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Summary. Past studies of the kinematics of human
prehension have shown that varying object size affects
the maximum opening of the hand, while varying object
distance affects the kinematic profile of the reaching
limb. These data contributed to the formulation of a
theory that the reaching and grasping components of
human prehension reflect the output of two independent,
though temporally coupled, motor programs (Jeannerod
1984). In the first experiment of the present study, sub-
jects were required to reach out and grasp objects, with
or without on-line, visual feedback. Object size and dis-
tance were covaried in a within-subjects design, and it
was found that both grip formation and reach kinematics
were affected by the manipulation of either variable.
These data suggest that the control mechanisms underly-
ing transport of the limb and grip formation are affected
by similar task constraints. It was also observed that
when visual feedback was unavailable after movement
onset subjects showed an exaggerated opening of their
hands, although grip size continued to be scaled for
object size. The question remained as to whether the
larger opening of the hand during no-feedback trials
reflected the lack of opportunity to fine-tune the opening
of the hand on-line, or the adoption of a strategy design-
ed to increase tolerance for initial programming errors.
To address this question, a second experiment was car-
ried out in which we manipulated the predictability of
visual feedback by presenting feedback and no-feedback
trials in a random order. In contrast to the situation in
which feedback and no-feedback trials were presented in
separate blocks of trials (Exp. 1), in the randomly-
ordered series of trials presented in Exp. 2, subjects al-
ways behaved as if they were reaching without vision,
even on trials where visual feedback was continuously
available. These findings suggest that subjects adopt dif-
ferent strategies on the basis of the predictability of visual
feedback, although there is nothing to suggest that this
takes place at a conscious, or voluntary, level. The results
of both experiments are consistent with the notion of a
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hierarchically-organized motor control center, responsi-
ble for optimizing performance under a variety of con-
ditions through the coordination of different effector
systems and the anticipation of operating constraints.
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Introduction

The act of prehension involves three distinct com-
ponents: spatial positioning of the arm (the reaching or
transport component), anticipatory posturing of the
hand (the grip formation component), and object manip-
ulation. In this paper, we will focus primarily on the
distinction which is often drawn between the control of
the reaching arm and the control of the independent
movements of the fingers involved in grip formation. A
wealth of anatomical and physiological studies in mon-
keys have confirmed the predominant role of the crossed,
corticospinal projections in fine control of the distal
musculature (e.g., Lawrence and Hopkins 1972; Muir
1985; Muir and Lemon 1983; Passingham et al. 1978).
The reaching or transport component, in contrast, can be
adequately controlled by the hemisphere ipsilateral to the
reaching limb (Brinkman and Kuypers 1973 ; Trevarthen
1965). These findings in monkeys are in agreement with
observations from human patients in whom the two
cerebral hemispheres have been surgically disconnected
(Gazzaniga et al. 1967; Volpe et al. 1982). Furthermore,
relatively late myelinization of the corticospinal tract in
human infants (see Jeannerod 1988) may underlie the
observation that reaching and precision grip have rather
different developmental profiles (e.g., Von Hofsten
1979). Other evidence for a dissociation between the
neural substrates for the grip and transport components
of prehension comes from lesion studies. In monkeys, for
example, the control of grip formation is disturbed by
damage at the parieto-occipital junction (area 5), while
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more extensive damage involving the superior parietal
lobe (areas 5 and 7) produces clear deficits in both reach-
ing and grasping (Denny-Brown et al. 1975; Faugier-
Grimaud et al. 1985; Faugier-Grimaud et al. 1978;
Haaxma and Kuypers 1975).

Jeannerod (1981, 1984, 1986) has provided further
evidence for the relative independence of the reaching
and grip formation components of human prehension by
carrying out detailed analyses of movements in normal,
healthy adults. With the use of highspeed film, Jeannerod
(1981) found that maximum grip aperture en route to a
given target object increased with increasing object size,
and that unexpected changes in object size during a
reaching movement led to corresponding changes in
hand shaping. Despite these changes in grip formation,
the shape of the resultant velocity profiles for the wrist
movement remained unchanged by the experimental
manipulations of object size, although peak velocity was
increased for movements of greater amplitude.

