
Abstract The present study utilized a trunk-assisted
prehension task to examine the hypothesis that there is
spatial regularity between the grasp and transport com-
ponents. To test this hypothesis, we varied movement
amplitude, reach speed, and object size. When examin-
ing the opening and closure phases of aperture forma-
tion, it was found that the distance to peak aperture in-
creased systematically with hand-path trajectory length,
while the distance from peak aperture to the object re-
mained constant, which supports the notion of state-
space control. Regarding the relationship among the
body segments involved, temporal measures such as rel-
ative time to peak aperture, and peak velocity of the arm
and trunk were altered by the changes in both object size
and reach speed. It was also found that the time to peak
trunk velocity was coupled with the time to peak arm ve-
locity as well as with the time to peak aperture. Based on
these results, it appears that the trunk is closely linked
not only to the arm motion, but also to the aperture for-
mation. Collectively, these findings suggest that, during
trunk-assisted prehension, the arm and the trunk are co-
ordinated by neuromotor synergies that appear to posi-
tion grip aperture for a stable closure to grasp the object.
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Introduction

Reach-to-grasp movement is one of the most frequently
performed activities in daily life. It has been extensively
studied to obtain a better understanding of how the ner-
vous system coordinates multijoint movements, and kine-
matic and neurophysiological evidence suggests that
reaching and grasping involve separate mechanisms (e.g.,

Lawrence and Kuyper 1968; Mountcastle et al. 1975;
Rizzolatti et al. 1988; Wallace and Weeks 1988; Jakobson
and Goodale 1991; Gentilucci et al. 1992; Jeannerod et al.
1995; Lemon et al. 1995; Kudoh et al. 1997; Smeets and
Brenner 1999). Most studies that examined reach-to-grasp
movements involved tasks for which the subjects simply
reached for an object by extending the arm. In daily life,
however, individuals are confronted with situations where
an object is located beyond the arm's reach, so the trunk
becomes involved in the arm transport to extend the reach.
In such a situation, the motor control system needs to not
only control the grasp and transport components of the
moving arm, but also coordinate the trunk with the arm.
Tyler and Hasan (1995) have shown that the nervous
system does not activate trunk muscles across all target di-
rections to counteract postural disturbances at the initia-
tion of reaching movements, suggesting that, even when
the trunk is not actively involved, it is still activated for
reasons other than just postural stabilization. Thus, inves-
tigations that employ the tasks in which the trunk becomes
more actively involved, such as trunk-assisted prehension,
may provide insights into how the nervous system coordi-
nates a redundant number of degrees of freedom.

A limited number of studies have employed trunk-
assisted pointing (Kaminski et al. 1995; Ma and Feldman
1995; Pigeon and Feldman 1998) or prehensile move-
ments (Saling et al. 1996; Wang and Stelmach 1998a),
most of which focused on the temporal relationship be-
tween the arm and trunk. Wang and Stelmach (1998a),
however, demonstrated findings with respect to the spa-
tial relationship between the aperture formation and
transport component. We showed that the aperture open-
ing distance (i.e., length of hand-path trajectory between
onset and peak aperture) increased systemically as the
overall hand-path trajectory length increased, while the
aperture-closure distance (i.e., length of hand-path trajec-
tory between peak aperture and contact of the object) re-
mained invariant, regardless of whether the hand was de-
livered to the object by the arm, trunk, or both. We, thus,
suggested that the distance between the moving hand and
the object (i.e., closure distance) may be an important
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variable controlled by the nervous system to maintain co-
ordination between the grasp and transport components.
Since the invariance in closure distance was only exam-
ined for one movement amplitude in that experiment, this
hypothesis was not sufficiently tested. This study, thus,
examined whether the invariance in closure distance can
be observed for two different movement amplitudes.

Two additional variables were also examined in this
study: reach speed and object size. The effect of reach
speed was examined because the extent to which the
trunk participates in the prehensile movement has been
shown to vary depending on the reach speed (Seidler and
Stelmach 2000). It seemed that the results with regard to
the movement amplitude might vary depending on the
reach speed; thus, the effect of two different reach speeds
were investigated in this study. Regarding the effect of
object size, Saling et al. (1996) showed that the change in
object size did not affect trunk kinematics. However,
when we consider the anatomical and kinematic relation-
ships between the hand and arm and also between the arm
and trunk, it is unlikely that the trunk motion is not linked
with the aperture formation at all. It was assumed that the
failure to find the effect of object size on trunk kinemat-
ics in Saling et al.'s experiment was probably due to the
object sizes used in their experiment (22 and 67 mm in
diameter) not being different enough. In other words, the
smaller object might not have been small enough to alter
the trunk kinematics. Thus, the present experiment used
smaller objects: 1 mm and 38 mm in diameter for small
and large sizes, respectively.

