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Summary. Grasp movements were studied in six 
female subjects to determine the effects of practice 
and movement speed on kinematics and movement 
variability. Subjects performed four-joint pinch 
movements of the index finger and thumb, with 200 
repetitions at each of three durations (100,200, and 
400 ms). As observed previously, movements of high 
velocity were performed with bell-shaped, single- 
peaked velocity profiles. In contrast, slower move- 
ments (-200, 400 ms) were performed as a series of 
two to four submovements with multiple peaks in the 
associated joint angular velocity profiles. With prac- 
tice, only the slowest movements (400 ms duration) 
showed significant reductions in variability of joint 
end-positions. Surprisingly, variability of finger and 
thumb joint end-positions did not increase with 
increasing movement speed as has been observed for 
arm pointing movements. This was apparently due to 
reductions in positional variability during decelera- 
tion of the movement which offset increases in 
positional variability during acceleration. Neither 
practice nor movement speed affected variability of 
the location of fingertip contact on the thumb, which 
always occurred on the thumb distal pulpar surface. 
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Introduction 

The neural mechanisms underlying control of mul- 
tiarticulate or compound movements are not well 
understood. The obvious functional importance of 
such movements is reflected in the recent focus on 
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multiarticulate arm movements for reaching and 
pointing (e.g. Abend et al. 1982; Soechting and 
Lacquaniti 1981; Lacquaniti and Soechting 1982; 
Soechting 1984; Atkeson and Hollerbach 1985). 
These studies indicate that wrist trajectory and 
tangential velocity profiles are invariant for move- 
ments of different speeds and to different targets. 
Similarly, simple movements of single joints exhibit 
nearly invariant velocity profiles (Ostry et al., 1987). 
These apparently invariant features of arm reaching 
movements have been interpreted to reflect planning 
of the movement at spatial trajectory levels of the 
relevant structure (e.g., hand). 

Studies of arm pointing movements, however, 
have shown that while endpoint variability (or accu- 
racy) is proportional to movement speed (Wood- 
worth 1899; Fitts 1954; Schmidt et al. 1979; Mac- 
Kenzie et al., 1987; Fitts and Peterson 1964), it 
decreases with practice (e.g., cf. Ludwig 1982). The 
variability of elbow movement phase plane trajec- 
tories (plots of velocity vs position during movement) 
increases with increasing movement speed and 
amplitude, but also decreases with practice (Darling 
and Cooke 1987a). Thus, while movements may be 
planned in terms of a specific kinematic feature (i.e., 
velocity profile, spatial trajectory), with increased 
speed there are greater variations in spatial end- 
points and in phase ,plane trajectories of movements. 

However, results from studies of single and 
multiple joint arm pointing movements may not 
generalize to movements of structures with different 
mechanical properties or movements that are 
organized to serve other functions. Precise grasp of 
objects, for example, is a seemingly simple skill 
associated with most everyday tasks. However, these 
multiple digit movements must be controlled in 
concert to properly locate an object within the grasp 
and to apply the appropriate forces. In previous 
investigations of rapid grasp movements of the finger 
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and thumb (Cole and Abbs 1986, 1987), significant 
variability in the finger and thumb movements across 
trials was observed. However, these variations 
reflected a coordination among the constituent 
movements apparently organized around the task- 
related feature of preserving distal contact sites of the 
finger on the thumb. Additionally, velocity profiles 
of the constituent movements were invariant. 

In the present investigation, the effects of prac- 
tice and different movement speeds on finger-thumb 
grasp movements were studied. In this way, it was 
possible to investigate whether (1) grasp movements 
of different speed exhibit invariant veIocity profiles 
and (2) kinematic variability is related to movement 
speed and practice as has been observed for arm 
pointing movements. Additionally, the movements 
studied here involved four joints (two each of the 
index finger and thumb) and thus permitted evalua- 
tion of more natural thumb movements than those 
studied previously (Cole and Abbs 1986). 

Material and methods 

Subjects 

Six normal healthy females, ranging in age from 18 to 30 years 
served as subjects for these experiments. 