Jeannerod (1981) concluded from these findings that
the reaching and grip formation components of a prehen-
sion movement were generated by independent visuo-
motor channels. Nonetheless, it became clear that the
two components of human prehension were not tempo-
rally independent. It was found, for example, that the
onset of hand closure was highly correlated with the final
approach to the target object (Jeannerod 1981, 1984).
Jeannerod (1986) suggested that this finding might reflect
the presence of a higher-order program governing the
temporal coordination of two otherwise separate com-
ponents. [It is interesting to note that in an earlier ac-
count of this finding (Jeannerod and Biguer 1982), he
argued that “postulation of a hierarchy appears unneces-
sary” and that “temporal ordering would be produced
automatically, as a passive consequence of peripheral
inbuilt constraints such as conduction time or duration
of isometric tension” p. 399.] Unfortunately, however,
since the range of movement times in Jeannerod’s (1981,
1984) experiments was quite limited, it is difficult to
determine whether or not this apparent invariance in
timing would extend over a broad range of movement
durations. One aim of the present research, then, was to
explore the robustness of the temporal coupling between
reaching and grip formation by examining these motor
outputs over a greater range of movement times in a
much larger sample of subjects than Jeannerod had used
(Experiment 1).

Although clearly the temporal coordination of dif-
ferent visuomotor outputs is important in complex
movements (Goodale 1988), evidence has accumulated
suggesting that the temporal linkage between the trans-
port and grip formation components of prehension re-
flects just one aspect of a more fundamental interaction
between the two components (Wing et al. 1986; Wallace
and Weeks 1988). Wing et al. (1986) suggested that the
thumb, while an element of the grasp, plays an important
role in the visual guidance of the transport component.
They further demonstrated that requiring subjects to
reach quickly or without visual feedback resulted in cor-
responding increases in the maximum opening of the
hand. Although this was interpreted in terms of a speed/

accuracy trade-off, Wallace and Weeks (1988) suggested
that the maximum aperture between the finger and
thumb during a reach was positively related to movement
time, as opposed to movement speed. Nonetheless, the
maximum opening of the hand was consistently achieved
when approximately 60% of total movement time had
elapsed, for both small and large objects.

While the results of Wallace and Weeks (1988) sup-
ported the proposal that the transport and grip forma-
tion components are linked in some way, these research-
ers (like Jeannerod 1981) found that varying object size
affected only the manipulation component, and not the
transport component. This latter observation seems
puzzling given that object characteristics, including ob-
ject size and fragility, have been found by other inves-
tigators to affect the kinematic profile of wrist move-
ments in prehension tasks (Marteniuk et al. 1987). This
apparent discrepancy may have arisen due to the fact
that Wallace and Weeks always presented their test ob-
jects at a standard distance from the subject. In Experi-
ment 1 of the present study, we covaried object size and
distance simultaneously in a within-subject design and
determined the effects of these manipulations on the
kinematics of both grip formation and reaching.

We were also interested in assessing how the removal
of visual feedback affects prehension in normal subjects.
Jeannerod (1984) has shown that maximum grip aperture
continues to be scaled for object size when subjects can-
not see their moving limb or the target object (see also
LaMotte and Acuna 1978, for similar observations in the
macaque), and that the temporal relationship between
transport and grip formation is maintained under these
conditions. These results suggested to him that move-
ment patterning for grip formation and intersegmental
coordination in human prehension relies on a feedback-
independent central motor program, or some inter-
mediate level of control, and that little (if any) modifica-
tion of the grip takes place during its execution. Data
from other experiments suggest that when visual feed-
back is not available the hand opens wider than it does
under normal viewing conditions (Wing et al. 1986). This
difference in performance in the two conditions does not
necessarily pose a problem for Jeannerod’s (1984) conjec-
ture that most of the grasp is preprogrammed. It could
simply mean that a larger margin of error is pre-pro-
grammed into the grip under conditions where visual
feedback is not available. An equally plausible alter-
native, however, is that under restricted viewing con-
ditions the closing of the hand begins later, because the
subject cannot use on-line visual information to fine-tune
the aperture of the grip. [Of course, even under restricted
viewing conditions other sources of information (pro-
prioceptive or kinesthetic feedback, or efference copy)
about limb position are available to guide movement
execution (cf. Goodale et al. 1986).] The question of how
much the kinematics of the grasp are pre-programmed
and how much response modification can be done on-line
is a fundamental issue in motor control. Experiments 1
and 2 examined this question by manipulating the pre-
dictability of available visual feedback.