Therefore, the present study varied movement ampli-
tude, reach speed, and object size to test the hypothesis
that aperture-closure distance is a stable variable con-
trolled by the nervous system. If closure distance is a sta-
ble variable for prehensile actions, such invariance in clo-
sure distance should be observed regardless of changes in
movement amplitude, reach speed, and object size. If this
can be documented, it is likely that the closure distance
plays an important role in coordinating reach-to-grasp ac-
tions. Such findings, thus, will provide further support for
the notion that spatial regularity exists in the relation be-
tween the grasp and transport components during prehen-
sile movements, that is, state-space control (Haggard and
Wing 1995, 1998; Wang and Stelmach 1998a).

Materials and methods

Subjects

Eight healthy college students (four males and four females; age
20–26 years; all right handed) were recruited from the Arizona
State University. Informed consent forms were obtained prior to
their participation in the study. None of them had a previous histo-
ry of neurological or visual problems.

Experimental paradigm

There were three factors tested in this experiment: movement ampli-
tude (Near and Far), reach speed (Slow and Fast), and object size
(Small and Large). Subjects were seated on a chair and asked to

reach and grasp either of two objects, which was placed on a table
directly in front of their trunk at a distance of either 50 or 70% of
their maximum reaching distance from the starting position of the
hand (i.e., approximately 30 and 42 cm, respectively). These move-
ment amplitudes were determined such that the trunk could partici-
pate in reaching without any specific instruction. The maximum
reaching distance was measured for each subject as the distance be-
tween the resting position of the hand and the position of the tip of
the middle finger when the subject sat on the chair and reached with
the index finger on the table as far as they could by extending both
arms straight and bending the trunk forward. For the reach-speed
and object-size manipulation, subjects were asked to reach for the
object of either 1 or 38 mm in diameter at a comfortable speed
(Slow) or as fast as possible (Fast). Thus, for each condition, sub-
jects were seated and asked to reach and grasp the object as the ob-
ject size, reach speed, and movement amplitude were varied accord-
ing to the given condition. The height of the chair was adjusted for
each subject so that the forearm was maintained near a horizontal
level in a resting condition. Subjects were encouraged to move the
arm and trunk directly towards the target without any rotation or lat-
eral motion (see Fig. 5). Several practice trials were given before
each condition, and 12 trials were collected for each condition.

Data analysis

The movements were recorded using an Optotrak 3D system with
three independent cameras (Northern Digital, Waterloo, Ontario).
Four infrared-emitting diode (IRED) markers were attached to
each subject: index finger nail, thumb nail, metacarpal of the in-
dex finger (approximately two-thirds of the length from the distal
end), and the middle of the sternum. Data were sampled at 100 Hz
for 2 s, filtered through a second-order Butterworth digital filter
with a cutoff frequency of 6 Hz.

Collected data were used to obtain kinematic measures for
three different components: the grasp component, wrist compo-
nent, and trunk component. For the grasp component, peak aper-
ture, aperture duration (the time taken between the onset and off-
set of aperture), time to peak aperture (i.e., opening time), and clo-
sure time were calculated. In addition to these temporal measures,
distance kinematic measures were considered, since a spatial pat-
tern of coordination between the grasp and the transport compo-
nents has been suggested (Haggard and Wing 1995; Saling et al.
1998; Wang and Stelmach 1998a). Using the data of the thumb
marker as it traveled along an axis joining the home and the target
positions, the length of hand-path trajectory was calculated be-
tween the onset of grip aperture and the peak aperture (i.e., open-
ing distance) and also between the peak aperture and the contact
with the object (i.e., closure distance) (Fig. 1). For the trunk com-
ponent, trunk-movement duration (time taken between the onset
and offset of trunk motion), peak velocity, and absolute and rela-
tive time to peak velocity were calculated. Regarding the wrist
component, data from the wrist marker reflected not only the wrist
motion, but also the trunk motion because the transport of the
hand in these conditions was carried out by both the wrist and
trunk motions. Therefore, the data on the wrist component were
subdivided into two components: endpoint motion and arm mo-
tion. Kinematic data obtained directly from the wrist marker were
used for the endpoint component. Arm motion relative to the trunk
was measured by taking the difference between the wrist and trunk
markers at every sample point. Movement duration, peak velocity,
and absolute and relative time to peak velocity were calculated for
each component.