Apparatus 

Subjects were seated in a dental chair with the right forearm 
supported by a table surface and placed in a splint to restrict wrist 
movement. The hand was comfortably clamped to restrict thumb 
movement proximal to the metacarpo-phalangeal) MP joint and in 
a position such that thumb movement occurred in the horizontal 
plane. Adhesive tape was placed around the distal interphalangeal 
joint of the index finger to maintain a fixed, relaxed position of this 
joint, about 0.1 to 0.3 rad in flexion. Thumb and finger move- 
ments were not coplanar. Depending on the subject, the plane of 
finger movement was elevated 0.2 to 0.8 tad relative to the plane 
of the thumb movement. Subjects were instructed to begin 
movements from a relaxed, open-hand position with fingertip and 
thumb tip aligned with targets indicating the starting position. 
Depending on the hand size of the subject, distances between the 
pulps of the index finger and thumb at the starting position varied 
from 4 to 6 cm. 

Angular positions of the finger metacarpo-phalangeal joint 
(MP) and proximal interphalangeal joint (PIP) and the thumb 
interphalangeal joint (IP) were transduced in the flexion-extension 
plane with planar electrogoniometers (cf. Cole and Abbs 1986). 
Each of these transducers was of exoskeletal linkage design, with 
the linkages being two parallelograms connected in series to drive 
a miniature precision potentiometer (Thomas and Long 1964). 
With this design, joint rotation is transduced without potential 
artifact from joint translation. For these experiments, the linearity 
of the transducers was within 1% and resolution was about 
0.002 rad. 

Two dimensional movements of the thumbtip and fingertip 
within the horizontal plane were transduced using an  infrared 

photoelectric tracking system, based upon a distributed photo- 
diode of Schottky-barrier design. Light emitting diodes (LEDs) 
were attached to the radial side of the finger near the tip and to the 
ulnar side of the thumb, proximal to the nail in order to avoid 
contact or optical occlusion during the pinch. LEDs were also 
attached to the skin overlying the thumb IP joint, and on the hand 
over the second metacarpal to serve as reference for overall hand 
movement. The distributed photodetector was oriented parallel to 
the plane of thumb movement onto which the light source was 
focused by a conventional 50-ram camera lens system. The 
photodetector and associated circuitry produced voltage signals 
porportional to the LED positions in a two-dimensional Cartesian 
coordinate system referenced to the fixed camera position. This 
optical system has a bandwidth of about dc-150 Hz with a 
resolution of about 0.5 mm. 

Since finger movement was not in a plane parallel to that of 
the photoelectric tracking system, recorded fingertip trajectories 
were subject to error. However, the fingertip LED did reflect 
fingertip position in the plane of thumb movement at the time of 
finger-thumb contact (i.e., at the end of the pinch). In this way, 
fingertip position at contact could be measured both relative to the 
camera and in relation to the thumb nail base and thumb IP LEDs; 
this latter measure allows for determination of the location of 
fingertip contact on the thumb. 

Thumb MP movement was calculated using trigonometric 
techniques based on three signals including: the trajectories of the 
LEDs placed on the thumbtip and over the thumb IP joint and the 
thumb IP angle measured by the electrogoniometer. These calcu- 
lations assumed a fixed joint center of rotation for the thumb MP. 
Accuracy of measurement of thumb MP angle was about 0.01 rad. 
In one of the six subjects, the thumb LEDs were covered by the 
finger movement, precluding the calculation of thumb MP move- 
ment. 

The pressure between the thumb and finger pulpar surfaces at 
contact was measured in two of the six subjects with a pressure 
transducer consisting of a small disc (3-mm diameter) placed on 
the distal pulp of the index finger. In two other subjects, the time 
of finger-thumb contact was determined using a small pad (4 mm 
diameter) placed on the fingertip which, upon finger-thumb 
contact, completed a circuit that yielded a corresponding step 
change in voltage. In the final two subjects, the experimental task 
was performed with no contamination of the finger or thumb 
pulpar surface. 

Procedures 

The experimental task was to bring the pulpar surfaces of the 
thumb and index finger together from an open-hand starting 
position in response to a tone, maintain a light pinch for a short 
time, and then return the thumb and finger to the start positions. 
Subjects were instructed to produce about the same contact 
pressure for each trial by reproducing the same sensation of 
pressure. For subjects in which contact pressure was transduced, 
visual feedback was provided following each pinch trial. Although 
contact pressure was not measured in all subjects, movement 
kinematics with and without this visual information to the subject 
appeared to be similar (Cole and Abbs 1986). 

