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Abstract When picking up objects, we tend to grasp at
contact points that minimize slippage and torsion, which
depend on the particular shape. Normally, grasp points
could be planned before initiating movement. We tested
whether grasp points can be determined during online con-
trol. Subjects reached to grasp virtual planar objects with
varied shapes. On some trials, the object was changed
during movement, either rotated by 45° or replaced with
a different object. In all conditions, grasp axes were well
adapted to the target shape, passing near the center of mass
with low force closure angles. On perturbed trials, correc-
tive adjustments were detectable within 320 ms and were
toward the same grasp axes observed on unperturbed tri-
als. Perturbations had little effect on either kinematics or
the optimality of final grasp points. Our results demonstrate
that the visuomotor system is capable of online process-
ing of shape information to determine appropriate contact
points for grasping.

Keywords Visualmotor - Reaching - Grasping - Shape

Introduction

To grasp an object in a stable manner that allows manipu-
lation, the visuomotor system must take into account the
shape of the object. One common method of grasping small
objects for fine manipulation is a two-finger ‘precision
grip’ (Landsmeer 1962; Napier 1956). For any given object,
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there is generally a limited set of contact points that would
allow a stable two-finger grip, and these contact points
depend on the specific shape of an object (Blake and Brady
1992; Ponce et al. 1993; Sanz et al. 1998). Previous stud-
ies have found that human grasping with a precision grip is
sensitive to the constraints posed by object shape (Goodale
et al. 1994a, b; Kleinholdermann et al. 2013; Lederman
and Wing 2003). This ability to grasp objects at appropri-
ate contact points would require visual processing of shape
information.

In this study, we investigate whether the visuomotor
system is capable of online processing of shape informa-
tion to adaptively adjust grasp points during an ongoing
movement. In normal circumstances, the goal positions of
the fingers for grasping an object could be determined in
a planning phase prior to movement. As long as the object
is rigid and stationary, there would be no need to re-com-
pute the goals of the fingers during the movement phase.
On the other hand, if the visuomotor system has fast shape-
processing mechanisms for control of grasping, it may be
possible to generate new target grasp points during online
control.

We tested online processing of shape information for
control of grasping using a perturbation paradigm, as
illustrated in Fig. 1. Subjects made grasping movements
toward a virtual object that could be changed during ongo-
ing movements. On perturbed trials, the virtual object was
unexpectedly rotated by +45° (Experiment 1) or changed
to an entirely different object (Experiment 2), and subjects
had to adjust their movement to adapt to the new orienta-
tion or shape. The object rotations in Experiment 1 were
large enough that subjects would be expected to grasp
the objects at different contact points. The perturbations
occurred when the index finger was 20 cm away from the
target, at which point the hand was moving at near-peak
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Fig. 1 Illustration of the perturbation conditions in Experiments 1
and 2. Subjects reached to touch virtual 2D objects as they would if
grasping. The objects were back-projected onto a projection surface,
and sensors attached to the right index finger and thumb tracked
movement. In perturbed conditions of Experiment 1 (fop), the object

velocity. To achieve appropriate grasp points on perturbed
trials without restarting the movement and increasing dura-
tion, subjects would have to make online corrections.

Constraints on grasp points

There are two main physical constraints on stable grasp-
ing with two-finger precision grip, as illustrated in Fig. 2.
One constraint is force closure: The direction of force from
the fingers should be close to the orientation of the surface
normal at the contact points in order to avoid slippage. To
manipulate an object with a precision grip, it is also benefi-
cial for the grasp axis to pass through the center of mass of
an object in order to avoid unnecessary torque. For com-
plex objects, there would generally be a limited set of grasp
axes that would satisfy both of these constraints.

Some previous evidence indicates that humans are able
to grasp complex objects in optimal manner. Bingham and
Muchisky (1993a, b) found that subjects were able to iden-
tify the center of mass in various planar objects accurately,
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was rotated by £45° when the index finger was 20 cm away from
the target. In the perturbed conditions of Experiment 2 (bottom), the
initial object was replaced by a different random object. On perturbed
trials, subjects were asked to adjust their movement to touch the
screen where they would grasp the new target object

as would be required to minimize torque when lifting an
object. Some studies of grasping objects with a precision
grip have found that subjects do tend to use grasp axes
that pass near the center of mass (Goodale et al. 1994a, b;
Lederman and Wing 2003). Goodale et al. (1994a, b) also
observed that subjects tended to grasp irregular smooth
objects at regions with maximum or minimum concavity,
which would be likely to have good force closure. These
results indicate that subjects are capable of selecting grasp
points that are appropriate for the particular shape of an
object.

A recent study by Kleinholdermann et al. (2013) measured
grasp points for objects with various shapes and orientations
and used the results to fit a model of human grasp point selec-
tion. The model includes the physical constraints along with
a tendency toward a preferred natural grip axis that is inde-
pendent of object shape and a tendency to minimize move-
ment distance. Simple objects were used to estimate the rela-
tive weighting of these factors, and the model was validated
using performance for more complex objects. Their results
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Fig. 2 Illustration of two physical constraints for a stable two-finger
grip, force closure and torque control. Force closure requires that the
direction of force between the fingers (red line) be close to perpen-
dicular to the surface of the object. The angles between the grasp
axis and the surface normal directions at the contact points (61 and
62) provide a measure of deviation from force closure. If these angles
are too large, the object may rotate or slip when force is applied. The
tolerable range of 1 and 62 depends on the friction coefficient of the
object’s surface. To minimize torque when an object is moved, it is
also desirable for the grasp axis to pass through the object’s center
of mass. The distance (d) from grasp axis to the center of mass (blue
circle) provides a measure of deviation from optimal torque control.
If this distance is too large, then pressure would have to be applied to
avoid rotation of the object around the grasp axis when the object is
moved (color figure online)

suggest that all these factors contribute to determining the
grasp points of complex objects, with force closure and natu-
ral grip axis having more influence than the constraint that the
grasp axis passes through the center of mass.

For our experiment, we generated target objects with
random 2D shapes that varied in their ideal grasp points.
Figure 3 shows examples of the shapes along with pre-
dicted optimal grasp points based on the Kleinholdermann
et al. (2013) model. The optimal axes are highly depend-
ent on the specific shape of the objects. Visual analysis of
object shape would therefore be required to grasp these
shapes at appropriate contact points.