In summary, the present experiments were undertaken



(1) to provide a thorough, normative study of prehension
in healthy adults (Experiment 1); (2) to determine wheth-
er the distal and proximal components of human prehen-
sion are controlled through independent programs which
are simply run off in the same time domain, or whether
there is evidence that an integrated program specifies the
entire movement (Experiment 1); and (3) to examine the
role played by visual feedback in grip formation (Experi-
ments 1 and 2).

Experiment 1

Method

Subjects. The subjects were eight males and seven females (mean
age=25.3 years) employed or enrolled in courses at the University
of Western Ontario. All subjects were strongly right handed, as
determined by a modified version of the Kimura Hand Preference
Inventory (Kimura 1986). Subjects were paid for their participation.

Apparatus. Each subject sat facing a table surface (1.00 m x 0.55 m)
over which a fluorescent lamp was suspended at a height of ap-
proximately 80 cm. Three magnetized, oblong blocks (2x 5cm,
3x7.5cm, and 5x12.5¢cm), all 2 cm in height, served as target
objects. On a given trial, one of these objects was placed in front
of the subject (along the midline, sagittal axis), centered directly
over one of three concealed, magnetic switches located 20, 30 and
40 cm beyond the hand’s start position.

Infrared light-emitting diodes (IREDs) were attached with a
non-restricting cloth bandage to opposing sides of the nails of the
right index finger and thumb, and opposite the styloid process
of the ulna of the right hand. The positions of these IREDs were
monitored continuously by two high resolution cameras. The two-
dimensional (2D) positions of these IREDs provided by each cam-
era were digitized at a rate of 100 Hz and passed to the data
collection system of a WATSMART computer (Waterloo Spatial
Motion Analysis and Recording Technique, Northern Digital Inc.,
Waterloo, Ontario, Canada).

Calibration of the WATSMART system involves placing in the
experimental workspace a rigid frame to which 24 IREDs are
attached at known locations. As calculated by WATSMART cal-
ibration software, the 3D root mean square error of reconstruction
for the locations of a minimum of 22 IREDs was always less than
2 mm. To provide an independent assessment of the system’s accu-
racy, we used a procedure similar to that described by Haggard and
Wing (1990). Three IREDs were embedded in a rigid surface to
form the vertices of a right-angled triangle (measuring approximate-
ly 10 x 15 % 18 cm). This surface was positioned near the start key
of the experimental apparatus, and (in a subsequent trial) ap-
proximately 30 cm beyond this position, in the x (forward-going)
dimension. The 3D coordinates of the static IREDs were sampled
for 2 s in each location, at a sampling frequency of 100 Hz. Com-
parisons of the average distance between any two given IREDs in
both regions of the workspace were very consistent, with differences
ranging from 0.93 mm-2.18 mm. The standard deviations of these
measurements within each 2s sampling period varied from
0.29-1.10 mm.

Procedure. Subjects were told to begin each trial with the tips of the
thumb and index finger of the right hand touching one another and
depressing the start key. Between trials, the room lights were extin-
guished and the subject sat with eyes closed. On the experimenter’s
instruction, the subject opened his/her eyes, shortly after which the
table surface was illuminated with the overhead fluorescent lighting.
The subject was instructed to reach out and pick up the target object
as soon as it became visible, using the index finger and thumb to
which the IREDs were attached. Data collection began when the
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table surface was illuminated and ended when the magnetic contact
between the surface and the test object was broken (i.e., when the
object was picked up).

In one block of trials, the subject had a continuous view of the
reaching limb and of the target object. In another block of trials,
the fluorescent light was extinguished when the subject, in initiating
his/her reach, released the start key. Since the decay time for the
fluorescent lighting was less than 80 ms, and since average move-
ment duration was 477 ms, approximately 85% of the subject’s arm
movement was completed in the dark in this condition, on average.
The order of testing was counterbalanced across subjects.

In both viewing conditions subjects reached to each target in
each of the three locations four times, for a total of 36 trials. Each
block of 36 trials followed a different random order, with the
stipulation that no more than three consecutive reaches were to the
same location or target object. Trials in which the object was
dropped were repeated at the end of the current block of trials.
(These trials accounted for a very small proportion of experimental
trials: objects were dropped on 1% of all trials when visual feedback
was available, and on 2% of all trials when reaches were completed
in the dark). Only data from trials in which the target object was
successfully retrieved were included in the analysis. Each block was
preceded by a five-trial practice series.

Data management. Movements of each of the IREDs during each
trial were reconstructed in three-dimensions and filtered off-line
with a 7 Hz cut-off using a second-order Butterworth filter. To
generate a detailed kinematic description of the reaching com-
ponent of human prehension, a number of measures were extracted
from the filtered data from the wrist IRED. To describe grip forma-
tion, filtered data from the fingertip IREDs were analyzed.