In a single experimental session, each subject performed 200 
consecutive pinch movements at each of three movement dura- 
tions (100, 200, and 400 ms); the desired movement was signalled 
by the duration of the tone. The order in which the different 
duration movements were performed was counterbalanced across 
subjects. To aid subjects in moving for the desired duration, verbal 
commentary was provided by the experimenter regarding whether 
the movements were too slow or too fast based on the velocity 
profiles of the finger MP and PIP joints displayed on an oscillo- 



scope. Other than the instructions to maintain a consistent contact 
sensation and to adhere to movement  duration specifications, no 
particular instructions were given for reducing the variability of the 
movements or for adopting any particular location for fingertip 
contact on the thumb. With this experimental design, it was 
possible to evaluate the influence of both movement  speed and 
practice on the performance of the pinch task. 

Data recording 

Following suitable amplification, the movement  signals were 
digitized at 500 samples/s/channel (12-bit resolution) using a DEC 
PDP-11/44 laboratory computer system. Data were transferred to a 
SUN microcomputer-network system for analysis. 

Data analysis 

Movement signals were filtered digitally to remove noise using a 
sixth order, maximally flat low-pass filter with a cutoff of 20 Hz 
and zero phase shift. Instantaneous angular velocities were 
obtained by numerical three-point differentiation. Onset of move- 
ment was measured from velocity records as the time at which 
velocity rose above 5% of peak velocity for that movement.  
Movement termination was measured as the time of contact (4 
subjects) or was estimated as the time a twhich  either MP or PIP 
angular velocity first decreased below 10% of peak velocity (i.e., 
whichever fell to 10% of peak velocity earliest). This measure was 
chosen based on measurements of actual time of contact relative to 
MP and PIP velocities for subjects in which time of contact was 
measured. Variability in the movements of individual joints was 
measured both at contact and throughout the movements.  Varia- 
bility in fingertip and thumbtip spatial positions at contact were 
also measured. Effects of practice were evaluated by dividing the 
200 movements performed at each of the three movement  
durations into 8 groups of 25 consecutive movements.  Statistical 
significance of the effects of movement  speed and practice were 
evaluated with two-way, repeated-measures analysis of variance 
and subsequent paired t-tests. 

R e s u l t s  

Individual joint movements 

The general characteristics of these movements were 
similar to those described in a previous study of rapid 
pinch movements (Cole and Abbs 1986). Angular 
position records for each of the four joints for one 
subject are shown in Fig. 1 for movements of 100, 
200, and 400-ms duration. Figure 2 shows joint 
angular velocity records for the finger MP and PIP 
joints and the thumb MP joint for a single movement 
trial performed by another subject. Joint movements 
of 100-ms duration were made smoothly from onset 
to finger-thumb contact with bell-shaped single- 
peaked velocity profiles (Fig. 2). Contact of the 
fingertip with the thumb occurred well after decelera- 
tion of both digits had begun. In contrast to the 
previous study (Cole and Abbs 1986) in which thumb 
movement was limited to the IP joint, there was little 
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Fig. 1. Joint position records from grasp movements of different 
durations. The position records were low-pass filtered (20 Hz 
cutoff, 0 phase shift). Data are from one subject. The dashed 
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Fig. 2. Joint velocity records from grasp movements of different 
durations. The velocity records were obtained by three-point 
digital differentiation of filtered position records. Data are from 
one subject. The dashed[ lines show PIP onset and finger-thumb 
contact 

thumb IP movement observed in the present task. 
Indeed, only one of the six subjects moved the thumb 
IP joint more than 0.1 rad. This difference reflects 
the constraints on thumb movement imposed in the 
previous work. 

