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Abstract The goal of the present study was to compare
prehension movements of the dominant and the non-
dominant hand. Twenty right-handed volunteers (age
20-30 years) reached forward to grasp a cylindrical
object, which was lifted and then placed into a target
position in a retraction—insertion movement. The
movements were performed at three different velocities
(normal, deliberately fast, or slowly) both, under visual
control, and in a no-vision condition. Analysis of the
kinematic data revealed that the speed of hand transport
influenced pre-shaping of both hands in a similar way.
In the visual condition, the grip aperture increased about
linearly with peak transport velocity, while it increased
non-linearly with shorter movement duration. Com-
parison of the regression parameters showed that these
relationships were nearly identical for both hands. The
dominant hand was faster in inserting the object into the
target position. Otherwise, no significant inter-manual
differences were found. During prehension without vi-
sual control, the fingers opened more and movement
duration was prolonged. Except for a larger grip aper-
ture of the dominant hand at the end of the acceleration
phase, the kinematic data of both hands were again
comparable. This invariance was in contrast to perfor-
mance in fine motor skills such as a pegboard test and
drawing movements, where there was a clear advantage
of the dominant hand. The similar pre-shaping of both
hands during prehension is discussed with regard to a
common motor representation of grasping.
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Introduction

Reaching out to grasp an object includes two different
motor components, hand transport and grip formation.
The transport component (reaching), which brings the
hand to the target, involves contractions of mainly
proximal muscles acting on the shoulder and elbow
joints. Grip formation (pre-shaping) adapts the fingers*
configuration according to the size and shape of the
target object which the hand is approaching. It has
been hypothesized that both components, transport and
grip formation, are controlled via distinct visuomotor
channels, whose motor commands are coordinated to
ensure efficient prehension (Jeannerod 1986; Jeannerod
et al. 1995). Experiments in monkeys have demon-
strated that the visuomotor transformation of an ob-
ject’s size, shape and orientation into a specific
configuration of the fingers is accomplished by a neu-
ronal circuit that is formed by the inferior parietal
lobule and the ventral premotor cortex, which projects
to the primary motor cortex that steers the differenti-
ated finger movements via cortico-motoneuronal fibers
(Lemon 1993; Rizzolatti and Luppino 2001). Brain
imaging research suggests that the neuronal organiza-
tion in humans is similar (Binkofski et al. 1998).
Kinematic studies of prehension have furthermore
shown that the pre-shaping of the hand is not only
influenced by the object’s intrinsic properties, but also
by other factors such as the presence or absence of
visual feedback, the speed of hand transport, and
possibly also object distance and position (Chieffi and
Gentilucci 1993; Paulignan et al. 1997). The aperture of
the grasping hand is higher in conditions which impede
the accuracy of reaching, such as fast movements
(Wing et al. 1986; Wallace and Weeks 1988), and
movements in the dark (Jakobson and Goodale 1991;
Churchill et al. 2000; Schettino et al. 2003). Develop-
mental studies have demonstrated that young children
open their hands relatively wider than older ones
(Kuhtz-Buschbeck et al. 1998, Smyth et al. 2004). Also



anesthesia of the fingers leads to a wider grip aperture
during prehension (Gentilucci et al. 1997).

Most of these neuroimaging and kinematic studies
have so far been focused on reach-to-grasp movements
of the dominant hand. Yet, handedness is a basic
feature of the human motor behavior. Approximately
90% of humans are right-handers, who usually achieve
better results with their dominant than with their left
hand (Corballis 1997). The superior performance of
the dominant hand becomes most evident in precision
motor tasks such as handwriting or dextrous manip-
ulation (Annett 1992). In many bi-manual activities of
daily life, the non-dominant hand has a holding or
stabilizing function while the dominant hand manipu-
lates the object (e.g. when picking coins out of a
purse). When small objects are lifted and held in a
precision grip, the grip force of the non-dominant
hand is higher than the precision grip force of the
dominant hand, which is scaled with a narrower safety
margin against slip (Kuhtz-Buschbeck et al. 2000, their
Fig. 2).

In several recent studies, Sainburg and co-workers
compared reaching movements of the dominant and
non-dominant arm (Sainburg and Kalakanis 2000; Sa-
inburg 2002; Bagesteiro and Sainburg 2002; Sainburg
and Schaefer 2004). They found considerable interlimb
differences in the coordination of muscle and inter-
segmental torques and concluded that main factor dis-
tinguishing dominant from non-dominant arm
performance the facility governing the control of limb
dynamics (Sainburg 2002). However, few studies have
compared grasping kinematics of both hands during
prehension movements. Castiello et al (1993, 1997) re-
ported that right (RH) and left hand (LH) prehension
movements have a similar temporal structure. Smeets
and Brenner (2001) found somewhat more variable
movements of the non-dominant hand in seven subjects,
who reached out to grasp disks with a rather unusual
hand posture. We are not aware of a kinematic study
which compared grip formation of the LH and RH
under different temporal constraints. One could expect
that a less dextrous performance of the LH would
manifest itself with a higher grip aperture, especially
during fast movements (speed-accuracy trade-off). In the
present study, right-handed volunteers reached out with
three different velocities to grasp cylindrical objects:
moving with natural speed, deliberately fast, or slowly.
The objects were inserted into a target position. Pre-
hension trials were performed with visual control and in
a no-vision condition. The results, however, did not re-
veal significant differences of pre-shaping between the
LH and RH in the visual condition. In the no-vision
condition, the RH grip aperture was somewhat larger
than the LH aperture at the end of the acceleration
phase. Otherwise, all kinematic parameters of the reach-
to-grasp were comparable. The uniform kinematic pat-
tern is discussed in relation to an effector-independent
level of the motor representation of grasping.
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Methods