The wrist’s movement onset time was determined by scanning
each file to find the point at which the mean resultant velocity over
three consecutive frames (30 ms) exceeded a velocity of 5.0 mm/s.
This criterion was adopted because, due to the high resolution of
the WATSMART system, even slight movements of the wrist are
evident when the hand is at rest in the starting position. Unlike the
wrist, the fingertips rested directly on the start key at the beginning
of each trial. For this reason, movement onset for the fingertips was
measured as the time taken to release the mechanical start key.
(These two measures of movement onset are, clearly, highly cor-
related.)

Other dependent measures extracted from the filtered data from
the wrist IRED included: peak negative acceleration in the X
(forward/backward) dimension (cf. Jeannerod, 1984), peak resul-
tant velocity, peak height in the arm’s trajectory (measured in the
7 dimension), and the time at which each of these markers occurred
after the wrist began to move. Duration of movement was cal-
culated by subtracting the wrist’s movement onset time from the
time at which the object was lifted.

Dependent measures used to describe grip formation included
the maximum vectored distance (in mm) achieved between the two
IREDs on the fingertips (maximum grip aperture) during the course
of a reaching movement, and the time (in ms) at which this occurred
after the release of the start key.

Results

For each subject, mean values of each dependent mea-
sure were calculated for each object/distance combina-
tion under each viewing condition. Each mean value was
based on a minimum of three observations; some data
was lost due to technical problems, and an error in the
protocol meant that only three observations of the
medium-sized target were made at the 20 cm distance for
three subjects in the visual feedback condition, and for
three subjects in the no visual feedback condition. (In
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most cases, however, means for a particular condition
were calculated on the basis of all four trials.) The mean
values for each dependent measure were entered in-
to separate 2x3x3 (Viewing Conditionx Object
Size x Object Distance) factorial analyses of variance,
using Geisser-Greenhouse adjustments to the degrees of
freedom (Kirk 1982). An alpha level of 0.05 was adopted
for all tests of significance. Post-hoc contrasts were car-
ried out using the Newman-Keuls testing procedure.

Effects of the manipulations of object size and distance.
The manipulations of object size and distance had
predictable effects on the grip formation and transport
components, respectively. Specifically, there were direct
relationships between the size of the object and the max-
imum opening of the hand en route to the target, and
between the size of the object and the time taken to open
the hand maximally (Fig. 1A). Furthermore, movements
of the wrist to distant objects had a longer latency,
accelerated to peak velocity more quickly, attained a
higher peak velocity, and lasted longer than movements
to near objects (Fig. 1B). The maximum height above the
table surface to which the wrist was raised was also
greater for more distant objects. (Means and tests of
significance are summarized in Table 1.)

In addition to these results, a number of kinematic
parameters were affected by the experimental manipula-

tions in ways that one would not predict based on a strict
interpretation of the proposal that the transport and grip
formation components operate through independent vi-
suomotor channels. Thus, as object size increased there
were corresponding increases in the peak velocity and
duration of the wrist movements (Fig. 1D). In addition,
the wrist was raised higher above the table surface during
reaches to larger objects, despite the fact that the three
objects were all the same height, differing only in length
and width. Moreover, with increases in object distance
the maximum opening of the hand increased (Fig. 1C).
(This effect was particularly strong for the smaller objects,
Object Size x Distance: Fis 45, 48.24y=3.34, p<0.05.) It al-
so took subjects longer to achieve maximum grip aper-
ture when reaching to more distant objects. (Means and
tests of significance are summarized in Table 1.)

The manipulations of object size and distance also
affected the relative timing (expressed as a percent of total
movement time) of a number of parameters. Thus, both
the peak velocity and the peak negative acceleration (in
the x dimension) of the wrist occurred proportionately
sooner in time when the subject was reaching toward
either a more distant object or a larger object. In other
words, the deceleration phase of the reach was propor-
tionately longer under these conditions. Similarly, de-
spite the fact that the wrist was lifted higher off the table
surface when reaching to more distant objects (see
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Table 1. Effects of manipulating object size
and distance on measures characterizing

grip formation and transport of the arm.
(Standard error of mean values indicated
in parentheses)

Table 2. Effects of manipulating object size
and distance on the relative timing of a

number of kinematic markers, expressed as
a percent of total movement time. (Stan-
dard error of mean values indicated in
parentheses)