We measured the optimality of subjects’ grasp points
with respect to force closure and torque control and com-
pared performance for unperturbed and perturbed condi-
tions. Based on previous results, we expected grasp points
on unperturbed trials to be well adapted to the shape of the
objects. If the visuomotor system is capable of identifying
appropriate grasp points online, then performance on per-
turbed trials would show similar optimality.

Previous studies of online control of reaching
and grasping

Many previous studies have demonstrated online pro-
cessing of visual information for control of hand move-
ments during reaching and grasping. Online adjustments
in response to perturbations have been observed for the

Fig. 3 Examples of target objects used in the experiments and poten-
tial grasp axes based on the model of Kleinholdermann et al. (2013).
The objects were smooth, random 2D shapes with no deep concavi-
ties. Each individual object was presented at two orientations in the
image plane that differed by a 45° rotation (fop and bottom rows).
The predicted axes (red lines) optimize an error measure that com-
bines deviations from force closure, deviation of the grasp axis from
the center of mass (small circles), and deviation from a natural grip
axis for the hand. Here we assume a natural grip axis of 100° from
horizontal, which was the average grasp axis observed in our data,
and an object weight of 30 g. One can see that the predicted contact
points and grasp axis angles depend on the shape of the individual
objects as well as their orientation. For some objects, the 45° rota-
tion would be expected to change the grasp axis in a counterclock-
wise direction (left), while for other objects, the grasp axis would be
expected to be change in a clockwise direction (middle and right). If
an initial target object were replaced by a different randomly chosen
object, as in Experiment 2, the change in predicted grasp axis would
vary randomly depending on the particular objects (color figure
online)

target position (e.g., Bridgeman et al. 1979; Paulignan et al.
1991a; Gentilucci et al. 1992), hand position (Saunders
and Knill 2003, 2004, 2005), target orientation (Desmurget
and Prablanc 1997; Tunik et al. 2005; Fan et al. 2006; Vou-
douris et al. 2013), and target size (Paulignan et al. 1991b;
Glover et al. 2005; Hesse and Franz 2009; van de Kamp
et al. 2009; Karok and Newport 2010).

Perturbations of object shape during reach-to-grasp
movements have also been tested. Eloka and Franz (2011)
tested conditions in which a disk-shaped target changed to a
bar during a grasping movement or vice versa. With no per-
turbations, subjects showed larger maximum grip aperture
when reaching to grasp a bar than when reaching to grasp
a disk with matched width. When the shape was perturbed
early in the movement, the maximum grip aperture changed
to be consistent with the new target object. Another study
by Ansuini et al. (2007) tested perturbed conditions in
which an object with concave 2D shape was replaced by an
object with convex 2D shape during a grasping movement
or vice versa. They observed modulation of hand shape in
response to perturbations, which could be due to online
control. In their study, however, movement durations were
relatively long and increased with perturbations (1326 vs.
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1450 ms), so the corrections might reflect re-initialization
of the movement rather than online control.

While these studies demonstrate responses to shape
perturbations, the responses did not necessarily require
detailed analysis of object shape. Both Ansuini et al. (2007)
and Eloka and Franz (2011) used a limited set of symmet-
ric objects, and the perturbations required changes in grip
aperture rather than change in the orientation of the grasp
axis. Thus, the perturbation responses might not reflect the
use of shape information to determine appropriate contact
points that satisfy physical and postural constraints.

A recent study by Voudouris et al. (2013) demonstrated
online adjustment to grasp points in response to perturba-
tions of object orientation. Subjects reached to grasp either
a cube or ball, which on perturbed trials was rotated by
12° during the movement. For the cube, subjects gener-
ally rotated their hand in the same direction of the object
rotation to maintain the same grasp points, but sometimes
rotated in the opposite direction toward a different set of
grasp points. These responses demonstrate that the visuo-
motor system is capable of determining new target grasp
points even after movement has initiated. However, this did
not necessarily require online processing of object shape,
because the same two objects with simple symmetric
shapes were used throughout the experiment and were vis-
ible prior to the perturbations of object orientation.

Online shape processing for grasping

Our conditions and analysis tested whether the visuomotor
system can identify appropriate grasp points for a complex
shape during an ongoing movement. The rotation pertur-
bations in Experiment 1 were similar to the conditions of
Voudouris et al. (2013) in that the shape of the target object
was not perturbed. However, the expected change in grasp
axis in our conditions varied depending on object shape
(see Fig. 3), while in the previous study it was constant.
The conditions in our Experiment 2 were even less predict-
able. The new target shape was randomly chosen and only
visible after movement was initiated, so grasp points would
have to be determined entirely during the online con-
trol phase. In both experiments, appropriate grasp points
for the final target object on perturbed trials could not be
determined in advance and would depend on the particular
shape of the object.

We took advantage of the differences in grasp points
across different shapes to determine whether adjustments
to grasping on perturbed trials were toward the same grasp
points used on unperturbed trials. If the visuomotor system
is capable of online processing of object shape to determine
appropriate grasp points, then the grasp points on perturbed
trials would be similar to the grasp points on unperturbed
objects with the same final target object. However, other
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strategies are possible. For example, subject might respond
to perturbations by grasping at points on the boundary of
the new object that are close to the target grasp point on the
original object. We used results from unperturbed trials to
determine the expected grasp points for the initial and final
target objects on perturbed trials and performed a regres-
sion analysis to determine to the extent that the observed
grasp points were predicted by either the initial or final
object. If the final object is a significant predictor of grasp
points on perturbed trials, this would indicate that perturba-
tion responses were toward the same preferred grasp points
as on unperturbed trials.

We used the same approach to analyze dynamic adjust-
ments to the orientation of the hand in response to perturba-
tions. When reaching to grasp an object, subjects gradually
adjust the orientation of the hand over the course of course
of movement in preparation for the final grasp points
(Mamassian 1997; Greenwald and Knill 2009). If the hand
were controlled in a similar way on perturbed trials, then
the initial responses to perturbations would be toward the
grasp points used on unperturbed trials with the same final
target object. The grasp points observed on unperturbed
trials would therefore be a predictor of dynamic adjust-
ments on perturbed trials. If initial perturbation responses
were not shape specific, then this relation would not be
present. We also compared the speed and duration of hand
movements in perturbed and unperturbed conditions to
test whether perturbation responses caused delays or other
changes to the movement kinematics.

Methods
Participants

Ten right-handed subjects with normal or corrected-to-
normal vision were recruited from the University of Hong
Kong for each experiment and were paid for their par-
ticipation. The procedures were approved by the Human
Research Ethics Committee for Non-Clinical Faculties.