Twenty healthy volunteers (10 women, 10 men) aged
20-30 years (mean age, 23.7 years) took part in the
present study. All were right-handed, and none of them
had a previous history of any neurological disorder. All
gave informed consent before the experiments, which
had been approved by the Ethics Committee of the
Medical Faculty of Kiel University (Germany). Three
tests were used to describe the handedness of the sub-
jects. Firstly, we used a questionnaire (Annett 1970)
with 15 questions about hand preference (e.g. writing,
throwing, striking a match). Secondly, dexterity of both
hands was examined with the Purdue Pegboard
(Lafayette Co, Lafayette, IN, USA). The subjects
placed small pegs (diameter 3 mm, length 25 mm) into
board holes in three 30 s test sessions per hand as fast
as possible, and the number of pegs was averaged from
these trials. Thirdly, a ‘“‘square marking” test was ap-
plied. As one of the paper tests described by Annett
(1992), this procedure is known to show clear inter-
manual differences. Following a short practice session,
the squares (6.3 mm edge length) of a grid, printed on
paper, were marked with crosses as fast as possible with
a pencil for 30 s. The laterality index I was calculated
from the numbers of crosses or pegs reached by either
hand (R, right; L, left) with the formula 7 = [(R-L)/
(R+1L)] -100.

Experimental procedure

The left and right arm lengths (distance between acro-
mion and styloid process of the radius) were measured to
adjust the experimental set-up for each subject. We also
measured the maximum finger span as the distance be-
tween the pads of the thumb and index finger of the
spread hand. The arm lengths (55.5+ 3.3 cm) and finger
spans (12.5+ 1.4 cm) of both upper limbs were alike. The
volunteers sat in an adjustable chair, facing a dark table
surface (10070 cm). At the onset of each trial, the hand
and half of the forearm rested on the table in front of the
trunk in a semiprone position (Fig. 1a). Thumb and in-
dex finger lightly touched a small knob which marked the
starting point on the table. The object was a white up-
right plastic cylinder (g 15 mm, height 40 mm, weight
12 g) with a small footplate (¢ 25 mm, 4 mm high)
standing in a holder. The distance between starting point
and object was 60% of the arm length. Upon a short
acoustic start signal (beep), the subjects reached out to
grasp the object in a forward prehension movement
(Fig. 1b—d). They lifted it from the holder and carried it
to a second holder in a backward retraction movement
(Fig. le—g). There they inserted the object’s footplate
into the circular opening (diameter 25.5 mm, depth
4 mm) of the second holder, and released the cylinder
(Fig. 1h, 1). No effort was needed for the insertion. The



232

Fig. 1 Prehension and
retraction—insertion
movements. The subject reaches
forward to grasp and lift a
cylindrical object out of a
holder (a—d). The cylinder is
carried to a second holder in a
retraction movement (e—-g) and
its footplate is inserted into the
holder’s circular opening (g-h).
The inset in G shows the object
at this opening with higher
magnification

distance between the first and the second holder was 40%
of the arm length (=distance of retraction movement).

Within each subject, we varied the three factors hand
(LH/RH), visual condition (with/ without vision), and
movement velocity (slow, normal, fast). LH and RH
movements were examined in two consecutive sessions.
Each session consisted of two blocks; one block for the
visual condition and another block for the no-vision
condition. In the visual condition, the hand, object, and
set-up were visible all the time. In the no-vision condi-
tion, the light was extinguished simultaneously with the
start signal, so that the forward prehension and the
retraction—insertion movements had to be performed in
complete darkness. Each block consisted of three runs
(12-14 trials per run), each of which was performed
according to one instruction concerning movement
velocity. In the normal runs, the volunteers were allowed
to reach and grasp with their self-chosen natural speed.
They should deliberately move faster or, respectively,
more slowly, in the other runs. Prior to each session, a
pre-training was performed for the slow and fast
movements: Sounds of appropriate length, generated by
a pulse generator (Master-8; AMPI, Jerusalem, Israel),
indicated the desired movement time of the reach-to-
grasp (fast trials: 500 ms; slow trials: 1500 ms). These
time intervals were chosen according to previously
published data (Kuhtz-Buschbeck et al. 1998). The
subjects practised about six trials per velocity with these
sounds as a guideline, which, however, were not audible
during the actual experiments. The order of the different
conditions (hand, vision, velocity) were counterbalanced
across subjects. Yet, within each subject, the order was
the same for the LH and RH.