For each dependent measure, a mean value was calculated for
each subject for each condition and an ANOVA was performed us-
ing these mean values. In addition to this, Pearson correlation co-
efficients and partial correlations were calculated to examine the
relationship of the trunk motion to the aperture and to the endpoint
and arm motions. Pearson correlation coefficients were used to ex-
amine whether the trunk motion was temporally related to other
body segment motions, while partial correlations were used to
compare the relative contribution of the trunk and arm motions to
the endpoint motion.
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Results

Figure 2 shows a representative example of the changes
in the grip aperture as well as the endpoint, arm-, and
trunk-velocity profiles over time. Both the endpoint and
the trunk velocity showed a relatively bell-shaped pro-
file, although the arm-velocity profile was not always
bell-shaped (i.e., it sometimes demonstrated a sinusoidal
profile, showing negative values for a brief period – this
was when the trunk moved faster than the wrist). There
was no fixed pattern found in terms of the order between
onsets of the endpoint and trunk motions. The trunk mo-

tion tended to precede the endpoint motion for the ma-
jority of trials regardless of condition, although the time
delay between the two onsets was small. As for the order
between offsets, it is apparent that, in conditions where
the large object was used, the endpoint motion stopped
as the hand grasped the object while the trunk continued
to move for approximately 100–200 ms. In conditions
where the small object was used, however, both the end-
point and the trunk velocity reached zero before the hand
grasped the object. With regard to the arm motion, its
onset and offset occurred very closely in time to those of
endpoint motion.

Temporal kinematics of the transport components

For the transport component, no significant interaction
effect was found for any of the parameters, except that
the Speed × Amplitude interaction was significant for the
time to peak endpoint velocity (P<0.05). As the move-
ment amplitude increased, the time to peak endpoint ve-
locity increased significantly for the Slow condition,
whereas it did not increase for the Fast condition. Al-
though not statistically significant, the Speed × Ampli-
tude interaction also almost reached the significance lev-
el for the time to peak velocity of the arm and the trunk,
showing a trend similar to that of the time to peak end-
point velocity. Mean and standard-deviation values of se-
lective parameters for each condition are presented in
Table 1.
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Fig. 1 Aperture-opening and -closure distance during a reaching
motion

Fig. 2a–d Aperture and veloci-
ty profiles of endpoint, arm mo-
tion, and trunk motion for
Speed and Size combinations.
Solid line in the upper panel de-
picts the change in aperture;
broken line in the middle panel
endpoint velocity; dotted line
trunk velocity; and solid line in
the lower panel arm velocity.
Vertical solid line represents the
point in time when the fingers
contacted the object; vertical
broken line offset of endpoint
motion; and vertical dotted line
offset of trunk motion. (Vertical
broken and dotted lines were
overlapped in b and d.) Offset
intervals between grasp and
transport components were lon-
ger when the small object was
used. Amplitude conditions are
not shown in this figure since
most temporal measures were
not altered very much by the in-
crease in Amplitude, except that
the overall aperture and veloci-
ty profiles were lengthened
over time. (Each line represents
an individual trial from the
same subject)



As for the main effects, Size was significant for the
movement duration and the relative time to peak velocity
of the endpoint, arm, and trunk motions (P<0.05). The
movement duration of all three transport components
was longer for the small object, while the relative time to
peak velocity of those three components became shorter
for the small object. Speed was significant for the peak
velocity, movement duration, and relative time to peak
velocity of the endpoint, arm, and trunk motions (P<0.05
for relative time variables; P<0.001 for the other vari-
ables). The peak velocity of all the three components
was higher for the Fast condition, whereas movement
duration and relative time to peak velocity were longer
for the Slow condition. Amplitude was significant for the
movement duration of all the three components (P<0.05
for the trunk; P<0.001 for the endpoint and arm), but not
for the relative time to peak velocity of any components.
With regard to the time to peak velocity, Speed was sig-
nificant for all the three components (P<0.001), while
Amplitude was significant for the endpoint and trunk
motions (P<0.01). As mentioned earlier, however, the
Speed × Amplitude interaction almost reached the signif-
icance level for the time to peak velocity of all three
components, indicating that as Amplitude increased the
time to peak velocity in the Fast condition did not in-
crease as much as it did in the Slow condition. Since the
relative time variables are of main interest in this study,
changes in the relative time to peak velocity of the end-
point, arm, and trunk motions across conditions are
shown in Fig. 3.