Apparatus and stimuli

The stimuli were computer-generated images of 2D shapes
back-projected on an acrylic surface by BenQ 710ST DLP
projector with a resolution of 1920 x 1080 pixels and a
refresh rate of 60 Hz. Images were rendered with OpenGL
using a NVIDIA Quadro 600 graphics card and were
antialiased with sub-pixel resolution. The projection sur-
face was rigid and semitransparent and was aligned to be
perpendicular to the floor and the subject’s line of sight, at
a distance of 50 cm from the subject’s eyes. A black board
with circular aperture was placed on top of the projection
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surface to create a 16.8-cm-diameter visible region that was
centered in front of the subjects. Subjects were seated at a
table and allowed free movement of their head. The starting
position for the hand was a marked location on the table,
and the hand was visible throughout movements.

The movement of the index finger and thumb of a sub-
ject’s right hand was recorded at 240 Hz with 3D Guidance
trakSTAR system. A sensor was attached to back of the fin-
gernails using latex finger cots, which wrapped over the tip
of the finger and the sensor. A calibration procedure was
used to estimate the position of the contact surface of each
finger relative to the position of the corresponding sensor.

The stimuli were smooth, random 2D shapes presented
in gray on a black ground. To create a shape, we first gen-
erated a random polygon by computing the convex hull of
5-7 random vertices and then applied Gaussian blur to the
radial function (o = 17°). A total of 16 unique shapes were
generated in this way. Across shapes, the average radius
was 2.40 cm (£.229 cm) and the average area was 18.55
(£3.54) cm?>.

Procedure

The task of a subject on each trial was to reach and touch a
virtual object in the way that they would if they were grasp-
ing the object. At the start of a trial, the subject’s hand was
at a starting location that was approximately 40 cm away
from the surface. The presentation of a stimulus was the
cue for them to begin movement. Subjects reached to touch
the object, making contact with the projection surface, and
then held their hand at the end position until the stimulus
disappeared. There was no speed requirement, but subjects
were encouraged to move immediately after stimulus pres-
entation and avoid explicitly thinking about their move-
ment. They were instructed to try to do the task as if they
were grasping an object in daily life. Despite the unnatural
demands of the perturbed conditions, subjects found the
task easy to perform, and the time course of movements
was similar to that observed in a pilot study with no per-
turbed conditions.

On perturbed trials in Experiment 1, the object was
rotated within the image plane by +45° at the moment
when the index finger became less than 20 cm away from
the projection surface, as measured in the depth direc-
tion. The perturbed trials in Experiment 2 were the same
except that the shape of the object was changed to that
of a different, randomly chosen object when the index
finger reached 20 cm away from the projection surface.
For perturbed trials, subjects were instructed to adjust
their movement to grasp the object in the new position. To
familiarize themselves with the task, subjects performed
12 practice trials that included both unperturbed and per-
turbed conditions.

For each object, we arbitrarily defined a base orienta-
tion within the image plane. On unperturbed trials, the
object could either appear at this base orientation (0°) or at
an orientation that differed by a 45° rotation. On perturbed
trials in Experiment 1, the object would either start at the
base orientation and the change to the 45° orientation, or
vice versa. On perturbed trials in Experiment 2, the initial
object was replaced by a different object at either the 0° or
45° orientation, chosen randomly.

In both experiments, subjects performed a total of 320
trials in a 1-h session, with breaks provided every 32 trials.
Each of the 16 individual objects was presented 10 times
without perturbations and 10 times with perturbations. In
Experiment 1, there were an equal number of unperturbed
trials with each base orientation (0° and 45°) and an equal
number of perturbed trials with positive rotation (0°—45°)
and negative rotation (45°-0°). In Experiment 2, each
object appeared as the final target on an equal number of
trials, with half at each base orientation. The order of con-
ditions was randomized across the whole session.

Before the experimental trials, subjects performed a
calibration procedure in which they touched the projec-
tion surface at seven sets of target locations indicated by
small dots. The 3D sensory positions were compared to
the targets to estimate the displacement from the sensors to
the fingertips. For validation, the sequence of target loca-
tions was presented twice. The calibration procedure was
repeated until the RMS error between the first and second
set of sensor positions was less than 4.5 mm.

Results
Grasp axes for unperturbed and perturbed trials

Figure 4 shows examples of grasp axes from individual tri-
als of a representative subject from Experiment 1 (top) and
from Experiment 2 (bottom). The final grasp axis on a trial
was computed from the finger positions immediately after
the fingers stopped moving in depth due to contact with the
projection surface. The left figures show grasp axes from
individual trials in the unperturbed conditions, and the right
figures show grasp axes on perturbed trials with the same
post-perturbation target object. From the unperturbed trials
in Experiment 1, one can see that the grasp axes depended
on the orientation of the object, differing in relation to the
object as well as relative to the image plane. The grasp
axes on perturbed trials were similar to unperturbed trials
with the same object and orientation at the end of the tri-
als (left vs. right). The final grasp points in Experiment 2
also show a consistency across unperturbed and perturbed
conditions. Although the target object was not visible at the
start of movement on perturbed trials in Experiment 2 and
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Fig. 4 Final grasp axes for B
samples objects from one
subject in Experiment 1 (top) Unperturbed Perturbed
and Experiment 2 (bottom). The
- -
?eftﬁgures show the.g.rasp axes Perturbed ‘ ‘ ' ‘
in unperturbed conditions, and . .
the right figures show grasp orientation
axes for perturbed conditions (Exper 1)
with the same final object and ‘
orientation Unperturbed Perturbed
9-9 4-9
Unperturbed Perturbed
Perturbed "" ‘ "'
object shape
(Exper 2)
Unperturbed % Perturbed %

was not predictable, the final grasp axes appear similar to
those used in unperturbed trials with the same target object.
This consistency suggests that movement corrections in
response to perturbations were toward appropriate grasp
points for the post-perturbation target object.

To quantitatively evaluate whether grasp axes for per-
turbed trials were adjusted to be consistent with the post-
perturbation object, we performed a regression analysis
using the expected grasp axes for the initial stimuli and
post-perturbation stimuli as predictors. We fit a linear
model to the perturbed trials from each subject:

Apert = Bo + P11 + B2z + noise 1)

where o, 1s the angle of the final grasp axis on a given
perturbed trial, o; and o, are the grasp axis angles that
would be expected for the initial orientation and post-
perturbation orientation of the object for an individual
trial, and B, and B, are regression coefficients represent-
ing the relative influence of the stimuli presented before
and after the perturbation. The expected grasp axis angles
(o, and «,) were computed by averaging final grasp angles
for each subject and object from the unperturbed trials.
For comparison, we also applied the regression analysis
to data from unperturbed conditions, setting o to be the
expected grasp axis for the presented stimulus and o, to
be the expected grasp axis for the other orientation of the

@ Springer

object that was not presented (Experiment 1), or a random
alternative object (Experiment 2). The regression results
for unperturbed trials provide an indication of the range of
coefficients that would be expected if the grasp axes were
entirely determined by a single object, given the variability
across trials in the same condition.