2 cm 3cm 5cm F statistic
Object width
Maximum grip 93 98 112 F3.34,18.72y=274.52, p<0.001
aperture (mm) (1.9) (1.8) 1.7
Time to max. grip 305 305 328 Fy 77.2481,= 9.75, p<0.005
aperture (ms) (12.1) (12.6) (13.3)
Peak velocity 1152 1169 1177 Fiy32,18.48= 9-45, p<0.005
(mm/s) (38.0) (38.2) (38.2)
Duration (ms) 477 475 499 Fli60,22.460= 22.87, p<0.001
17.1) (16.8) (17.6)
Maximum height 56 57 60 Fi1 46,20499= 357, p<0.001
(mm) 2.1 2.2) 2.1
20 cm 30 cm 40 cm F statistic
Object distance
Movement onset 476 473 488 Fy7a24360= 3.93, p<0.05
(ms) (8.4 (7.5) (8.5
Time to peak 197 220 241 Fy 26,17.600= 99.77, p<0.001
velocity (ms) (4.2) 4.5) (4.9)
Peak velocity 895 1197 1407 F1.06,14.89y=221.79, p<0.001
(mmy/s) (24.7) (30.0) (36.9)
Duration (ms) 414 487 550 Fy.17,16.45=114.53, p<0.001
(13.7) (16.0) (18.4)
Maximum height 46 57 69 Fi11,15.51y=108.68, p<0.001
(mm) (1.4) (1.8) (2.3}
Maximum grip 99 101 104 Fyag17.0n= 9.46, p<0.005
aperture (mm) (2.0) (2.0) (2.0)
Time to max. grip 264 304 371 Fi1.13,15.709y= 65.24, p<0.001
aperture (ms) (10.1) (11.1) (14.0)
2 cm 3cm 5cm F statistic
Object width
% time to peak vel. 48.2 48.1 46.7 F1.04,27.100= 8.4, p<0.005
(0.9) 0.9 0.9)
% time to peak neg. 75.0 74.7 72.8 F 58211 = 8.61, p<0.005
acceleration in X (1.3) (1.6) (1.3)
20 cm 30 cm 40 cm F statistic
Object distance
% time to peak vel. 49.8 473 45.9 F.10,16.600= 7.47, p<0.05
(1.0) 0.9) (0.8)
% time to peak neg. 76.5 73.1 73.0 F4 57,21.00= 6.90, p<0.01
acceleration in X (1.6) (1.2) (1.3)
% time to max. hgt. 52.9 46.9 44.9 Fi1 18,16.54y=061.64, p<0.001
in wrist trajectory 0.9 (0.7) ©.7)
% time to maximum  66.5 66.4 71.2 F20,18.0m= 8.32, p<0.01
aperture 0.9) 0.7) ©0.7)

above), subjects spent proportionately less time raising
their limb (and proportionately more time lowering it) as
movement amplitude increased. In contrast, and some-
what unexpectedly, the distance manipulation also af-
fected the relative timing of hand closure, such that maxi-

mum grip aperture was achieved proportionately later in
movements to more distant objects. (See Table 2.)
Each reported change in the relative timing of a par-
ticular kinematic marker may in itself seem trivial. In-
deed, a close inspection of Table 2 confirms that the
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Fig. 2. Changes in the relative timing (expressed as a percent of total
movement time) of a number of kinematic markers as a function
of object size and distance -

percent change from one condition to the next (though
statistically significant) is invariably quite small, ranging
from 1.5 to 8.0%. Nonetheless, if one looks at the tem-
poral pattern for a number of kinematic markers simul-
taneously (Fig. 2), one sees that the relationships between
particular kinematic markers change substantially as a
function of task demands.

Effects of removing visual feedback. The most striking
effect of removing visual feedback was that there was an
overall increase in maximum grip aperture during reach-
ing movements when subjects could not see their moving
limb, relative to when they could (F; ;4=16.67,
p=0.001). The average maximum grip aperture in the no
visual feedback condition was 8 mm greater than that
measured when the subjects could see their moving limbs
[mean values (SE) were 105 (1.7) mm and 97 (1.6) mm
for no visual feedback and visual feedback trials, respec-
tively]. Despite this, maximum grip aperture continued
to be scaled for object size even in the absence of visual
feedback (Object Size, Fiy 14.18.72)=274.52, p<0.001);
Viewing Condition x Object Size, F, 35, 15.84=0.91,
n.s.). (See Fig. 3.) In addition, while movement onset
times increased slightly with increasing target distance
under full viewing conditions, movement onset times
were not significantly different for each of the three dis-
tances when reaches had to be completed in the dark
(Viewing Condition x Object Distance Fy o7, 57.51y= 3.41,
p<0.05), and were equivalent to the longest latencies
when subjects had unrestricted viewing of their limbs (see
Fig. 4).