Temporal kinematics of the grasp component

For the grasp component, no significant interaction ef-
fect was found for any of the temporal parameters. Mean
and standard deviation values of selective parameters for

each condition are presented in Table 1. As for the main
effects, Size was significant for the peak aperture
(P<0.001), showing that it was smaller for the small ob-
ject than for the large object. Aperture duration, closure
time, and relative time to peak aperture were also influ-
enced by the size of the object (P<0.001 for all parame-
ters), showing that the aperture duration and closure time
were longer for the smaller object, while the relative
time to peak aperture was longer for the large object.
Speed was significant for the aperture duration and the
absolute and relative time to peak aperture (P<0.05 for
all parameters), showing that all these time measures
were shorter for the Fast condition. Amplitude was sig-
nificant for the aperture duration and the time to peak
aperture (P<0.01 for both), showing that they both in-
creased as the movement amplitude increased, although
it was not significant for the relative time to peak aper-
ture. Changes in the relative time to peak aperture across
conditions are shown in Fig. 3.

Spatial coordination between the grasp and transport
components

In order to examine the spatial coordination between the
two components, the relationship between the aperture
opening and closure distances was examined. Scatter
plots were made to graphically demonstrate the relation-
ship between the opening distance and the overall hand
transport distance as well as between the closure dis-
tance and the overall hand transport distance. In general,
there was a trend that opening distance increased as the
overall hand-transport distance increased while the clo-
sure distance did not (Fig. 4a). Although the majority of
data points fit in such a trend, it also appeared that there
were some data points that did not correspond to this
trend. A closer examination of the relationship between
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Table 1 Means (and standard deviations) of temporal parameters for different conditions

Amplitude Speed Size

Near Far Fast Slow Small Large

Endpoint motion
Peak endpoint velocityb (mm/s) 573 (232) 483 (239) 428 (234) 628 (201) 527 (234) 529 (247)
Time to peak endpoint velocitya, b (ms) 33 (8) 37 (11) 26 (4) 44 (7) 35 (10) 35 (10)

Arm motion
Peak arm velocityb (mm/s) 419 (166) 507 (162) 542 (152) 383 (147) 446 (163) 480 (174)
Time to peak arm velocityb (ms) 31 (9) 34 (11) 24 (5) 41 (6) 33 (10) 32 (10)

Trunk motion
Peak trunk velocityb (mm/s) 302 (133) 518 (143) 499 (166) 321 (136) 417 (176) 403 (176)
Time to peak trunk velocitya, b (ms) 47 (11) 52 (13) 39 (4) 60 (7) 50 (12) 49 (13)

Aperture formation
Peak aperturec (mm) 48 (12) 48 (13) 49 (12) 47 (13) 37 (4) 58 (8)
Time to peak aperturea, b (ms) 56 (21) 69 (23) 47 (11) 78 (21) 64 (23) 61 (23)
Closure time (ms)c 29 (15) 29 (17) 26 (17) 31 (15) 37 (19) 20 (5)

aAmplitude significant, bspeed significant, csize significant (at P<0.05)



the opening/closure distance and the overall distance
within each subject revealed that a very clear trend was
observed in six subjects, whereas it was not so robust in
two subjects. We, thus, plotted the changes in the open-
ing/closure distance as a function of the overall distance
again, with the data of the two subjects separated from
those of the other subjects. It appeared that the closure
distance was quite invariant, regardless of the overall
hand-transport distance in these six subjects (Fig. 4b).
Such a trend was also observed in the remaining two
subjects, although it was not as apparent as in the other
six subjects (Fig. 4c).