Figure 5 shows the means of the fitted coefficients, aver-
aged across subjects, for Experiment 1 (a) and Experiment
2 (b). The results from the unperturbed trials confirm that
final grasp axes systematically varied across objects. In
both experiments, the average grasp axis for the presented
stimuli was highly predictive of grasp axes on individual
unperturbed trials, while the regression weights for the
unseen alternative stimuli were negligible. For the per-
turbed trials, the initial stimuli and the post-perturbation
stimuli were both significant predictors for final grasp axes
(p < .003), but the post-perturbation stimuli was a sig-
nificantly stronger predictor (Experiment 1: #(9) = 4.09,
p = .003; Experiment 2: #9) = 3.11, p = .012). These
results provide evidence that perturbation responses were
toward the grasp axes that would be expected for the object
and orientation that was presented after perturbation, and
that subjects only partially corrected their movements.

For Experiment 1, we performed another analysis to test
whether subjects tended to switch to a new grasp axis on
perturbed trials or rotate their hand to grasp at the object
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Fig. 5 Mean regressed coef-
ficients when fitting the final
grasp axes as a linear function
of the expected grasp axes from
initial and post-perturbation
stimuli for Experiment 1 (a)
and Experiment 2 (b). The

top set of bars in each graph
shows the results of the control
analysis of unperturbed trials,
in which one predictor was the
expected grasp axis from the
presented target and the other
was the expected grasp axis
from the alternate target that
was not presented. The lower
set of bars show the results
from the analysis of perturbed
trials, in which the predictors
were the expected grasp axis
from initial stimuli and the
post-perturbation stimuli. Error
bar depicts one standard error
of the means. One can see that
the grasp axes on the perturbed
trials were more correlated with
the expected grasp axes of the
post-perturbation stimuli than
the initial stimuli

(a) Experiment 1

Unperturbed trials

9-9

Perturbed trials

v-4

(b) Experiment 2

Unperturbed trials

9-9

Perturbed trials

v-@

at the original target points. If subjects rotated their hand
along with the perturbation, the difference between the
final grasp axis (a,) and expected grasp axis for the stim-
uli before perturbation («;) would be +45°. The observed
change in grasp axis was consistently less than 45°, aver-
aging 18.1° £ 14.9° SD, and there was no indication of
bimodality in responses. This indicates that subjects did not
simply rotate their hands to follow the rotation of the object
on perturbed trials. They instead grasped the object at new
contact points for which the grasp axis was near the overall
preferred orientation of the hand. The results of the regres-
sion analysis suggest that these new target points were the
same as on unperturbed trials with the same final stimuli.

Optimality in grasp point selection

We evaluated the optimality of final grasp points for unper-
turbed and perturbed conditions with respect to both torque
control and force closure. As a measure of the optimality
of torque control, we used the distance from the grasp axis
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to the center of mass (COM) of an object. As a measure of
force closure, we computed the angular difference between
grasp axis and the normal direction of the contour at each
grasp point and then averaged the absolute differences from
the index finger and thumb. For each subject, we computed
the median COM distance and force closure angle relative
to the final stimuli for unperturbed and perturbed condi-
tions. For the force closure measure, we also computed the
optimality of grasp axes on perturbed trials relative to the
initial object orientation and the optimality of relative to
a random object and orientation. These comparison meas-
ures indicate the deviations from optimality that would
be expected if grasp axes were not adjusted to match the
presented stimuli. We did not compute comparison meas-
ures for the COM distance because the objects were posi-
tioned with their COM at the same central location. Fig-
ure 6 shows the mean results, averaged across subjects, for
Experiments 1 and 2.

The grasp axes passed close to the COM of the target
objects in both unperturbed and perturbed conditions.
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Fig. 6 Optimality of final grasp points in Experiment 1 (top) and
Experiment 2 (bottom) with respect to torque control and force clo-
sure. The left graphs plot mean distance from the grasp axis to the
center of mass, and the right graphs plot mean angular deviation
between the grasp axis and the surface normal directions. Also shown

The average deviation from the COM was only 2.51 mm
(£.8 mm SD), and there was no significant difference
between the unperturbed and perturbed conditions in
either Experiment 1 (#(9) = .49, p = .64) or Experiment
2 (1(9) = 1.53, p = .159). The results indicate that sub-
jects did tend to grasp objects along axes that are optimal
for torque control. However, because the objects were pre-
sented with their COM at a constant location, the COM dis-
tance does not provide a strong test of the optimality in per-
turbed conditions compared to unperturbed conditions. The
precise alignment of the grasp axes on unperturbed trials
suggests that the COM constraint did contribute to move-
ment planning, but we cannot determine the extent that the
COM of the post-perturbation stimuli contributed to adjust-
ment of grasp points on perturbed trials. While this aspect
of our results is ambiguous, it is clear that subjects were
able to adjust their movements in response to perturbations
without reducing the optimality of grasp axes with respect
to torque control.

Grasp axes were also close to optimal with respect to
force closure. In Experiment 1, the force closure angles
averaged 16.43° (£3.82° SD) in unperturbed condition and
17.82° (£3.84° SD) in perturbed condition. This difference
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are average force closure angles when grasp points from perturbed
trials are compared to either the initial target stimuli (diagonal lines)
or a random different object (horizontal lines). Error bars depict
standard errors

was small but significant (#(9) = 2.54, p = .033), indicating
less optimal force closure in the perturbed conditions. In
Experiment 2, the average force closure angle was similar
in magnitude, averaging 15.03° (£2.14° SD) in the unper-
turbed condition and 16.10° (£2.91° SD) in the perturbed
condition, with no significant difference between the unper-
turbed and perturbed conditions (#(9) = 1.97, p = .081).

An ANOVA comparing the optimality in Experiments
1 and 2 found no overall difference in either COM dis-
tance (F(1,18) = .55, p = .47) or force closure angle
(F(1,18) = 1.24, p = .28) and no interaction between exper-
iments and perturbation conditions (COM: F(1,18) = 1.51,
p = .23; force closure: F(1,18) = .17, p = .68). In both
experiments, perturbations had little or no effect on the
optimality of final grasp points.