Removing visual feedback also affected the relative
timing of a number of kinematic markers. Specifically,
both maximum grip aperture (F; 14,="7.28, p<0.05) and
the maximum height in the trajectory of the wrist
(Fu1,14=14.81, p<0.005) were achieved proportionately
sooner in time when the subject could not see his/her
reaching limb than when the entire movement was vis-
ible.
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Fig. 3. Mean values of the maximum aperture (in mm) between the
index finger and thumb of the right hand under full and restricted
viewing conditions. Note that in both conditions maximum grip
aperture is scaled for the size of the object. (Error bars represent the
standard error of mean values)
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Fig. 4. Effect of removing visual feedback on movement onset times
(in ms) for reaches of different amplitudes. (Error bars represent the
standard error of mean values)

Discussion

In agreement with earlier reports in the literature describ-
ing aiming movements (Marteniuk et al. 1987; Prablanc
et al. 1979), increasing the amplitude of the required
movement in the present study led to corresponding
increases in both the peak velocity and the duration of
the transport component of prehension. This occurred
despite the fact that the range of movement amplitudes
studied was highly comparable to that used in Jean-
nerod’s (1984) study of prehension. This finding con-
tradicts Jeannerod’s (1984) suggestion that prehension
movements are generated in such a way as to achieve
invariant movement durations. Also in contradiction
with earlier findings from some laboratories, we observed
that our distance manipulation affected the timing and
formation of the grasp, and that our size manipulation



produced reliable changes in the kinematic profile of the
wrist (cf. Jeannerod 1981; Wallace and Weeks 1988).
Thus, these data suggest that object characteristics such
as size and distance do not have independent effects on
the grasp and reach, respectively. Changes in either vari-
able will affect both of these components of prehension.

Despite the fact that manipulations of object size and
distance affect both components of prehension, the net
effect of all this is to regulate the timing of hand closure
with some precision such that it always begins at ap-
proximately the same relative point in time, when ap-
proximately two-thirds of the total movement time has
elapsed. For the most part, these observations are in
good agreement with work from other laboratories and
suggest that Jeannerod’s (1981, 1984) original conclusion
is largely correct; there is a strong temporal coupling
between the reach and the grasp. Yet, one should not
ignore the fact that there may be small, but significant,
changes in the relative timing of a number of kinematic
markers, depending on task demands. It should be em-
phasized, however, that identical central algorithms
could still produce rather different temporal relation-
ships between kinematic markers, when such algorithms
are calibrated for different distances or object sizes. In-
deed, the small differences we observed may reflect not
so much differences in programming within the central
nervous system as differences in synergies between dif-
ferent muscle groups and other mechanical constraints.

The fact that manipulating object distance and size
affects both the proximal and distal components of
prehension suggests that at some level programs generat-
ing these components are integrated. While studies of
brain-damaged individuals will shed light on how and
where this integration takes place, the present examina-
tion of the performance of normals when visual feedback
was unavailable also provides us with insight into the
mechanisms through which prehension is achieved. The
results of Experiment 1 indicate that maximum grip
aperture was scaled for object size, and that this scaling
was maintained even in the absence of visual feedback
(cf. Jeannerod 1981, 1984), although the hand opened
more under these conditions (cf. Wing et al. 1986). More
importantly, Experiment 1 showed that movement onset
times were shorter, particularly for the nearest objects,
when subjects knew they would be able to use vision
on-line to guide their movements. Furthermore, both
maximum grip aperture and the maximum height in the
trajectory of the wrist were achieved proportionately
sooner in time when the subject could not see his/her
reaching limb than when the entire movement was vis-
ible. These findings contradict Jeannerod’s (1984, p. 236)
proposal that visual feedback does not influence “move-
ment patterning and intersegmental coordination” in
prehension movements. They suggest, rather, that visual
information, when present, may be used both to program
the coordinated movement, and to improve the precision
of the grasp and of the trajectory of the reaching move-
ment, on-line.