Spatial plots for the endpoint and trunk motions are
shown in Fig. 5, which illustrates the movement trajecto-
ries traveled by the endpoint and trunk markers. From
the figure, it is apparent that the change in movement
amplitude significantly altered both the endpoint and
trunk trajectories (approximately 50 cm for the Far con-
dition and 30 cm for the Near; 25 cm for the Far and
15 cm for the Near, respectively). It also appears that the
trunk moved directly towards the target without any rota-
tion or lateral motion (top view), as instructed. Although
the trunk did not move towards the target horizontally
(side view), the extent to which the trunk descended as it
moved forward was minimal (approximately 4 cm for
the Far condition and 2 cm for the Near, respectively).
Analysis of variance revealed that the opening distance
was significantly affected by both Amplitude and Speed
(P<0.001 and P<0.05, respectively), while the closure
distance was not altered by any of the three factors.
When the data from the six subjects only were consid-
ered, however, the opening distance was only affected by
Amplitude (P<0.001), while the results with respect to
the closure distance remained the same. Figure 6 illus-
trates the changes in the opening and closure distances

across different conditions. As can be seen in Table 2
(data from the six subjects), the opening distance
changed from 285 to 469 mm (approximately 65% in-
crease) as Amplitude changed, although the change in
closure distance was minimal (approximately 10%). 

Regression analyses were conducted to examine
whether the invariance in closure distance was observed
under different conditions within each subject. Thus, the
standardized regression coefficients (β), which reflect
the amount of change in opening and closure distance re-
sulting from a one-standard-deviation change in the total
hand transport distance, were calculated for the four
Speed × Amplitude conditions for each subject (Speed
and Amplitude only were found significant for opening
distance). Results showed that, for the opening distance,
28 βs among 32 (four βs per subject; mean of 0.80;
range from 0.20 to 1.00) were found significantly greater
than zero (P<0.05), whereas seven βs among 32 (mean
of 0.22; range from 0.00 to 0.67) were found significant-
ly greater than zero for the closure distance. (Regression
analyses using a statistical computer program SPSS, ver-
sion 9, for Windows automatically provided the signifi-
cance levels of β.) Among the four βs of opening dis-
tance that were not greater than zero, however, three βs
came from the two subjects whose data points were
shown in Fig. 4c; similarly, among the seven βs of clo-
sure distance that were greater than zero, two βs came
from those two subjects. This result indicates that most
βs were significantly greater than zero for the opening
distance, although not for the closure distance, suggest-
ing that the opening distance increased systematically
with the increase in the total hand-transport distance al-
though the closure distance did not. These coefficients
were further subjected to an ANOVA as a standard de-
pendent variable (assumptions for an ANOVA were
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Fig. 3 Changes in relative time
parameters in response to
changing object size and reach
speed. (* indicates that this
comparison was found to be
statistically significant at
P<0.05; ** significant at
P<0.01; movement amplitude
was not significant for any of
these parameters)



met), which showed no significant effect of Amplitude,
Speed, or their interaction for either opening or closure
distance. Effect size, o2, was estimated for each effect:
for opening distance o2 was –0.01, –0.01, and –0.03; for
closure distance o2 was –0.02, –0.02, and –0.02 for Am-
plitude, Speed, and Amplitude by Speed interaction, re-
spectively. Therefore, these data indicate that the closure
distance remained invariant as the hand transport-dis-

tance changed and that the amount of change in both
opening and closure distance was not statistically differ-
ent across conditions, which suggests an invariance in
closure distance under different conditions where the
temporal and spatial features of the transport vary.

Temporal relationship
of the trunk motion to other components

Pearson correlation coefficients were calculated to exam-
ine whether the trunk motion was correlated with the
grasp aperture as well as with the arm and endpoint mo-
tions within each subject. It was found that the correla-
tion coefficients between any two motions were statisti-
cally significant for every subject (P<0.01). The time to
peak trunk velocity was significantly correlated with the
time to peak aperture for every subject (mean of 0.71;
range from 0.37 to 0.83). In addition, the time to peak
trunk velocity was significantly correlated with the time
to peak endpoint velocity (mean of 0.86; range from 0.75
to 0.95) and also with the time to peak arm velocity
(mean of 0.80; range from 0.68 to 0.91). These correla-
tion data indicate that trunk motion was temporally cou-
pled not only with the endpoint and arm motions, but
also with the aperture formation. In addition, the time to
peak endpoint velocity was significantly correlated with
the time to peak aperture (mean of 0.71; range from 0.39
to 0.84) and with the time to peak arm velocity (mean of
0.88; range from 0.79 to 0.94). The time to peak arm ve-
locity was also significantly correlated with the time to
peak aperture (mean of 0.65; range from 0.34 to 0.85).
Figure 7 shows the relationships among those parame-
ters.