Figure 6 also shows the force closure angles of grasp
axes from perturbed trials when computed relative to the
initial pre-perturbation object or a random object. The force
closure angles relative to the target object were significantly
smaller than relative to the pre-perturbation stimuli (Exper-
iment 1: #9) = 3.48, p = .006; Experiment 2: #(9) = 5.01,
p = .001) or relative to a random object (Experiment 1:
1(9) = 5.32, p <.001; Experiment 2: #(9) = 5.73, p < .001).
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These results indicate that grasp axes were sensitive to
the force closure constraint and that the adjustments in
response to the perturbations were effective in maintaining
the optimality.

Dynamics of perturbation responses

To test whether the perturbations prompted re-initialization
of movement or other qualitative changes, we compared the
speed profiles and movement durations in the unperturbed
and perturbed conditions. Figure 7 shows the mean speed
profiles from 250 ms before perturbation to 600 ms after
perturbation, averaged across subjects, for perturbed and
unperturbed trials in Experiment 1 (left) and Experiment 2
(right). The speed profiles are almost identical in the unper-
turbed and perturbed conditions. To test this statistically,
we compared the average speeds within 50-ms windows of
time. In Experiment 1, there were no significant differences
in speed at any time window (p > .08). In Experiment 2, we
detected a small difference in movement speed at two time
windows, 275-325 ms (19.61 vs. 19.10 cm/s, #(9) = 2.45,
p = .037) and 325-375 ms (14.35 vs. 13.48 cm/s,
1(9) = 3.35, p = .009), and no other significant differences
(p = .057). These limited effects suggest that perturba-
tion responses were smooth and did not require qualita-
tive changes in movement strategy. We also compared the
overall movement durations and the durations of the final
portion of the movement. The final movement duration was
measured from when the finger was 20 cm away from the
target, which is the trigger for perturbation, until contact
of a finger with the projection screen. The duration of the
final movement phase was longer in the perturbed condi-
tions (Experiment 1: #9) = 3.29, p = .009; Experiment 2:
1(9) = 3.11, p = .013), but the differences were small: 861
versus 922 ms in Experiment 1 and 878 versus 916 ms in
Experiment 2. Similarly, the overall movement durations

showed a small but significant difference (Experiment 1:
1132 vs. 1195 ms, #9) = 3.28, p = .010; Experiment 2:
1148 versus 1184 ms, #(1) = 2.97, p = .016). These results
show that the perturbations had only minimal effect on the
time course of movements, which suggests that normal
online control mechanisms were responsible for the pertur-
bation responses.

We further investigated the kinematics of perturbation
responses by analyzing how the axis between the index fin-
ger and thumb changed over the course of movement. The
linear regression model described previously was modi-
fied to analyze grasp axes on perturbed trials at different
moments in time:

apert(t) = Bo(1) + Bi(1) a1 + B2(r) a2 + noise, )

where a,.(?) is the grasp axis angle at a given time 7, o,
and «, are the grasp axis angles that would be expected for
the initial and post-perturbation stimuli for each individual
trial (same as before), and B,(f) and B,(f) are regression
coefficients representing the relative influence of the initial
and post-perturbation stimuli at time 7.

One complication is that the 3D orientation of the hand
changes systematically over the course of the movement,
irrespective of the final grasp axis. At the start of move-
ment, the axis from the thumb to the finger was oriented
in the depth direction, and over time this axis was rotated
into the frontal plane. If subjects adjust their finger posi-
tions early in the movement in preparation for the final
grasp axis, the variations in 3D position would not be in the
frontal plane.

To associate grasp axes at different points in the move-
ments, we computed a set of moving reference frames for
each subject that represents the average positions of the
hand at different distances from the target. We extracted
frames from different unperturbed trials based on the
mean positions of the thumb and index finger to get a set
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Fig. 8 Example of the moving reference frame representing the
average hand position over the course of a trial from a representative
subject. The left graph a shows a side view and the middle graph b
shows a view from behind the subject. The arrows depict the basis
vectors of reference frames at various distances. The blue basis vec-

of 3D grasp axes at a given distance. The first basis vector
of the reference frame was the mean 3D orientation of the
grasp axes. The second basis vector was chosen to be the
orthogonal direction that was most predictive of the final
grasp axis. To compute this direction, we first projected
the set of grasp axes onto a plane orthogonal to the mean
grasp axis and then computed the best-fitting linear map-
ping from these residual vectors onto the set of final grasp
angles. The gradient direction of the best-fitting map was
used as the second basis vector. Trial-to-trial variations of
the grasp axis in this direction would be the most strongly
predictive of variations in the final grasp axis. The refer-
ence frame defined by these basis vectors therefore pro-
vides an optimal way to compare orientation of the hand
at an early stage in movement to the orientation at the
end of movement. This method requires detectable cor-
relations between earlier and final hand orientation. For
all subjects, there were significant correlations up to a
distance of 25 cm from the target, which allowed compu-
tation of stable reference frames over the range of inter-
est. Figure 8 shows an example of the moving reference
frame for a representative subject. The reference frames
from a subject were used to compute a grasp axis angle at
each moment in time over the course of a perturbed trial,
®per(7), Which can be compared to the expected final grasp
axis angles from the initial and post-perturbation stimuli,
o, and o,.

Figure 9a plots the mean regression coefficients 8,(¢) and
B,(¢) fit to the perturbed trials from Experiment 1 (left) and
Experiment 2 (right) using Eq. (2). For this analysis, trials
were parameterized as a function of time after perturbation
in order to observe the emergence of the perturbation effect
as a function of time. The B,(#) coefficient (red) indicates
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tors correspond to the average 3D orientation of the axis between
the thumb and index finger. The red basis vectors were the orthogo-
nal direction that showed the largest correlations with the final grasp
axes. Grasp axis angles at different points in a movement, a(f), were
computed relative to these reference frames (c) (color figure online)

the correlation between the orientation of grasp axis at
time ¢ and the orientation of the final grasp axis expected
from the initial pre-perturbation stimuli. At the time of the
perturbation onset, the average B,(¢) is significantly above
zero, indicating that subjects had already begun adjust-
ing the orientation of their hand toward an appropriate
grasp axis for the initial stimuli. The average f,(f) coef-
ficient continues to increase until about 310-320 ms after
perturbation onset and then begins to decrease. At around
the same time, one can see that the S,(f) coefficient (blue)
begins to increase from zero. The B,(f) coefficient repre-
sents the correlation between the orientation of the grasp
axis at time t and the orientation of the final grasp axis
expected from the post-perturbation stimuli. An increase in
B,(1), coinciding with decrease in (), indicates that the
orientation of the hand was being adjusted away from the
grasp axis for the pre-perturbation stimuli and toward the
grasp axis for the post-perturbation stimuli. The latency of
the transition point therefore provides an upper bound on
the time required to identify new target grasp points and
plan corrective adjustments to movement.