Previous work on aiming movements has suggested
that even when vision is present, it is not always used to
full advantage. For example, Zelaznik, Hawkins, and
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Kisselburgh (1983) and Elliott and Allard (1985) have
shown that when visual feedback is unpredictably avail-
able subjects preprogram their reaches. That is, when
feedback and no-feedback trials were presented in a
random fashion, subjects did not use vision on the feed-
back trials to improve their pointing accuracy. In Experi-
ment 1, the feedback and no-feedback trials were run in
separate blocks, so subjects always knew whether or not
they would be able to see their moving limb. Experiment
2 was designed to see whether the visual control of grip
formation is affected in the same way that aiming move-
ments are by manipulating the predictability of visual
feedback. We had subjects go through a random series
of feedback and no-feedback trials. The rationale was
that, if subjects do adopt a preprogramming strategy
when they suspect that they may not be able to modify
their reach on-line, they should open their hand widely
on every trial in a randomly ordered series of feedback
and no-feedback trials, since they will be unable to
predict whether or not they will be able to see their hand.

Experiment 2
Method

Subjects. To allow for a direct comparison of individual perfor-
mance across the two experiments, eight of the original group of 15
subjects recruited for Experiment 1 (six males, two females) were
retested. A reanalysis of the data from Experiment 1 for only these
eight subjects revealed that, with one exception, the findings de-
scribed above regarding the effects of removing visual feedback
were still statistically significant with this restricted sample size. The
one exception was that, while there was a strong trend in the data
for the removal of visual feedback to be associated with a decrease
in the proportion of movement time spent attaining the maximum
height in the wrist’s trajectory, this effect did not quite reach statisti-
cal significance, (¥}, 5,=4.71, p=0.067).

Apparatus and procedure. The apparatus was identical to that used
in Experiment 1. The same three objects were used, but because the
effects of primary interest for the present analysis did not interact
with the distance to the object (or were present at the 30 cm dis-
tance), the target object was always placed 30 cm in front of the
subject’s start position. Trials in which visual information was
continuously available, or was removed after the release of the start
key, were randomly interspersed, with the stipulation that no more
than three consecutive reaches were carried out in the same viewing
condition. Five reaches were directed toward each object in each
viewing condition, for a total of 30 experimental trials. Trial initia-
tion, instructions to the subjects, and data management were the
same as outlined for Experiment 1. Once again, trials in which the
object was knocked over or missed were repeated at the end of the
series and only trials in which the object was successfully retrieved
were included in the analysis.

Results

The variable of greatest interest in the present experiment
was maximum grip aperture. When visual feedback was
unpredictably available, subjects continued to scale the
maximum opening of their hand for the size of the object
to be grasped (Object Size, F;43.10.02=102.15,
2<0.001). In contrast to the results of Experiment 1,
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Fig. 5. A comparison of the mean maximum apertures (in mm)
between the index finger and thumb of the right hand when subjects
could (blocked series, Exp. 1) or could not (random series, Exp. 2)
predict whether visual feedback would be available during the
movement. (Error bars represent the standard error of mean values)

however, the extent to which the hand opened was equiv-
alent for feedback and no-feedback trials (Viewing Con-
dition, F(; 5,=3.02, n.s.). In comparing the data of these
eight subjects from Experiments 1 and 2, it was clear that
when visual feedback was unpredictably available (Ex-
periment 2), subjects performed in a manner very similar
to when visual feedback was predictably not available (in
the no-feedback trials of Experiment 1). In contrast,
when subjects did know ahead of time that they would
be able to use vision to guide their movements (in the
feedback trials of Experiment 1) they opened their hands
much less, overall, when reaching to target objects (see
Fig. 5).

Although when these eight subjects were tested in
Experiment 1 movement onset times were longer when
visual feedback was not available than when it was, there
was no difference between the onset times of feedback
and no-feedback trials in Experiment 2, when trials were
presented in a random series (F{; ;,=0.47, n.s.). In fact,
a comparison of the results of these eight subjects in
Experiments 1 and 2 revealed that movement onset times
for targets at the 30 cm distance were highly comparable
when visual feedback was predictably not available (in
the no-feedback trials Experiment 1) and when it was
unpredictably available (in Experiment 2). In either case,

onset times were longer than when visual feedback was
predictably available, in the feedback trials of Experi-
ment 1 (see Table 3).