Kinematic data recording and analysis

An optoelectronic motion analysis system (MacReflex;
Qualisys, Goeteborg, Sweden) with a sampling fre-
quency of 50 Hz was used, consisting of three cameras
equipped with infra-red light emitting diodes (IRED)
and videoprocessors. The light was reflected by three
light-weight half-spherical markers (diameter 7 mm),
which were attached to the wrist above the styloid pro-
cess of the radius, and onto the nails of the thumb and
index finger. The three-dimensional coordinates of the
marker centroids were recorded and transferred to a PC
for the interactive evaluation and calculation of kine-
matic parameters. Two other IREDs were connected to
the pulse generator and to two photosensors which were
concealed in the holders. These IREDs indicated: the
start signal; the end of the reach-to-grasp, when the
object was lifted by more than 0.5 mm from the first
holder (Fig. 1d); and the end of the retraction—insertion,
when its footplate was placed into the opening of the
second holder (Fig. 1h). Methodical details have been
published previously (Kuhtz-Buschbeck et al. 1998).

Reach-to-grasp movement

The reaction time was defined from the start signal until
movement onset (Fig. 2, line 2), when the velocity of the
wrist exceeded 2 cm/s to increase thereafter. Movement
duration of the reach-to-grasp started from this moment
and finished when the object was lifted (Fig. 2, line 3).
Transport parameters extracted from the wrist position
data comprised: mean and peak (V.x) hand velocity,
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Fig. 2 Hand velocity and grip aperture profiles. Vertical lines
indicate the start signal (1), movement onset (2), the end of the
reach-to-grasp (3) when the object is lifted, the end of the
retraction phase (4), the insertion of the object into target position
(5). RT, reaction time; MD, movement duration; RP, retraction
phase; IP, insertion phase. Points a—e denote peak hand velocity
Vmax (@), maximum deceleration (b), early grip aperture (¢) at Viax,
maximum grip aperture (d), and peak velocity of hand retraction
"Vmax (). Inserts show original hand velocity (VEL) and grip
aperture (GA) curves of one run of fast trials to illustrate the intra-
individual variability

the absolute and relative (% of movement duration)
times of V.« and of peak deceleration, the length of the
movement trajectory, and the maximum height of the
wrist above baseline (=starting) level. Grip formation
was studied by measuring the distance between the
thumb and index finger markers. The early grip aperture
(c in Fig. 2) was determined at V.., which is after
about 40% of the movement duration. The maximum
grip aperture (d in Fig. 2) was attained later, during the
deceleration phase. We also calculated the absolute and
relative timing of this event.

Retraction-insertion movement

This movement was composed of two phases, the
retraction and the insertion phase. The retraction phase
started when the object was lifted from the first holder,
and comprised the first movement unit of hand retrac-
tion, i.e. the first acceleration—deceleration sequence
which brought the object to the second holder. Peak
retraction velocity (rV,ax), the timing of V.., and the
height of the curved wrist trajectory were calculated.
The end of the retraction phase was defined when the
velocity of the wrist fell below a threshold of 10 cm/s
(Fig. 2, line 4). During the subsequent insertion phase,
the object was placed into the circular aperture of the
second holder. This phase ended when the object
reached the goal position (Fig. 2, line 5). We also cal-
culated the search path as the length of the trajectory
covered by the wrist marker while the object was
manipulated into the holder’s opening during the
insertion phase.
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For each person 9-10 movement trials were evaluated
for each combination of factors. Only those trials were
included where all markers were sufficiently visible. The
dropout rate was about 10% (invisible markers, reflec-
tion artifacts, camera failure). From the usable trials,
mean values of each kinematic parameter were calcu-
lated for each individual. Separately for the visual and
the no-vision conditions, these mean results were entered
into 2x3 (handxvelocity) repeated measures analyses of
variance (ANOVASs). If the effect of the factor hand was
significant, post-hoc contrasts (LH vs. RH) were carried
out with paired t-tests. A higher grip aperture of the
non-dominant hand compared to the dominant hand
was expected. We did not plan contrasts between dif-
ferent velocity levels or between visual conditions, since
the influence of these factors is well-known (Wing et al.
1986; Jakobson and Goodale 1991; Churchill et al.
2000).

To illustrate the speed-accuracy trade-off for each
hand, the grip aperture data were plotted against Vy.y,
and against movement duration. Linear and non-linear
regressions (equations according to Nelson, 1983) and
Pearson’s correlation coefficients () were calculated with
the SPSS application package (Version 10; SPSS Inc,
Chicago, USA). We also fitted regression lines to the
data of each individual subject, and compared the slopes
and intercepts of the LH and RH lines with paired
t-tests. Significance level was set at P <0.05.

