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Abstract

Although it is mechanically possible for a robot ma-
nipulator to grasp using non-fingertip contacts, there
are few examples of this. We call non-fingertip grasp-
ing such as grasping with proximal finger phalanges
or grasping with the sides of arms “whole body grasp-
ing.” While robotic demonstrations are rare, humans
commonly use whole body grasps to interact with the
world. One of the distinctive features of whole body
grasping is the kinematic coupling among potential
contacts. This kinematic coupling introduces extra
constraints into the grasp synthesis problem. In this
paper, we extend recent grasp control techniques to
whole body grasping. We show how the grasp control
may be parameterized with a set of contact points on
the surface of the robot manipulator that enables the
grasp search to handle the extra kinematic coupling
constraints and find whole body grasps.

1 Introduction

One of the fundamental problems in robotics is that of
grasping and manipulating an object. While robotic
grasping research typically assumes that fingertips
alone will be used to grasp objects, non-fingertip con-
tacts are also possible. For example, potential contact
points may exist along the entire surface of a finger -
not just at the fingertip. We use the term “whole body
grasp” to refer to grasps that depend on non-fingertip
contacts on arbitrary hand and body surfaces.

Whole body grasping is a critical generalization of fin-
gertip grasping. When using a hammer for example,
a human does not rely on fingertip contacts alone for
a secure hold. Instead, a human is likely to wrap his
thumb and all four fingers around the handle. This
grasp not only puts as many hand surfaces in contact
with the handle as possible, but it also makes stronger
and more proximal hand surfaces part of the grasp.

Unfortunately, synthesizing whole body grasps can
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be difficult because kinematic coupling among non-
fingertip contacts may prevent desired contact points
from being made. Therefore, manipulator kinematics
must be considered when synthesizing grasps. In this
paper, we show that this may be accomplished using
virtual fingers, opposition spaces, and a proximal to
distal sequencing of grasp resources.

Proximal contacts are those located on manipulator
surfaces close to the root of the kinematic tree. Con-
versely, distal contacts are located far away from the
root of a kinematic tree. On a humanoid robot, for
example, the fingertips are distal to the palm and the
palm is proximal to the fingertips. We show that an
effective way to find whole body grasps is to preceed
grasp synthesis for distal contacts (fingertips) with
grasp synthesis for proximal contacts (palm). This
approach is based on the fact that when a contact is
made, it is easier to freeze the joints proximal to the
contacts than to calculate self motion of the manipu-
lator with respect to the contacts. Aquiring contacts
in proximal to distal order allows for an ordered com-
mitment of degrees of freedom.

We first give an overview of relevant robotics literature
on the subject of whole body grasps. Section 3 reviews
some of our previous work on grasp controllers and de-
scribes how arbitrary hand contacts can be controlled.
Section 4 describes how virtual fingers and opposition
spaces can parameterize a grasp controller, and why
a proximal to distal ordering of the grasp planning
process yields robust grasp solutions. Finally, we de-
scribe experiments demonstrating the effectiveness of
our approach.

2 Previous Work

Grasp synthesis has been an active subject of research
for more than two decades. A large portion of this
work has focused on how to place disembodied con-
tacts on an object so as to accomplish either force
closure or form closure, one of two sufficient condi-
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tions for being able to firmly grasp an object. For
example, Faverjon [3] and Nguyen [5] have developed
algorithms for placing contacts on objects of known
geometry. Their methods are based on a detailed ex-
ploration of geometrically sufficient conditions for de-
veloping a secure grasp on an object. Work in this cat-
egory typically does not directly use hand kinematic
information in grasp planning.

Some researchers have also studied ways of using
“whole hand” contacts to construct grasps. Pollard
has described a way to synthesize enveloping grasps
from prototypes [7]. This approach selects a whole
hand grasp prototype from a collection of possible
grasps and adapts it to a particular situation. Reznik
has leveraged the ability of highly redundant fingers
to follow the contours of an object [9].

The present work is based on previous work by Coelho
and Grupen [1] and Platt et al. [6]. That previous
work explores a grasp controller that displaces con-
tacts on the surface of an object of unknown geome-
try so as to reduce error functions related to necessary
conditions for force closure. The grasp controller does
not take the location of the contact in the kinematic
tree into account. The current work addresses this is-
sue. We show how grasp controllers can be effective in
cases where manipulator kinematics information must
be used in the grasp planning process.