In the blocked series (Experiment 1), both maximum
grip aperture and the maximum height in the trajectory
of the wrist tended to be achieved proportionately sooner
when the subject could not see his/her reaching limb than
when the entire movement was visible. In the random
series (Experiment 2), the relative timing of these two
kinematic markers on all trials (whether visual feedback
was available or not) was more similar to that on trials
in which subjects knew they would be unable to see their
reaching limb in Experiment 1. (See Table 3.)

Discussion

It appears that when visual feedback is not predictably
available subjects adopt the same strategy that they use
when they know they will not be able to see their moving
limb. First, they are slower to initiate their movements,
a finding which would be consistent with the notion that
longer onset times are indicative of more preprogram-
ming (Klapp 1975). Second, they build a larger margin
of error in their grasp by opening their hand more widely.
Finally, the reach is programmed in such a way that the
maximum opening of the hand and the maximum height
in the trajectory of the wrist occur proportionately
sooner in time. Thus, the data from this second experi-
ment qualify the conclusion drawn in the discussion of
Experiment 1, that the availability of visual feedback
influences movement programming and intersegmental
coordination in prehension movements. These data sug-
gest, rather, that for vision to be used for on-line control
of movements, such information must be predictably
available from trial to trial. In other words, the predict-
ability of visual information influences the degree to
which a prehension movement is preprogrammed.

How is grip formation controlled when subjects can-
not see their reaching limb, or when they cannot predict
whether vision will be available to guide their move-
ments? It is unlikely that the entire movement is prepro-
grammed in these situations. The present data suggest
only that the maximum opening of the hand and the
timing of the hand’s closure and descent onto the object
may be preprogrammed. It seems likely that what hap-
pens during the final approach is modifiable not only on
the basis of visual feedback if it is available, but also

Table 3. A comparison of mean values on
a number of kinematic measures for
reaches directed to target objects located

Order of trials Feedback condition

30 cm from the hand’s start position,
when subjects could (blocked series,

Exp. 1) or could not (random series,
Exp. 2) predict whether visual feedback
would be available during the movement.
(Standard error of mean values indicated
in parentheses)

Vision No vision

Movement onset (ms) blocked (Exp 1) 444 (6.1) 472 (5.7)

random (Exp 2) 473 (9.3) 471 (10.2)
% time to maximum blocked (Exp 1) 71.3(0.9) 67.6 (0.8)
aperture random (Exp 2) 64.5 (1.3) 63.3 (1.2
% time to maximum blocked (Exp 1) 48.9 (0.9) 46.5 (0.9)
height random (Exp 2) 46.3 (0.7) 45.3 (0.8)




through the integration of visval information available
before the movement begins with non-visual sources of
information (proprioceptive/kinesthetic feedback, effe-
rence copy) about limb position as the movement is being
executed. In fact, Jeannerod, Michel and Prablanc (1984)
studied a patient with hemianesthesia and found that
when proprioceptive/kinesthetic information is unavail-
able the success of a prehensive movement is critically
dependent upon the availability of visual feedback, a
finding which suggests that this information is normally
used to guide the closing the hand upon the object when
the reaching limb cannot be seen.

Conclusions

The data from these two experiments have shown that
the control mechanisms underlying transport of the limb
and grip formation are affected by similar task con-
straints including visually-based estimates of object size
and distance, and by the subject’s expectations regarding
the availability of visual feedback. These results are con-
sistent with other observations suggesting that a variety
of intrinsic and extrinsic task constraints, such as instruc-
tions to the subject and perceived object fragility, can
affect different effector components of a coordinated
action (Fisk and Goodale 1990; Marteniuk and Mac-
Kenzie 1990). One interpretation of these observations is
that the apparent relationship between the transport and
grip components of prehension involves more than tem-
poral coupling and that a higher-order control system is
responsible for their integration. Additional support for
this hypothesis comes from recent observations of pa-
tients with optic ataxia who show deficits in the visual
control of both reaching and grasping (Jakobson et al.
in press; Perenin and Vighetto 1983, 1988).

The notion that reaching and grip formation are con-
trolled by a higher-order mechanism begs the question as
to how apparent dissociations between these two com-
ponents might arise. There are at least two plausible
explanations for this. One is that, since it is difficult to
compare spatial errors in reaching with postural errors
in grip formation, the magnitude of an apparent deficit
in one component in relation to the other may have been
overemphasized in previous reports. A second plausible
alternative is that the higher-order control mechanism
could remain intact following brain damage while dam-
age at a lower level of control could interfere with one
component but not the other.
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