Contribution of the trunk
to the transport component

The relative contribution of the trunk and the arm mo-
tions to the endpoint motion was estimated by calculat-
ing, within each subject, the partial correlation between
the peak trunk velocity and the peak endpoint velocity,
with the peak arm velocity partialled out, as well as the
partial correlation between the peak arm velocity and the
peak endpoint velocity, with the peak trunk velocity par-
tialled out. The extent to which the arm and trunk partic-
ipate in, or contribute to, the reaching movement
changed in most subjects as reach speed changed, show-
ing that as reach speed increased the partial correlation
between the peak trunk and endpoint velocity decreased,
whereas the partial correlation between the peak arm and
endpoint velocity increased (Table 3). The partial corre-
lations data were subjected to a Wilcoxon matched-pair
signed-ranks test, which is a powerful nonparametric test
for comparing dependent groups. The results showed
that, with the increase in reach speed, the partial correla-
tion between the peak arm and endpoint velocity in-
creased significantly (P<0.05), although the partial cor-
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Fig. 4a–c Scatter plots showing the changes in opening (▲)/clo-
sure (■ ) distance as a function of total hand-transport distance.
a Data from all subjects. b Data from the six subjects who demon-
strated constant closure distance. c Data from the two subjects
who did not clearly show such a trend. (Although the two subjects
behaved quite differently from the other six subjects with respect
to the spatial aspect, their performance with respect to the tempo-
ral aspect was not significantly different from the other subjects)



increase in the partial correlation rather than a decrease
(subject no. 1 in Table 3), was removed. Therefore, it ap-
pears that, as the temporal constraints are increased, the
relative contribution of arm motion to the endpoint mo-
tion is increased, although that of trunk motion is de-
creased. The changes in the object size and the move-
ment amplitude did not appear to change the relative
contribution of the trunk and the arm motions to the end-
point motion, since no systematic changes in partial cor-
relation were observed across subjects.
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Table 2 Means (and standard
deviations) of aperture opening
and closure distances

Amplitude Speed Size

Near Far Fast Slow Small Large

Eight subjects
Opening distancea, b (mm) 281 (40) 461 (55) 358 (101) 384 (104) 371 (110) 371 (96)
Closure distance (mm) 34 (33) 36 (46) 41 (48) 29 (29) 43 (53) 27 (18)

Six subjects
Opening distancea (mm) 285 (41) 469 (41) 371 (101) 383 (104) 387 (108) 368 (96)
Closure distance (mm) 21 (13) 23 (9) 23 (9) 20 (13) 20 (9) 23 (13)

aAmplitude significant
(at P<0.001), bspeed significant
(at P<0.05)

Table 3 Partial correlations between peak-velocity parameters

Subject Slow Fast

Trunk Arm Trunk Arm 
vs. endpoint vs. endpoint vs. endpoint vs. endpoint

1 0.33* 0.86* 0.54* 0.97*
2 0.33* 0.74* 0.24 0.66*
3 0.63* 0.57* 0.35* 0.93*
4 0.49* 0.94* 0.29 0.97*
5 0.36* 0.65* 0.09 0.68*
6 0.48* 0.91* 0.04 0.96*
7 0.41* 0.72* 0.54* 0.85*
8 0.73* 0.63* 0.43* 0.87*

*Significantly different from zero at P<0.05

Fig. 5 Spatial plots showing
the trajectories of the endpoint
and trunk motions. Reaching
motion to the target involved
the natural flexion of the hip
and extension of the shoulder
and elbow joints. Upper panel
depicts the endpoint and trunk
trajectories for the far-ampli-
tude condition; lower panel de-
picts those for the near condi-
tion. (Each line represents an
individual trial from the same
subject)

Fig. 6 Changes in opening/closure distance across Amplitude,
Size, and Speed conditions. (Data based on six subjects; * signifi-
cant at P<0.001)

relation between the peak trunk and endpoint velocity
did not decrease significantly. However, the change in
the partial correlation between the peak trunk and end-
point velocity was found to be statistically significant
(P<0.05) when one of the two subjects, who showed an