The responses to perturbations of object orientation and
object shape were highly similar. The peak of the g,() func-
tion occurred after an average of 312 + 42 ms in Experi-
ment 1 and 317 £ 36 ms in Experiment 2. We compared
across experiments and found no significant difference in
either the latency of the B,(¢) peak (#(18) = .308, p = .762)
or magnitude of the peak (#(18) = .024, p = .981). In both
experiments, corrective adjustments toward appropriate
grasp points for the perturbed target were detectable within
310-320 ms of perturbation onset.

Figure 9b plots the mean regression coefficients ana-
lyzed as a function of normalized time, which shows the
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Fig. 9 Influence of the initial stimuli (red) and the post-perturbation
stimuli (blue) on the orientation of the grasp axis over the course of
movement in Experiment 1 (left) and Experiment 2 (right). a The
top graphs plot mean regression coefficients 1 and 82 as a function
of time before and after perturbation (see text for details). Shaded
regions depict =1 standard error. The increase in 1 indicates gradual
orienting of the hand toward the expected final grasp axis for the ini-
tial stimuli. The average f1 coefficient begins to decrease around the
same time that 82 begins to increase from zero, indicating adjustment

influence of initial and post-perturbation stimuli over the
full range of time from the perturbation onset until the con-
tact with the surface. While adjustments to grasp axis were
detectable after a short latency, a substantial portion of the
overall adjustment occurred during the final approach of
the hand. This is not surprising given the limited distance
and time available to adjust movement. When the perturba-
tions occurred, the hand was 20 cm away from the target
and moving at a speed of about 80 cm/s, so responses were
necessarily during the deceleration portion of the move-
ment. One can see that there was a smooth transition from
adjusting toward the predicted grasp axes for the initial
stimuli (red) to adjusting toward the predicted grasp axes
for the post-perturbation stimuli (blue), and by the end of
movement, the grasp axes were primarily determined by
the post-perturbation stimuli.

20% 40% 60% 80% 100%

normalized time after perturbation

toward the expected final grasp axis for the post-perturbation stimuli.
This transition reflects the corrective responses to the perturbations.
b The bottom graphs plot the regression coefficients as a function of
normalized time, ranging from the perturbation onset (0 %) to the
moment of contact with the surface (100 %). As the hand approaches
the surface, the grasp axis becomes more aligned with the predicted
grasp axis for the post-perturbation stimuli than the initial stimuli
(color figure online)

Discussion
Optimality of grasp points

The contact points observed in our virtual grasping task
were well adapted to the shapes of the various objects and
their presented orientation. Grasp axes passed very close to
the center of mass of the objects, which is consistent with
some previous results for grasping real objects (Goodale
et al. 1994a, b; Lederman and Wing 2003). The angular
deviation between the force direction and the surface nor-
mal was also low, averaging 18°. For most common mate-
rials, a force closure angle of less than 30° would be suf-
ficient to avoid slippage (Seo and Armstrong 2009), so the
observed grasp axes were well within the range required
for a stable grip. The force closure angles were lower than
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would be expected if grasp axes were randomly chosen
(see Fig. 6), suggesting that this constraint contributed to
selection of grasp points for various individual shapes.
Our results provide further evidence that visuomotor sys-
tem is sensitive to the constraints posed by object shape for
achieving a stable grip.

The observed grasp axes were generally consistent with
a recent analytical model of Kleinholdermann et al. (2013),
who used human grasp points for objects with various
shapes to estimate the relative influence of different con-
straints on grasp point selection. Their results suggested
that force closure and preference for a natural grip axis
were the dominant influences, with torque control playing a
smaller role. We found that force closure angles were lower
than would be expected if grasp axes were random, which
is consistent with sensitivity to the force closure constraint.
We also observed evidence for a preference toward a nat-
ural grip axis. In Experiment 1, subjects switched to new
grasp points when objects rotated by 45° rather than fol-
lowing the rotation of the object, and in both experiments,
the grasp axes for individual subjects tended to have a lim-
ited range of orientations (SD = 17°-22°). These aspects of
our findings are consistent with the model of Kleinholder-
mann et al. (2013). A possible inconsistency is that grasp
axes passed very close to the center of mass, which might
not be expected if torque control were a weak constraint.
However, our objects were not designed to clearly distin-
guish between different constraints, so this optimality may
not have been at the expense of force closure or deviation
from the natural grip axis. Our results suggest that all these
constraints contribute to grasp point selection, which is in
general agreement with the findings of Kleinholdermann
et al. (2013).

Online determination of grasp points

The main goal was to test whether subjects could make
online corrections to grasp points during movement. In nor-
mal conditions, optimal grasp points could be determined
by visual shape processing prior to movement. This was
prevented in our perturbed conditions, which changed the
orientation or shape of objects in an unpredictable manner
when the hand was near-peak velocity.

Our results demonstrate that grasp points can be deter-
mined online during movement with little or no cost to
performance. On perturbed trials, we found that subjects
adjusted their movement to grasp objects at similar con-
tact points as on unperturbed trials with the same object
and orientation. The corrections in response to perturba-
tions were smooth and produced only a minimal increase
in movement duration (38—61 ms). The grasp points on per-
turbed trials remained close to optimal with respect to both
torque control and force closure. The force closure angles
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on perturbed trials in Experiment 1 were slightly larger
than for unperturbed trials, but were more optimal that
would be expected if subjects had not adjusted their move-
ment in response to perturbations (Fig. 6). Subjects were
able to guide their fingers to appropriate grasp points for an
object even when the grasp points could not be identified
prior to movement.

Our regression analysis of perturbation responses meas-
ured adjustments of the hand that were toward the expected
grasp axes for the perturbed target object. The observed
responses therefore cannot be attributed to general reac-
tions to an unexpected change in the stimuli. The pertur-
bations might have caused some general changes in kin-
ematics due to their unnatural nature. However, any such
effects would not be correlated with the expected changes
in grasp axes on perturbed trials. The difference between
the expected grasp axis for initial and post-perturbation
stimuli on perturbed trials depended on the particular shape
and orientation of objects, which varied randomly across
trials. We used this trial-to-trial variation to detect the com-
ponent of perturbation responses that were toward appro-
priate grasp axes for the perturbed target objects. Because
the measured responses were toward stimulus-specific
grasp axes, rather than general reactions, we can infer that
the visuomotor system was able to identify new and appro-
priate contact points during online control of a movement.