Results

The tests of handedness confirmed the significantly
better performance of the right dominant hand (Fig. 3).
The laterality index was 22+5 (mean + SD) for the
square marking test, and 4 + 3 for the Purdue Pegboard.
The results of women and men were comparable.
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Fig. 3 Handedness. The number of squares that were marked in
the paper-test, and the number of pegs inserted into pegboard holes
are indicated (means + SD of the 20 right-handed subjects). Open
symbols: left hand (LH); black symbols: right hand (RH).
Significant inter-manual differences are marked with asterisks
(paired z-test, * P<0.05; ** P<0.01)
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Visual condition

Scaled according to the arm length, the object distance
was 33.3+2 cm for trials performed with either hand.
For the visual condition, kinematic data of the LH and
RH are presented in Table 1. The relationships between
grip formation and reaching velocity of the RH and LH
are illustrated in Fig. 4. Each data point represents one
run, i.e. the mean of ~10 trials of one hand in one
subject at a certain velocity level. The early grip aperture
increased with peak hand velocity, and the regression
lines of the LH and RH are almost the same (Fig. 4a).
The slopes of the regression lines of the maximum
aperture are steeper (Fig. 4b). Again, the lines of the LH
and RH are nearly identical. Furthermore, calculation
of the regression lines in each individual subject, and
subsequent comparison of the LH and RH slopes and
intercepts (Table 2) revealed no significant differences
between hands. Figure 4c.d illustrate that the early and
maximum grip aperture both increased in a non-linear
fashion when the movement duration of the reach-to-
grasp shortened. The functions that characterize this
relation for the LH and RH are almost congruous. All
correlations illustrated in Fig. 4a—d were significant
(P<0.05). The correlation between pre-shaping and
Vmax Was characterised by positive coeflicients r for the
early (LH: 0.51; RH: 0.58) and the maximum grip
aperture (LH: 0.8; RH: 0.79). Negative coefficients r
specified the relations between movement duration and
early grip aperture (LH: —0.41; RH: —-0.47), or,
respectively, maximum aperture (LH: —0.73; RH:
—0.69).

No significant main effects of the factor “hand” were
found for any of the reach-to-grasp variables in the visual
condition (Table 1). However, an interaction between
hand and speed (F,335= 4.0, P<0.05) existed for the
mean transport velocity, as the RH was inclined to move
faster than the LH during speeded prehension (post-hoc
t-test, P=0.061). Another interaction was found (F, 33 =
6.3, P<0.01) for the relative time to V... In the slow
condition, the RH reached V.. a little earlier (at 31% of
the movement duration, P <0.05) than the LH (33%).
However, averaged across velocities, the relative times of
Vmax (LH, 38%; RH, 37% of movement duration), peak
deceleration (LH, 64%; RH, 65%), and maximum grip
aperture (LH, RH: both 78%) were comparable for both
hands, as were the absolute time intervals (Table 1).
Hence, in the visual condition, the forward prehension
movement and also the retraction phase were performed
nearly in the same manner by either hand (Table 1).
Significant differences between hands became evident
when the object was inserted into the second holder. The
insertion time (F; ;o= 10.7, P<0.01) and search path
(Fy19= 14.4, P<0.01) of the RH were shorter compared
to the LH, so the dominant hand was more efficient in
manipulating the object into the goal position (see
Fig. 1g, h). Post-hoc tests confirmed these differences
between hands (see asterisks in Table 1).

No-vision condition

Kinematic data of the prehension and retraction move-
ments performed in darkness are listed in Table 3. As

Table 1 Visual condition: Mean (SD in brackets) kinematic parameters of the LH and RH

Visual condition Velocity

Slow Normal Fast
Left / Right Hand LH RH LH RH LH RH
Reach-to-grasp
Reaction time (ms) 519 (160) 513 (147) 340 (195) 352 (143) 202 (44) 230 (63)
Movement duration (ms) 1884 (461) 1866 (384) 1034 (201) 1063 (223) 597 (105) 573 (112)
Peak hand velocity V.. (cm/s) 37.0 (11.2) 37.2 (8.8) 66.4 (14.5) 67.0 (17.1) 108.6 (25.5) 113.6 (26.5)
Mean hand velocity (cm/s) 19.0 (5.2) 19.0 (4.3) 33.4 (7.8) 332 (8.1) 56.3 (12.7) 60.0 (14.5)
Early grip aperture (cm) 2.79 (0.63) 2.95 (0.68) 3.13 (0.73) 3.23 (0.70) 3.74 (0.83) 4.07 (1.13)
Maximum grip apert. (cm) 5.23 (0.55) 5.25 (0.63) 6.00 (0.70) 5.88 (0.58) 7.09 (0.94) 7.16 (1.24)
Trajectory length (cm) 33.6 (3.8) 33.8 (3.4) 33.0 (3.2) 33.5(2.8) 324 (2.7) 32.8 (2.8)
Max. wrist height (cm) 6.78 (2.83) 6.81 (2.30) 6.56 (2.17) 6.70 (1.55) 5.77 (1.36) 5.60 (1.35)
Time of V.« (ms) 616 (195) 564 (130) 390 (86) 395 (96) 246 (44) 250 (48)
Time of peak deceleration (ms) 1114 (362) 1138 (289) 640 (150) 668 (206) 406 (75) 399 (71)
Time of max. grip aperture (ms) 1532 (437) 1518 (367) 799 (174) 812 (188) 455 (92) 439 (89)
Retraction - insertion
Retraction phase (ms) 1078 (289) 1041 (249) 697 (120) 692 (114) 522 (79) 509 (72)
Peak hand velocity r¥V ., (cm/s) 30.5 (8.7) 31.9 (8.3) 48.2 (10.3) 47.9 (8.6) 69.0 (14.7) 72.3 (17.4)
Time of 1V pax (MS) 606 (279) 561 (204) 321 (76) 332 (79) 212 (48) 208 (49)
Max. wrist height (cm) 4.05 (2.03) 4.20 (2.27) 3.39 (1.22) 3.47 (1.21) 2.82 (0.88) 2.80 (0.73)
Insertion phase” (ms) 671* (238) 584 (144) 457 (149) 415 (87) 320* (115) 263 (87)
Search path” (cm) 2.87* (0.87) 2.46 (0.64) 2.11* (0.50) 1.83 (0.28) 1.69* (0.53) 1.43 (0.39)