Discussion

It has been suggested that prehensile movements utilize
state-space control; that is, there is spatial regularity be-
tween the grasp and transport components during pre-
hensile action (Haggard and Wing 1995, 1998). This no-
tion has been supported by our previous experiment
(Wang and Stelmach 1998a) that manipulated the in-
volvement and coordination of body segments during the
reach to the object (i.e., arm only, trunk only, combina-
tions of both). The present experiment confirmed our
previous findings, demonstrating that the aperture-open-
ing distance increased systematically as the total hand-
transport distance increased, whereas the aperture-clo-
sure distance did not. Until this experiment, invariance
in closure distance was only observed for one movement
amplitude; thus, the present experiment extends the pre-
vious findings by showing that closure distance re-
mained constant across two different amplitudes. These
findings also extend Saling et al.'s (1998) finding that
closure distance was relatively constant regardless of a
change in the total hand-transport distance when altered
by the presence of an obstacle that required the elevation
of the arm on the way to the target object. In their study,
the trunk was not involved in reaching, but the total
hand-transport distance was lengthened without chang-
ing the position of the target object. At this point, it is

important to note that the stability in closure distance
was observed regardless of whether the coordination be-
tween the grasp and transport components was influ-
enced by the involvement of body segments (i.e., arm
only, trunk only, or both) or by the changes in movement
amplitude, reach speed, and object size. This suggests
that the grasp component is specified independently
from the transport component (Jeannerod 1992; Lemon
et al. 1995; Timman et al. 1996), at least in terms of spa-
tial control, and that the closure distance is a stable vari-
able controlled by the nervous system for prehensile ac-
tion.

With regard to trunk motion, our data showed that it
was temporally coupled to both arm motion and aperture
formation. The time to peak trunk velocity was signifi-
cantly correlated with both the time to peak arm velocity
and the time to peak aperture. In addition, the trunk-
velocity profile became asymmetrical, i.e., the relative
time to peak trunk velocity changed significantly as the
object size became smaller. Saling et al. (1996) also ex-
amined the effect of object size on the trunk motion, al-
though they failed to show the tight relationship between
trunk motion and aperture formation. It may be due to
the fact that the two object sizes they used (22 mm and
67 mm in diameter) were not different enough, i.e., the
smaller object may not have been small enough to alter
the trunk kinematics. When a smaller object (1 mm in
diameter) was used in the present study, however, the trunk
kinematics were altered, indicating that trunk motion is
closely linked to the aperture formation. Thus, it is sug-
gested that, when the trunk becomes involved, trunk mo-
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Fig. 7 Scatter plots showing the relations among the grasp forma-
tion, endpoint, arm motion, and trunk motion



tion is coupled with the arm motion to accomplish the
goal of the transport component as well as with the grasp
component, probably in a manner similar to which the
arm is related to the grasp component, to preserve the
coordination between the grasp and transport compo-
nents.

Saling et al. (1996) suggested that the trunk and arm
are controlled separately based on the finding that no
fixed onset-movement pattern was observed, even within
a subject (i.e., reaching movement was initiated by the
trunk in 58% of trials, by the arm in 18%, and unclear in
remaining trials). This experiment found similar results
with regard to the initiation of movement and further
found that the offsets of the arm and trunk motions were
differentially affected by the change in object size (i.e.,
when reaching for the large object, the trunk stopped
moving much later than the arm did, although when
reaching for the small one, they stopped very closely in
time). These findings indicate that the arm and the trunk
are controlled independently. This, however, does not
necessarily mean that the two are completely indepen-
dent. Our data also showed that the movement duration
and the relative time to peak velocity of both the arm and
trunk decreased when the object size decreased and also
when the reach speed increased. In other words, the
movement duration and relative time to peak velocity of
the arm and trunk scaled together with changes in tem-
poral and spatial constraints, suggesting that the arm and
the trunk, which make up the transport component, are
governed by one synergy. Thus, considering these find-
ings together, it is rather suggested that the arm and
trunk are controlled separately and, yet, are regulated by
some form of higher-order neuromotor organization.