3 A Contact Displacement Controller

Our grasp controller functions by executing a series of
regrasps. On each regrasp, the fingers close until they
lightly make contact with the object. The grasp con-
troller uses tactile sensor information to compute con-
troller error and error gradient with respect to contact
position. After making light contact with the object,
the controller lifts the contacts off the object and dis-
places them by a small amount in the direction of the
negative error gradient.

The grasp controller descends an error function that
minimizes net wrench. Several researchers, Ponce [8]
for example, have shown that for a given coefficient of
coulomb friction, net zero wrench with at least three
contacts is a sufficient condition for force closure in
an environment with a strictly greater coefficient of
friction.

3.1 Force and Moment Contact Control Laws
The grasp controller reduces net wrench error by sep-
arately minimizing net force and moment. These two
objectives are combined using a nullspace control com-
position. The primary objective of the controller is to
reduce net force. The controller also simultaneously

minimizes net moment as long as this is consistent
with the net force objective. These two objectives are
the basis of two control laws: the force-based contact
position control law and the moment-based contact
position control law.

The force-based contact position control law ¢ force is
a potential function that has equilibria in configura-
tions where the contacts exert the reference net force.
Without loss of generality, we hereafter assume this
reference to be zero. Let f be the net force vector ap-
plied by the set of contacts (each contact is assumed
to apply a unit force that is tangential to the sensed
surface normal). The contact configuration error is
defined as: .

es=f"F. (1)
The gradient of e; with respect to contact location is
%%. @ sorce follows —%% by repositioning the contacts,
Z, on the surface of the object.
The moment-based contact position control law
Dmoment functions similarly to ¢sorce- It has equilib-
ria in configurations where the contacts exert zero net
moment. Let 7 be the net moment vector. Contact
configuration error is defined as:

em = M. 2)

As with the force-based control law, ¢oment follows
the negative of the gradient 85;1’ . More detail on both
of these control laws can be found in Platt et al. [6],

and Coelho and Grupen [1].

3.2 Combining Grasping Control Laws
As we have described, net force and net moment are
minimized separately. We combine these control laws
using the “subject to” constraint as follows:

q)moment < (Pforce-

The above expression uses < to express the “sub-
ject to” relationship. This expression should read:
@ oment Subject to @force. The controller written
above will reconfigure the manipulator to try to min-
imize net force as a first priority. If possible, it will
also try to minimize net moment.

The “subject to” constraint is shorthand for a pro-
jection of one control law into the nullspace of an-
other. For ¢,,oment contact displacements not to dis-
rupt @gorce, they must not affect net force. Therefore,

they must be projected into the nullspace of %%#. In
this expression, (-)# denotes the pseudoinverse and
Z is the generalized position. The following projects
the moment control law into the nullspace of the force
control law:

9 _0eg0f demom ( 0Foi"\
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The combined controller displaces contacts in the di-
rection o —% so as to reduce the combined error e.
3.3 Displacing Contacts

Contact displacement is accomplished using resolved
motion rate control. The displacement is decomposed
into three motions: a lift-off from the object, a dis-
placement, and a reaquiring of contact. Each motion
is the result of a resolved motion rate control loop
which iterates on an augmented Jacobian:

T
of _ (oaiT  ox" @
5=\ o7 a7 |

In this equation, ¢'denotes the manipulator joint space
and %“fji denotes the manipulator Jacobian for the it?
finger. Combining each of the 38%? s into a single Jaco-
bian enables the system to attempt simultaneously to

accomplish all contact displacements.

4 Contacts on Arbitrary Body Surfaces

The grasp controller described in the last section
searches for optimal configurations of disembodied
contacts. In order to use this technique on a robot,
however, the contacts must be aquired by touching
the object with surfaces of the hand or arm. For many
robot manipulators, this means that some configura-
tions are better for grasping than others. Figures la
and 1b illustrate two possible grasps of a cylinder. Fig-
ure la shows a humanoid hand grasping a cylinder by
opposing the thumb with the fingers. Figure 1b shows
the hand grasping a cylinder by attempting to oppose
the thumb and index finger with the ring finger. This
illustrates how the morphology of the human hand is
better suited to the grasp in Figure la than to the
grasp in Figure 1b.