#Significant main “hand” effect (ANOVA, P<0.01)

*Significant difference between LH and RH results (post-hoc #-test; P <0.05)



Fig. 4 Pre-shaping in the visual
condition. The relationships
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Table 2 Mean parameters (SD in brackets) of the regression lines” of the grip apertures in function of peak hand transport velocity (¥ max)

for the LH and RH

Slope LH ° Slope RH ® Intercept LH ° Intercept RH °
Visual condition
Early grip aperture (at Viax) 0.012 (0.010) 0.015 (0.013) 2.33 (0.83) 2.33 (1.02)
Maximum grip aperture 0.026 (0.007) 0.024 (0.010) 4.28 (0.50) 4.33 (0.75)
No-vision condition
Early grip aperture (at Vipax) 0.022 (0.015) 0.029 (0.024) 2.08 (1.27) 1.97 (1.70)
Maximum grip aperture 0.020 (0.013) 0.025 (0.018) 6.74 (1.19) 6.66 (1.46)

#Results are based on regression lines that were calculated separately for each individual. Data of all subjects are summarized in Figs. 4a,

b (visual) and 5a, b (no-vision condition)

*No significant differences were found between RH and LH parameters

expected, the grasping hands opened more than in the
visual condition. The grip aperture values of the LH and
RH are depicted in Fig. 5. Both, the early grip aperture
(Fig. 5a) and the maximum finger distance (Fig. 5b)
increased with peak transport velocity. Both correlations
were significant (P <0.01), with similar coefficients r of
both hands for the early (LH: 0.58; RH: 0.57) and the
maximum finger aperture (LH: 0.55; RH: 0.58). The
regression lines of both hands are nearly parallel, but the
LH line in Fig. 5a is shifted downward by ~3 mm to-
wards a narrower early grip aperture (Fig. 5a). This
difference between hands did not reach significance

when the slopes and intercepts of the individual regres-
sion lines were compared with paired t-tests (Table 2).
Figure 5c, d demonstrate the relation between move-
ment duration and grip apertures. Despite the scatter of
the data, also the coefficients r of these correlations were
significant (P <0.05) for the early (LH: —0.50; RH:
—0.53) and the maximum aperture (LH, —0.55; RH,
—0.52). Again, the regression curves of both hands are
approximately parallel, with a tendency towards a nar-
rower LH grip aperture (see Fig. 5c).

Most kinematic variables of RH and LH movements
were comparable in the no-vision condition (Table 3).
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Table 3 No-vision condition: Mean (SD in brackets) kinematic parameters of the LH and RH