The perturbation responses in Experiment 2 would fur-
ther require online analysis of object shape. This would
not have been necessary in Experiment 1 because the same
target object was presented before and after perturbations.
In this situation, the visuomotor system could have iden-
tified a set of optimal grasp axes for a given shape prior
to movement and then switched between predetermined
grasp axes in response to the perturbations. In Experiment
2, however, the grasp points on perturbed trials could not
have been pre-planned because the target was not visible
until the onset of perturbation and could not be anticipated.
In these conditions, grasp points that are appropriate for the
shape of the new target object had to have been determined
during movement.

Some other recent studies have observed online correc-
tions of grasping movements in response to perturbations
of object orientation (Fan et al. 2006; Voudouris et al.
2013) and object shape (Ansuini et al. 2007; Eloka and
Franz 2011). These studies used objects with simple, sym-
metric shapes. Our results indicate that subjects can also
make online corrections when grasping objects with more
complex shapes, for which the optimal contact points are
highly dependent on the particular shape.

The dynamics of perturbation responses were highly
consistent across experiments. For both perturbations of
object orientation and object shape, corrective adjustments
were detectable within about 310-320 ms of perturbation
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onset. At this time, the influences of the pre-perturbation
stimuli began to decrease and the influence of the post-per-
turbation stimuli began to increase (Fig. 9). In Experiment
1, the same shape was presented before and after pertur-
bations, so preprocessing of object shape could potentially
have facilitated computation of new grasp points. How-
ever, this would predict faster corrections to the rotational
perturbations, which was not observed. Another potential
influence in Experiment 1 is the rotational motion of the
object, which could induce a corresponding rotation of
the hand. Any transient response in the direction of object
rotation would delay the adjustments toward the new grasp
points, which was also not observed. Subjects appeared to
respond to the appearance of a rotated object in the same
way as to the appearance of a novel object. The abrupt
changes in orientation may have been interpreted by the
visuomotor system as changes in object shape, prompting
re-computation of grasp points in the same way as when
shape was perturbed. The appropriate contact points for
grasping an object would generally depend on its posi-
tion and orientation, so the process of grasp point selec-
tion might not take advantage of invariant representations
of object shape.

While the perturbation responses observed here were
sufficiently fast to allow smooth correction of grasp points,
the response latencies were longer than in some other stud-
ies that tested orientation perturbations of a grasping tar-
get. Fan et al. (2006) observed a response latency of around
200 ms for 30° rotations of a pair of grip targets. Voudouris
et al. (2013) tested 12° rotations of a cube during reach-
to-grasp movements and observed rotations of the hand in
the direction of object rotation after a delay of only 115 ms.
We did not observe any rotation of the hand in the direction
of perturbations in Experiment 1, but this difference could
be due to the amount of object rotation. Voudouris et al.
(2013) also observed some trials where subjects switched
to new grasp points in response to perturbations. On these
trials, adjustments toward the new grasp axis were detect-
able after 190 ms, which is still earlier than responses
detected in our experiments.

The longer latencies observed here might have been due
to the more complex visual processing required to deter-
mine new grasp axes for our stimuli. In Fan et al. (2006)
and Voudouris et al. (2013), the same simple objects were
repeatedly presented, so perturbation responses could be
driven by the rotational motion of the target. In our con-
ditions, the appropriate responses on perturbed trials
were highly dependent on the particular shape of the tar-
get object, so visual analysis of shape would be required.
Greenwald et al. (2005) measured responses to perturba-
tions of slant information from texture during an object
placement task, which also involves more complex pro-
cessing of visual information. They observed response

latencies of around 250-300 ms, which is comparable to
the latencies observed here. Visual shape analysis to deter-
mine grasp axes might require more processing time than
reactions to translation or rotation of a target.

It is also possible that corrective responses began earlier
than we were able to detect due to limited sensitivity of our
analysis. One limiting factor is uncertainty in the predicted
change in grasp axis on perturbed trials. The grasp points
for individual objects on unperturbed trials had trial-to-trial
variability, so the predicted change in grasp axis on a per-
turbed trial was an estimate based on average performance.
Errors in these estimates and trial-to-trial variability around
these means would add noise to the variables used for anal-
ysis of the perturbation effects. For the rotational perturba-
tions used in Fan et al. (2006) and Voudouris et al. (2013),
the expected responses were in a predictable direction, so
this source of uncertainty was not present. Furthermore, the
expected changes in grasp axes in our experiments were
relatively small. The average angular difference between
the predicted final grasp axes for initial stimuli and post-
perturbation stimuli was 18.1° in Experiment 1 and 13° in
Experiment 2. These are the expected differences in final
grasp axes. Adjustment toward the final grasp axis occurs
gradually over the course of movement even without per-
turbations, so the predicted differences at earlier points in
the movement would be smaller. Small initial adjustments
would be hard to detect given that there is noise in both the
predictors and measurements.

We observed smooth corrective adjustments in grasp axis
in response to shape perturbations, but this does not neces-
sarily require continuous processing of shape information.
The appearance of the new target object on perturbed trials
might have prompted a reprogramming of the movement,
using the same mechanisms involved in normal movement
planning, followed by a gradual adjustment toward the new
goals. Some previous studies have found that perturbations
of target position or size during reaching to grasp an object
can cause grip aperture to be double-peaked function over
time (Paulignan et al. 1991b; Gentilucci et al. 1992), which
have been interpreted as evidence for reprogramming of
movement. However, Hesse and Franz (2009) have argued
against this interpretation, noting that similar kinematics
can also be observed without perturbations, and some other
recent evidence suggests continuous control of grip aper-
ture (Karok and Newport 2010). We did not observe any
qualitative changes in the dynamics of movement on per-
turbed trials that would be indicative of a discrete change
in the movement plan, but this could potentially be due to
the small size of the required corrections and delay in the
motor output. Our results demonstrate the ability to make
online corrections in response to changes in object shape,
but further research would be required to determine how
these online corrections are implemented.
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Neural correlates of shape processing for online control
of grasping

Neurophysiological evidence suggests that the visuomotor
system has mechanisms for visual shape processing that
are distinct from the visual processing used for perceptual
shape discrimination and object recognition (Goodale et al.
1991, 1994a, b; Milner and Goodale 1995). Such mecha-
nisms could be responsible for the ability to make online
adjustments to grasp points, as evidenced in our results.