The interpretation that the two components involved
in reaching are governed by one neuromotor synergy is
in agreement with the idea that there are two neuromotor
synergies involved in reaching motions: one that controls
arm movement to the target (i.e., reaching synergy) and
the other that coordinates the arm and trunk motions
without affecting the endpoint trajectory (Ma and Feld-
man 1995; Pigeon and Feldman 1998). The notion of the
latter, compensatory, neuromotor synergy is supported
by our study since our data suggest that arm and trunk
motions are coordinated together as a functional unit
during reaching. This notion is also supported by a set of
data that examined the synchronization pattern of arm
and trunk motions during reaching tasks between differ-
ent age groups of children (Wann et al. 1998). They
compared four groups of children (i.e., 3–4 year olds,
5–6 year olds, 7–12 year olds, 7–12 year olds with de-
velopmental coordination disorder) and found that the
time delay between the onsets of the arm and trunk mo-
tions was much longer in the youngest children group
and the group with developmental coordination disorder
(DCD) than in the other two groups. They also found
that the endpoint velocity profile was less symmetrical in
the youngest group and the group with DCD, indicating
poor coordination of the arm and trunk motions in these
children. This finding suggests that the optimal coordi-

nation between the arm and trunk during a reaching mo-
tion is accomplished naturally in children without neural
deficits, thereby suggesting the development of a com-
pensatory neuromotor synergy with age.

It has been well documented that the grasp and trans-
port (i.e., endpoint motion without the trunk) compo-
nents are temporally coupled (e.g., Jeannerod 1981,
1984; Marteniuk et al. 1990; Hoff and Arbib 1993;
Bootsma et al. 1994; Timmann et al. 1996). Our findings
add to the literature by suggesting that, during trunk-
assisted prehension, all the movement components in-
volved (i.e., grasping hand, arm, trunk) are controlled
separately and yet are coordinated through temporal
and/or spatial domains, which further suggests the in-
volvement of a hierarchical control of neuromotor syner-
gies in prehension (Jakobson and Goodale 1991; Wang
and Stelmach 1998a). It appears that the arm and trunk
motions, which are governed by separate neuromotor
synergies, are functionally unitized by a higher-order
synergy as an overall transport component to accomplish
the goal of reaching; in turn, this overall transport com-
ponent is coordinated with the grasp component by an-
other higher-order synergy to accomplish the global goal
of reaching and grasping.

This idea can be closely linked to some other find-
ings. Tresilian and Stelmach (1997) demonstrated that
the development of the grasp component and its adapta-
tion to changes in object size were very similar, regard-
less of whether the object was grasped by the thumb and
index finger (i.e., unimanual) or by two index fingers
(i.e., bimanual), suggesting that there is an effector-inde-
pendent level of organization governing the coordination
of the reach-to-grasp movements. This hypothesis is
further supported by a more recent study (Wang and
Stelmach 1998b), in which the grasp and transport com-
ponents were anatomically separated by having the sub-
jects grasp with one stabilized hand an object that was
delivered by the other hand (i.e., passing motion). When
the data from the passing condition were compared with
those from a typical reach-to-grasp condition (i.e., reach-
ing motion), the temporal relationship between the grasp
and transport components was similar across conditions.
It was also found that the closure distance was very con-
stant regardless of conditions. Thus, these findings sug-
gest that the two components maintain their temporal
and spatial relationships no matter how the grip was car-
ried out (i.e., unimanual vs. bimanual, reaching vs. pass-
ing), which provides support for the notion of an effec-
tor-independent level of organization responsible for co-
ordination between the two components. This notion is
also supported by neurophysiological data that, for ex-
ample, activities of some neurons in the premotor area
were related more with an action goal (i.e., similar activ-
ities during the grasping of food with either the hand or
mouth) than with the effectors that are used for different
action goals (i.e., different activities during the grasp-
ing and pointing-pushing movement using the hand)
(Rizzolatti et al. 1988). Taken all the findings together,
therefore, it is suggested that the nervous system utilizes
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individual neuromotor synergies to control the move-
ment components involved in prehensile action and that,
no matter which effectors or body segments are used for
the prehension tasks, the nervous system coordinates in a
hierarchical manner the neuromotor synergies responsi-
ble for the control of the available effectors to accom-
plish the goal of movement. Such control processes may
reflect the way in which the nervous system deals with
multiple body segments in controlling complex move-
ments.
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