No-vision condition Velocity

Slow Normal Fast
Left / Right Hand LH RH LH RH LH RH
Reach-to-grasp
Reaction time (ms) 429 (135) 432 (154) 310 (91) 311 (107) 201 (63) 214 (57)
Movement duration (ms) 1849 (300) 1914 (363) 1251 (234) 1223 (275) 777 (160) 764 (193)
Peak hand velocity Vy,.x (cm/s) 42.1 (10.2) 44.6 (12.7) 68.9 (14.5) 72.1 (16.2) 102.3 (18.0) 106.6 (25.2)
Mean hand velocity (cm/s) 18.9 (3.4) 19.0 (5.6) 28.3 (6.6) 29.3 (7.0) 45.5 (11.8) 48.1 (15.5)
Early grip aperture” (cm) 3.08 (0.87) 3.32 (0.88) 3.46* (0.78) 3.97 (1.05) 4.40* (1.08) 4.99 (1.14)
Maximum grip apert. (cm) 7.51 (0.79) 7.71 (0.96) 8.31 (0.93) 8.50 (0.95) 8.67 (0.89) 9.06 (0.87)
Trajectory length (cm) 33.8 (3.3) 34.2 (3.1) 33.6 (2.6) 34.0 2.7) 33.4(2.9) 33.8 (2.8)
Max. wrist height (cm) 5.95 (2.39) 6.35(2.14) 5.98 (1.65) 6.17 (1.46) 5.79 (1.70) 5.70 (1.10)
Time of Vip.x (ms) 529 (111) 523 (161) 364 (77) 363 (85) 256 (40) 261 (46)
Time of peak deceleration (ms) 972 (258) 927 (310) 577 (125) 561 (125) 406 (53) 401 (62)
Time of max. grip aperture (ms) 1233 (240) 1226 (291) 742 (145) 717 (159) 468 (76) 457 (86)
Retraction — insertion
Retraction phase (ms) 962 (217) 962 (218) 683 (131) 677 (129) 506 (72) 510 (70)
Peak hand velocity rV .y (cm/s) 37.0 (8.7) 37.2 (10.5) 52.9 (10.6) 53.2 (11.7) 72.2 (15.1) 75.3 (16.9)
Time of 1V ax (ms) 467 (159) 443 (128) 313 (73) 301 (75) 220 (45) 219 (45)
Max. wrist height (cm) 3.66 (1.71) 3.92 (2.02) 3.47 (1.36) 3.18 (1.04) 3.00 (1.00) 2.86 (1.17)
Insertion phase (ms) 1342 (295) 1360 (305) 1333 (432) 1345 (436) 1080 (480) 1107 (484)
Search path (cm) 5.42 (1.94) 5.69 (1.47) 6.12 (2.53) 6.12 (2.09) 5.93 (3.67) 5.87 (2.36)

#Significant main “hand” effect (ANOVA, P = 0.01)
*Significant difference between LH and RH results (post-hoc #-test; P <0.05)

Fig. 5 Pre-shaping in the no-
vision condition. Relations
between peak hand velocity and
early grip aperture (a), and
between peak velocity and
maximum grip aperture (b) are
shown. Below: relations
between early (¢) or maximum
(d) grip apertures and
movement duration. Open
symbols and broken lines: left
hand (LH). Black symbols:
right hand (RH). The equations
of the regression lines are given.
Otherwise as in Fig. 4.
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The only significant main effect of “hand” (F; 9= 8.2,
P <0.01) was found for the early grip aperture, but it
was opposite of the predicted effect. In the normal and
in the fast conditions, the RH was opened wider than the
contralateral hand at maximum transport velocity (early
grip aperture, post-hoc t-tests, P <0.05). Moreover, the
maximum grip aperture of the RH tended to be larger
than the one of the LH during the fast no-vision trials
(Fy.10= 3.7; post hoc t-test P <0.07). The absolute time
intervals of prehension, and also the relative timings of
Vmax (LH, RH: both 31% of movement duration), peak
deceleration (LH: 51%; RH: 50%), and maximum grip
aperture (LH: 62%, RH: 61%) were similar between
hands. No significant effects of handedness were found
for the retraction—insertion without vision either.

Effects of velocity and modality

In the visual condition, all kinematic variables listed in
Table 1 were significantly influenced by the speed of the
movement. The main effects (ANOVA, P<0.05) of an
increase in velocity (slow — normal — fast) included a
shortening of all time intervals, a decrease of trajectory
length and wrist height, an enlarged grip aperture, a shift
of the relative time of V., towards the end of the
movement, and a shorter search path. In the no-vision
condition, analogous main effects of velocity were found
for all but three variables: the trajectory length of the
reaching hand, the wrist height, and the search path did
not change significantly with speed in the no-vision tri-
als. Significant main effects of the visual condition
(P<0.05; three way ANOVA visionxhandxvelocity)
upon the reach-to-grasp were found for all variables
except Viax. Compared to the visual condition, the no-
vision trials showed increased durations of the prehen-
sion, retraction, and insertion phases, a longer reaching
trajectory and wider grip apertures. The reaction time

Fig. 6 Timing of the maximum grip aperture. Peak grip aperture
values are plotted against their relative timing during the reach-to-
grasp (expressed as a fraction of the movement duration). Open
symbols, dotted lines: left hand (LH). Black symbols, solid lines:
right hand (RH). The straight thin regression lines are drawn to
show trends, but the correlation coefficients r were not significant.
The thicker broken-line curves show the predicted relationship
according to Smeets and Brenner (1999).

VISUAL CONDITION

Relative time to
max. grip aperture

T .
10 [cm] 4 6 8
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was shorter, and the relative times of V.., peak decel-
eration and maximum grip aperture were shifted to-
wards the onset of the reach-to-grasp when visual
control was absent. Figure 6 illustrates the relation be-
tween the grip aperture and its relative timing. In the
visual condition, the maximum aperture was reached
significantly later (at ~78% of the movement duration)
than in the no-vision condition, where it occurred after
about 62% of the movement duration (P <0.05). How-
ever, within each modality, we found no correlation
(coefficients r between 0 and —0.3; n.s.) between peak
aperture values and their timing (Fig. 6). Significant
main effects of the modality were also found for the
retraction-insertion movement: in the no-vision condi-
tion, rV ,.x Was higher and occurred earlier than in the
visual trials, whereas the search path and insertion phase
were prolonged.