Manipulator kinematics must be accounted for in the
grasp search process. Suppose that the grasp con-
troller described in Section 3 were configured to use
contacts on both the fingertips and palm. This con-
troller would attempt to improve the grasp in Figure
1b by moving the ring and index fingers further around
the object in opposition to the palm. Moving the in-
dex finger toward the ring finger so as to oppose the
thumb would increase grasp error before the grasp be-
gan to improve. The tight kinematic coupling between
the palmar contact and the finger contacts prevents
the index finger from opposing the thumb. This illus-
trates a local minima in grasp configuration imposed
by the kinematic structure of the hand.

This section will introduce three ideas that build on
each other to solve this problem. Each idea provides
a way to inject manipulator morphology information

Figure 1: (a) Robonaut hand illustrating a grasp that
takes advantage of hand kinematics by opposing thumb
and fingers. (b) Robonaut hand illustrating a grasp where
the index finger and thumb oppose the ring finger. The
kinematics of the hand have caused the grasp controller to
get stuck in a local minima.

into the grasp search process. The first idea is that of
the “virtual finger.” A virtual finger is a way to ab-
stract a group of contacts into a single contact. The
second idea is the “opposition space.” An opposition
space is two or more contacts or virtual fingers which
oppose each other. The third idea is to structure
the grasp search process by giving proximal contacts
higher priority than distal contacts.

4.1 Virtual Fingers

One way manipulator kinematics can inform the grasp
search process is through the use of “virtual fingers.”
A virtual finger is a set of fingers or other hand/arm
surfaces which provide a single oppositional force [4].
For example, humans often use their four fingers as a
single virtual finger in opposition to the thumb. Figure
2 illustrates this on a humanoid robot hand. The small
black dots are contacts and the large ellipses represent
virtual fingers. Contacts which comprise one of the
virtual fingers all act to provide a single oppositional
force.

We implement a virtual finger on the robot by group-
ing multiple physical contacts together to function as a
single contact. Position and normal information from
each of the contacts in the virtual finger is averaged:

Fvr= Y %/[|VF| (5)

ieVF

T_iVF = ni/‘ n; (6)
In these equations, #; and 7i; are the location and nor-
mal respectively for the i* contact in the virtual fin-
ger.

This single averaged contact is used by the grasp con-
troller to compute force and moment error. After the
controller calculates a regrasp displacement for the vir-
tual finger, each of the member contacts executes the
same displacement.
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4.2 Opposition Spaces

Another idea which can enable manipulator kinematic
information to inform the grasp search process is the
“opposition space.” This is an idea introduced by Ib-
erall [4] that links the form of a human grasp with
its function. An opposition space is a set of at least
two contacts or virtual fingers that can oppose each
other [4]. The contacts in the opposition space need
not be fingers or even parts of the hand. For exam-
ple, humans often hold bulky objects using the sides of
their arms. The opposition space is important to this
discussion because it links specific contact regions on
the hand surface with the role they play in the grasp.
We use this mapping to parameterize the grasp con-
troller described in Section 3. The two different oppo-
sition spaces we experimented with are illustrated in
Figures 2a and 2b.

Robonaut  hand
(b) Robonaut hand il-
lustrating palmar opposition. In both diagrams, black
dots mark contact surfaces and circles denote virtual
fingers.

Figure 2: (a)
Thumb/Fingers opposition.

illustrating

4.3 Proximal to Distal Opposition Spaces
Grasping using non-fingertip contacts is more difficult
than grasping using fingertips for at least two reasons.
First, the kinematic coupling of contacts makes inde-
pendent contact displacement difficult. On the hu-
manoid hand used in our experiments, it was difficult
to independently move the palmar and fingertip con-
tacts because of their close proximity in the kinematic
chain. Second, the morphology of the hand makes
some contact opposition strategies much more effec-
tive than others. For example, we have already seen
how the ring finger /index finger opposition illustrated
in Figure 1b is not very effective.

