both the
velocity and movement distance of the grasped object.
The usefulness or failure of a teleoperation system is
centrally tied to the ease of use of the interface. Full
hand master teleoperated control is complex kinemati-
caly, but has a straightforward user interface: the robot
follows the master hand. The low degree-of-freedom
input deviceissimplekinematically, but requires amore
complex interface to enable the user to switch between
primitive functions and portions within the task. Inter-
face development for this type of system is an area of
research at Columbia

Teleoperated tasks are completed 50% more quickly
when force sensations are used than when they are ab-
sent [20]. Currently, feedback information during grasp
isrelayed numerically to the user. Single-axis force re-
flection is a desirable enhancement to the system and
could possibly be achieved with ajoystick.

Anthropomorphic, dextrous robot hands have been
devel oped to be used with tel eoperation control systems.
Several factorshave madethistask daunting; particularly
the compl exity of the calibration, the differing kinematic
capabilities of robot and human hands, and the lack of
functional understanding of manipulation have slowed
progress in this area. In space systems, for example,
where bandwidth is an expensive commodity, every re-
duction of the complexity of communication between
the operator and the robot is important. In addition, in
situations in which there may be long time delays (>
1 second) in communication, it is imperative that the
robot perform some of its time-critical functions auto-
matically. We have proposed increasing the autonomy
of robot handsin tel eoperation tasksasaway to improve
their functionality for both industrial and prosthetic ap-
plications. Augmenting the hand’'s autonomy alows
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system designers to use vastly simpler and less expen-
sive input and force-reflecting devices. Hands such as
the Stanford/JPL hand and the Utah/MIT hand have the
kinematic have the kinematic and sensory capability to
perform precision manipulation tasks. It is hoped that
augmenting their autonomous functioning will likewise
increase their practicality.
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