Discussion

At the onset of this study, we had expected to find dif-
ferences between reach-to-grasp movements of the
dominant and non-dominant hand, which may not be
amply visible, but should have been detected by the
quantitative kinematic analyses. We had assumed that
the less dextrous non-dominant LH would grasp with a
wider safety margin, i.e. with a larger grip aperture than
the RH. Developmental studies of prehension have
shown that, in parallel with the refinement of other hand
motor skills, the grip aperture becomes relatively smaller
during the first decade of life (Kuhtz-Buschbeck et al.
1998; Smyth et al. 2004). A wider opening of the grasp
can compensate for inaccuracies of hand transport, e.g.
when an increased speed results in a higher variability of
the movement endpoint. This enlargement of the maxi-
mum aperture with increasing transport velocity, previ-
ously described by others (Wing et al. 1986; Bootsma
et al. 1994; Mason and Carnahan 1999) for the domi-
nant hand, was confirmed here for both hands. Also the
consequences of a change in the visual condition, which
are known from the literature (Churchill et al. 2000;
Schettino et al. 2003; Winges et al. 2003), were repro-
duced in this study. Smeets and Brenner (1999) predicted
that in prehension trials with a large “‘extra grip” like

NO-VISION CONDITION

Maximum grip aperture
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those of the no-vision condition, the maximum aperture
would be reached earlier than during trials with a
smaller “extra grip” (their Fig. 8). The “extra grip” is
the difference between peak grip aperture and object
size. Our results confirm this prediction concerning the
relative timing when no-vision and the visual trials are
compared, but within each visual condition, significant
correlations between peak aperture and its timing were
lacking (see Fig. 6), presumably because the aperture
differences of about 2 cm between slow and fast trials
were too small to detect a relationship.

The effects of the velocity and visual condition were
comparable for the LH and RH, so nearly all kinematic
data were equivalent. The non-dominant LH exhibited
neither a pre-shaping with a larger aperture nor a dif-
ferent movement duration and/or transport velocity.
Statistical comparison of the slopes and intercepts of the
individual regression lines did not reveal clear-cut dis-
parities of pre-shaping between hands (see Table 2). In
contrast to our initial prediction, the grip aperture of the
RH tended to be larger than the LH aperture in the no-
vision condition (see Fig. 5). This difference reached
significance for the early grip aperture, which suggests
that pre-shaping is initiated earlier during RH than LH
movements. Yet, some significant results of the post-hoc
comparisons may have occurred due to the multiple
testing of the various parameters. We did not apply a
Bonferroni correction, which would have nullified any
difference between hands. All in all, our data therefore
indicate that RH and LH grasped in nearly the same
manner. Of course, the negative statistical result of this
study cannot not rule out that notable differences would
have emerged if a larger number of subjects had been
tested.

Movements of the digits in grasping disks with the
RH and LH, and in bi-manual grasping, were recently
analyzed in seven subjects by Smeets and Brenner
(2001). In contrast to the present study, the temporal
constraints and visual conditions were not varied. Fur-
thermore, the orientations of the surfaces, where the
fingerpads should contact the disks, were perpendicular
to the movement direction, which resulted in a rather
unusual grasping posture. Despite these methodical
differences, Smeets and Brenner came to a similar con-
clusion in stating that grasping with the dominant and
non-dominant hand is remarkably similar. The move-
ments of the non-dominant hand’s digits were slightly
more variable (their Fig. 5), but no significant differ-
ences were reported.

This similitude is in contrast to tests of handedness,
which require fast and accurate object (e.g. pencil, pegs)
manipulations. In accordance with previously published
data (Annett 1992), we found conspicuous differences
between the LH and RH for the rapid drawing move-
ments of the square-marking test (Fig. 3). The superi-
ority of the dominant RH became also evident in the
Purdue Pegboard task, where, in rapid succession, pegs
had to be grasped and placed into holes as fast as pos-
sible. Small precise translational and tilting movements

were necessary to insert these objects. A similar,
although less difficult manipulation of the cylinder took
place at the end of the retraction—insertion movement
(see Fig. 1g, h). Also this task was mastered more effi-
ciently by the RH than by the LH, as evident from the
shorter insertion time and search path. All these
manipulations required dextrous finger movements,
which are known to be controlled via crossed cortico-
motoneuronal projections emerging from the primary
motor cortex (Lemon 1993). Activities that require high
precision in interjoint coordination and trajectory for-
mation (e.g. drawing, fine manipulation, but also tar-
geted ball throwing) are performed better with the
dominant arm and hand (Healey et al. 1986).