These two difficulties can be addressed by commiting
grasp resources in proximal to distal order. The set
of contacts and virtual fingers is sorted from proxi-

mal to distal. Moving distally from the proximal ex-
treme, contacts/virtual fingers at approximately the
same distance from the kinematic root are organized
into opposition spaces. This results in a set of opposi-
tion spaces where the opposition is among contacts at
approximately the same distance from the root. Dur-
ing search, the most proximal opposition space is used
to grasp first. When an optimal grasp is found for this
opposition space, the process is repeated for the next
most proximal opposition space. This process contin-
ues until the most distal contacts are part of the grasp.

As an example of proximal-to-distal grasping, consider
a humanoid robot reaching toward a box. Assume that
there are three relevant opposition spaces: opposition
between palms, opposition between thumb and fingers
on each hand, and opposition among the fingers on a
single hand. In this case, the grasp processes might
work as follows: The robot first grasps the object with
two arms, each arm terminated with a single virtual
finger. Once the two arms are placed on the object in a
satisfactory way, the thumb and fingers are recognised
as two separate virtual fingers. These contacts are
displaced on the object surface without significantly
moving the arms until they too are optimally placed.
Lastly, the fingers may be optimized with respect to
each other without significantly displacing the hand.

In the next section we report on experiments which
demonstrate the effectiveness of a proximal to distal
prioritization of opposition spaces composed of virtual
fingers.

5 Experiments

We implemented our grasp algorithms on a simula-
tion of the NASA JSC Robonaut [2]. Robonaut is a
dextrous humanoid robot designed and built at NASA
Johnson Space Center. It is intended to assist humans
with extra vehicular activity (EVA) in space. One
of the most impressive features of Robonaut is its 12
degree-of-freedom (DOF) hand. The hand, shown in
Figures 2a and 2b, closely resembles the human hand
and is mounted on a seven DOF arm. We simulated
the kinematics of both the Robonaut hand and arm as
a single mechanism. In simulating contact with gras-
pable objects, we assume that position and surface
normal information is available at each contact point.

One of the main goals of the Robonaut project is to
build a humanoid which can perform useful tasks in
space. These tasks typically include holding wrenches,
drills, or handrails. In each of these cases, an envelop-
ing grasp is more appropriate than a fingertip grasp.

In our experiments, the Robonaut hand executes en-
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Figure 3: Net force and moment as a function of probe
number for 40 trials. Each trial starts with the hand in
a random orientation above a 4cm radius cylinder. (a) il-
lustrates the net force behavior of the palmar (proximal)
controller. (b) shows net moment for trials where the pal-
mar controller (proximal) runs for the first 20 trials and
the thumb-fingers (distal) controller takes over after that.

veloping grasps on cylinders presented in random ori-
entations. In each experiment, results are reported
for 40 trials composed of 40 tactile probes each. In or-
der to provide a consistent measure of grasp progress
for different grasp controller parameterizations, the re-
sults show net force and moment applied by all con-
tacts as a function of probe number.

Three experiments were conducted to evaluate the ef-
fectiveness of the proximal to distal approach using
opposition spaces composed of virtual fingers. The
first experiment uses a proximal opposition space com-
posed of the palmar contacts illustrated in Figure 2b
to parameterize the grasp controller in the cylinder
grasping task. The second experiment uses the dis-
tal opposition space composed of virtual fingers illus-
trated in Figure 2a for the same cylinder grasping task.
The third experiment uses both of these approaches in
serial to explore a proximal to distal prioritization of
opposition spaces.

5.1 Palmar Opposition

The first experiment investigates the effects of running
the grasp controller for the palmar opposition space.
The opposition space used includes only two contacts
on the palm, as shown in Figure 2b. Since there is
no mechanical freedom between the two contacts, the
controller can move the contacts only by reorienting
the entire hand. This is exactly what happens when
the controller is run with palmar opposition. The
palm reorients so that the palmar contacts oppose each
other as much as kinematically possible. As Figure 3a
illustrates, this has the effect of reducing net overall
force. By the twentieth probe, the net force for all
trials but one has fallen below 1.5 Newtons. This in-
dicates that on all trials but one, the grasp controller
with palmar opposition placed the fingers and thumb
on opposite sides of the cylinder.