The fact that the perturbation responses were automatic
and relatively fast is consistent with the possibility of spe-
cialized shape processing for control of movements. We
detected corrective responses to changes in object shape
within 310-320 ms of the perturbation onset. Our analysis
detected adjustments toward the expected grasp axes for the
new target shape, which depended on the particular shapes,
so the initial responses could not have been driven by sim-
ple motion signals. Electrophysiological studies have inves-
tigated neural processing during visual shape discrimina-
tion and observed ERP latencies of around 270-280 ms
(Cui et al. 2000; Doniger et al. 2000; Schettino et al. 2011;
Zhang et al. 2013). While this visual processing latency is
less than the perturbation response latencies observed here,
it would not leave much time for motor processing and
translation to physical output. The delay between pertur-
bation onset and detectable response includes not just the
time required for visual processing of object shape, but also
the time required to generate motor commands toward the
new target grasp points, and the time before the motor com-
mands produce measureable changes in the positions of the
fingers. If selection of new grasp points were based on the
visual shape processing revealed by EEG studies of shape
discrimination, then the translation to physical changes
would have to occur within 40 ms to produce the responses
observed here, which is quite limited. This suggests that
some other visual shape processing was involved.

Separate visual processing mechanisms for control of
movement, as hypothesized by Goodale et al. (1994a, b),
could account for this ability to make online adjustments
in response to perturbations of a grasping target. Goodale
and colleagues observed a double dissociation between a
patient with severe visual agnosia and patients with optic
ataxia (Goodale et al. 1991, 1994a, b; Milner and Goodale
1995). The agnosic was unable to perceptually discrimi-
nate objects with random 2D shapes, but picked up these
objects at appropriate grasp points that varied with object
shape in the same way as normal subjects. Patients with
optic ataxia showed a reverse pattern of impairment: Shape
discrimination judgments were accurate, but grasp points
were not well adapted to the shape of the objects. This dis-
sociation suggests that there is visual processing of shape
information for online motor control that is distinct from
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the visual processing that underlies shape perception. Such
processing could be the basis for the perturbation responses
observed here.

While the present results do not directly implicate the
dorsal visual processing stream, variations of our method
could potentially distinguish the contributions of dorsal and
ventral processing in healthy people. One proposed distinc-
tion between these visual processing streams is that dorsal
visual processing is unconscious and automatic. In a current
follow-up study, we are testing whether similar perturbation
responses can be elicited by unconscious visual feedback.
Another possible variation is to vary the visual feedback in
a manner that would selectively interfere with dorsal visual
processing. For example, we are testing whether shapes
defined by isoluminant or second-order contrast contours can
support online corrections to grasping as observed here.

Real versus virtual grasping task

One limitation of our study is that we used a virtual grasp-
ing task: Subjects reached to touch the projected images of
objects rather than picking up actual objects. Previous stud-
ies have observed different kinematics in pantomimed move-
ments compared to actual reaching to grasp an object (e.g.,
Goodale et al. 1994b; Laimgruber et al. 2005; Westwood
et al. 2000). Our virtual grasping task is more natural than
a pantomimed movement in that subjects reach to touch a
visible target on a physical surface. However, there are some
potentially important differences compared to normal grasp-
ing. When picking up a real object, grasping at sub-optimal
contact points would reduce the stability of the grip when
the object was manipulated. For our virtual task, in contrast,
there would be no cost to ‘grasping’ at sub-optimal con-
tact points. Grasping real objects would also provide some
implicit feedback about the effectiveness of different grasp
points, while our virtual task allowed no such feedback.
Thus, there is reason to expect that virtual grasping might be
less sensitive to the constraints of object shape.

Despite the unnatural task demands, we found that the
grasp points used for virtual grasping varied across objects
in a manner consistent with optimal grasping. The grasp
axes were consistently close to the center of mass of the
objects, and force closure angles were lower than would be
expected for random grasp axes. The grasp points observed
in our study were also similar to grasp points used in pre-
vious studies using similar objects (Goodale et al. 1994a;
Lederman and Wing 2003). The optimality of grasp axes
observed in our experiments suggests that performance was
guided by similar visuomotor mechanisms as when grasp-
ing real objects.

A previous study by Westwood et al. (2002) directly
compared real grasping and virtual grasping of rectangu-
lar bars and found that there was a difference in the size
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of the maximum grip aperture (MGA) relative to the final
grip aperture (FGA). For a given FGA, the MGA was larger
for grasping real bars than for virtual grasping. Westwood
et al. suggest that subjects are able to adopt a less cautious
approach to the virtual target, resulting in lower MGA/FGA
ratio, because there is no danger of contacting the virtual bar
incorrectly and no need to ensure perpendicular direction of
force at contact. Consistent with these findings, the MGA/
FGA ratio in our experiments was lower than would be
expected for grasping of real objects. We observed an aver-
age MGA/FGA ratio of 1.2, while studies of actual grasp-
ing have observed MGA/FGA ratios of around 1.4-1.7 for
objects with similar size (e.g., Eloka and Franz 2011; West-
wood et al. 2002; Voudouris et al. 2013). Thus, there are at
least some differences between the movement of the hand
during virtual grasping and grasping real objects.

We performed a pilot study that tested both virtual
grasping and grasping of real objects with the same shapes.
As in Westwood et al. (2002), there was a difference in the
MGA/FGA ratio, but the results were otherwise very simi-
lar for real and virtual grasping. The grasp axes for individ-
ual objects were similar in real and virtual conditions, and
there was little difference in the optimality of grasp axes
with respect to either torque control or force closure. While
it remains possible that virtual grasping is not representa-
tive of normal grasping, the similarity of grasp axes sug-
gests that similar shape processing underlies the selection
of grasp points for virtual and real grasping.

Conclusion

Our results reveal that the visuomotor system is capable
of online processing of shape information for identifying
grasp points that would allow a stable grip. Perturbations of
object orientation and shape during movement were used to
isolate online processing. Subjects were able to smoothly
adjust their movement in response to perturbations and
achieve final grasp points that were appropriate for the
shape of the target objects. The perturbations had minimal
effect on either movement duration or the optimality of
grasp points. These results demonstrate that effective hand
adjustment could be made online during grasping. Cor-
rective responses to perturbations were detectable within
310-320 ms, indicating relatively fast visual processing of
object shape for control of grasping.
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