Differences between goal-directed movements of both
arms become evident when limb dynamics are analyzed.
In a series of studies, Sainburg and coworkers examined
such interlimb differences of reaching in right-handed-
subjects with a particular experimental setup. The arm
was supported over a horizontal surface by an air-jet
system, so that the effects of gravity and friction were
minimized, and the reaching movements were carried
out in a horizontal plane (Sainburg and Kalakanis
2000). The hand was moved to different targets while
vision of the arm and hand was blocked. Only shoulder
and elbow joint angles changed, whereas all joints distal
to the elbow were immobilized and the trunk was re-
strained. The joint coordination patterns differed sys-
tematically between the dominant and non-dominant
arm. Inverse dynamic analyses indicated that dominant
arm movements were characterized by a more skilful
coordination of muscle action with intersegmental
dynamics. Despite the dominant arm advantage in dy-
namic control, however, the targets were reached with
similar accuracy by both hands (Sainburg and Kalak-
anis 2000; Sainburg 2002). This finding is in accordance
with our data of pre-shaping, although the paradigm
and experimental setup of Sainburg and coworkers are
different: With a similar final position accuracy of both
hands, it is not surprising that the grip apertures of the
DH and NDH are comparable. If the dominant arm
advantage in dynamic adaptation and control of limb
segment inertial interaction (Sainburg 2002) does not
result in smaller position errors at the end of the
movement, the dominant hand cannot ‘afford” a
smaller grip aperture.

For some target positions, Sainburg and Kalakanis
(2000) even found that the non-dominant hand reached
the goal with slightly smaller final position errors than
the dominant hand (difference about 3 mm; their Fig. 4).
This surprising difference was reproduced in a further
study of reaching without visual feedback (Bagesteiro
and Sainburg 2002, their Fig. 3D) and was ascribed to a
preferential use of closed-loop control mechanisms,
using proprioceptive feedback, in the deceleration phase
of non-dominant arm reaching movements. It is possible
that the rather small LH peak grip aperture in the no-
vision condition (see Fig. 5, broken lines) reflects a better
final position accuracy of the non-dominant arm as re-



ported by Sainburg and Kalakanis (2000). Since the in-
ter-manual difference was not significant, however, this
inference remains speculative.

In keeping with our data, Sainburg and Schaefer
(2004) found similar peak velocities of both hands dur-
ing reaching movements towards targets that were lo-
cated at different distances. With increasing movement
amplitude, however, time to peak velocity increased
much more during non-dominant than dominant arm
movements, and was generally longer in the non-domi-
nant limb (their Fig. 4). A pulse width control (non-
dominant side) and a pulse height control strategy
(dominant side) were inferred from these results. By
contrast, time to peak velocity was similar for RH and
LH prehension movements in our study (see tables 1, 3).
Differences between the paradigms (horizontal reaching
under reduced gravity conditions vs. quasi-natural pre-
hension) may account for this. Furthermore, we did not
vary object distance systematically.

The similarity of the LH and RH grasping move-
ments may suggest that they share a common level of
representation in motor programming. Also previous
studies reported invariant kinematic patterns for differ-
ent types of prehension. Tresilian and Stelmach (1997)
compared the characteristics of uni-manual prehension
with a bi-manual task, where an object was grasped
between the pads of the two index fingers. They found a
very similar temporal evolution of the aperture and
transport components and analogous adaptations to
different task constraints regardless of the effector.
Gentilucci et al. (2004) reported that grasping an object
with a tool showed some kinematic features that were
very similar to those of the natural grasp, despite the
different biomechanical properties of the grasping ef-
fectors. A unique planning may also underlie the act of
human grasping with hand and mouth, with the same
premotor neurons being involved in the generation of
appropriate grasp motor commands to the different ef-
fectors (Gentilucci et al. 2001).

Although it is speculative to infer a common motor
representation from the similar kinematic data of LH
and RH movements, there is at least some evidence from
brain imaging studies in humans supporting that
movements of either hand share some cortical repre-
sentations. In right-handed volunteers, the cortex lining
the left intraparietal sulcus was active during the exe-
cution of simple and complex finger movements by the
LH and RH (Kuhtz-Buschbeck et al. 2003). Bilateral
activity of dorsal premotor areas was demonstrated
during complex movements of either hand by Kawa-
shima et al (1998). A recent fMRI study found nearly
symmetrical bilateral activation of the anterior intrapa-
rietal cortex during grasping movements performed with
the dominant RH (Culham et al. 2003; their Table 2).
Since these left and right parietal areas were more
strongly activated by grasping than by reaching, they
seemed to be specifically involved in the control of pre-
shaping of the right fingers. Also other imaging studies
demonstrated bilateral activation of the anterior intra-
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parietal and premotor cortex during RH grasping
(Matsumura et al. 1996; Binkofski et al. 1998). The
parietal-premotor circuit is known to be involved in the
transformation of an object’s intrinsic properties into
specific grips (Sakata and Taira 1994; Rizzolatti and
Luppino 2001). A conjunction analysis, which could
detect common cortical activations during LH and RH
prehension movements, has, to our knowledge, not yet
been published. Still, the bilateral posterior parietal
activity associated with RH grasping renders it likely
that some overlapping regions would also be active
during LH prehension movements.
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