However, the palmar opposition space is less success-
ful in actually opposing thumb and fingers. The first
twenty probes shown in Figure 3b illustrate the net
moment trajectory for the palmar opposition space.
As the first twenty probes show, the palmar opposi-
tion space does not significantly reduce net moment.

5.2 Thumb-Fingers Opposition

In order to further reduce net force and moment ap-
plied at palmar and distal contacts, the controller
must engage the distal contacts in the grasp search
process. This is possible when the grasp controller is
parameterized with a thumb/fingers opposition space.
As Figure 2a illustrates, the contact at the tip of the
thumb is grouped with the palmar contact at the base
of the thumb to form one virtual finger. The other vir-
tual finger is composed of the palmar contact at the
base of the fingers combined with the set of contacts
at the fingertips.

The grasp controller parameterized with the thumb-
fingers opposition space takes the force and moment
applied by the fingers into account when searching for
a grasp. This enables the controller to find lower net
force and net moment solutions than the palmar con-
troller does. Figure 4b shows net moment for the
thumb-fingers (distal) controller for 40 trials. The
average net moment converges to a value less than
two Newton-Meters. This is a significant improve-
ment over the performance of the palmar (proximal)
controller that remains at an average value of four
Newton-Meters.

Since the distal controller takes takes force and mo-
ment applied by the fingers into account, we might
expect this controller to reduce average net force to
a low value as well. Figure 4a shows that this is not
the case. There are several trajectories for which net
force never falls below two Newtons. Although the dis-

Net Force for Thumb~-Fingers Controller Net Moment for Thumb-Fingers Controller

Net Force (Newtons)

Net Moment (Newton-Meters)

“ Probe Number

“ Probe Number
(a) (b)

Figure 4: Net force and moment as a function of probe
number for 40 trials. Each trial starts with the hand in
a random orientation above a 4cm radius cylinder. (a)
illustrates the net force for the thumb-fingers (distal) con-
troller. (b) shows net moment for the thumb-fingers con-
troller.
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tal controller parameterization is able to find a lower
net moment solution, it can fail with a very high error
when started with certain incompatible initial config-
urations.

These failing trajectories are the result of the thumb-
fingers controller getting stuck in non-optimal kine-
matic configurations such as the one shown in Figure
1b. In these situations, the kinematics of the hand are
not used in the most effective way. However, because
the distal (thumb-fingers) controller follows a greedy
gradient toward low error solutions, it is unable to es-
cape these minima.

5.3 Prioritized Combination of Proximal and
Distal Opposition

The results of the preceeding two experiments indi-
cate that running the grasp controller in proximal and
distal opposition spaces have different force and mo-
ment results. The proximal controller more effectively
reduces net force while the distal controller better re-
duces net moment. This suggests that some combina-
tion of the controllers is needed.

This final experiment runs the proximal controller for
the first 20 probes and the thumb-fingers (distal) con-
troller for the last 20 probes. Figure 3b shows the
net moment for this experiment. There is an obvi-
ous transition from proximal controller to distal con-
troller. The proximal controller does not seem to
have a significant effect on moment while the distal
controller immediately drives net moment lower. Al-
though not shown, the proximal to distal combination
of controllers has a similar effect on net force as that
shown for the proximal controller alone in Figure 3a.

The results show that combining the proximal and dis-
tal controllers is better than using either controller on
its own. The proximal controller serves to “funnel”
the state of the system into a region where the distal
controller can be effective. Since proximal and dis-
tal controllers are executed serially, there is no extra
computational cost in the combined approach.

6 Conclusions and Future Work

In this paper, we have shown how grasp controller
techniques for grasping with disembodied contacts can
be extended to the whole body grasping problem.
Whole body grasping greatly increases the number
of contact points used to restrain the grasped object
and can be more powerful and stable than fingertip
grasps. We show that whole body grasping fits neatly
into the grasp controller paradigm when grasp con-
trollers are parameterized with virtual fingers and op-
position spaces. We show that giving proximal opposi-

tion spaces priority over more distal ones can eliminate
undesireable minima in the grasp error function.

This paper studies whole body grasping in the context
of a humanoid hand. The next logical step is to ver-
ify these techniques with two-armed grasping experi-
ments. We would like to explore further the proximal-
to-distal methodology with proximal contact points on
humanoid arms and chest.
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