While movements of 200-ms duration also 
appeared to be made smoothly from onset to contact, 
multiple peaks were often present in the velocity 
profiles (Fig. 2). These slower movements appar- 
ently were not made as a single smooth movement 
from onset to completion, but rather consisted of two 
or more sub-movements as indicated by multiple 
peaks in the movement velocity profiles. Joint move- 
ments for 400-ms duration trials likewise were not 
produced smoothly. The finger MP and PIP move- 
ments shown in Fig. 1 (400 ms movements) each 
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consisted of two sub-movements. However, the two 
finger joints did not always exhibit the same number 
of sub-movements within a single pinch movement. 
As shown in Fig. 2 for movements by a different 
subject, two major peaks occurred in the finger MP 
velocity profile, whereas three peaks occurred in the 
PIP velocity profile. As many as four sub-movements 
were observed in the joint angle and velocity profiles 
of 400-ms duration pinch movements. 

Effects of practice and speed of movement 
on sub-movements 

The mean number of sub-movements associated with 
the first and last 25 grasp movements in the 200- and 
400-ms duration conditions for the finger MP and PIP 
were estimated visually for each subject. This was 
done by simultaneously displaying joint position and 
velocity records of individual trials and estimating the 
number of major peaks in the velocity trace (smaller 
velocity peaks embedded within the larger peaks 
were not included - i.e., Fig. 2 - finger MP has 6 
identifiable peaks but only two major peaks were 
identified). Thumb MP sub-movements were not 
measured because of the greater noise in the associ- 
ated velocity signals (the noise resulted from lower 
accuracy of the thumb MP angle measures calculated 
from two-dimensional data). Overall, 200-ms dura- 
tion movements were produced with fewer sub- 
movements than 400-ms duration movements (means 
of 1.5 and 2.1 sub-movements for 200- and 400-ms 
duration movements, respectively). Also, there were 
small and inconsistent changes in the mean number 
of joint sub-movements with practice. 

Effects of practice and speed on variability 
of individual joint movements 

Figure 3 shows group data for the effects of practice 
on end-position variability of finger MP (A) and PIP 
(B) and thumb MP (C) movements for the different 
target durations. Practice effects on the variability of 
finger MP and PIP end-positions depended on move- 
ment duration as shown in Fig. 3 and confirmed by 
significant duration-practice interaction effects [MP - 
F(df = 14,70) = 3.34, p = 0.0004; PIP - 
F(df = 14,56) = 2.32, p = 0.0134]. Specifically, for 
the 400 ms movements, significant (p < 0.05) reduc- 
tions in variability occurred for the MP and PIP end- 
positions within 75 movements (Fig. 3). The effects 
of practice on variability of thumb MP end-positions 
were less clear. Overall, thumb end-position variabil- 
ity decreased with practice (F(df = 7,21) = 2.59, 
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Fig. 3A-C. End-position variability of finger MP (A) and PIP (B) 
and thumb MP (C) movements throughout practice of grasp 
movements of 3 different durations. Each plotted point is the 
mean variability (SD) across subjects of joint end-positions for 25 
consecutive movements during practice. Data are for six subjects 
(finger joint movements) and four subjects (thumb MP move- 
ments) 

p = 0.0429). However, the reductions were not 
statistically significant for any of the individual move- 
ment duration conditions. 



Table 1. Results of t-tests comparing joint end-position variability 
of movements of different duration 

t-values 

Joint 100-200 ms 100-400 ms 200-400 ms 
1-25 176-200 1-25 176-200 1-25 176-200 

finger MP -2.24 a 0.84 -3.40 ~ 1.41 -1.38 0.86 
finger PIP 0.25 -0.29 -2.00 0.31 -3.30" 0.18 
thumb MP -0.39 -1.35 0.48 -1.90 1.67 0.18 

t-values from paired comparisons of end-position variability of 
movements of different duration for either unpracticed (1-25) or 
practiced (176-200) movements 

t-value significant (p < 0.05) 

Further inspection of end-position variability for 
movements of different speed indicates that, surpris- 
ingly, finger MP and P I P  movements were more 
variable for slow than for fast unpracticed move- 
ments (1-25) (Fig. 3A, B and Table 1). Moreover,  
practiced MP and PIP movements (176-200) were 
not significantly different in end-position variability 
for the different duration conditions. Finally, end 
position variability of thumb MP movements was 
independent of both movement  duration and amount 
of practice (Fig. 3C). These results are striking, given 
previous work indicating that fast arm movements 
are associated with greater spatial variability than 
slow movements (Woodworth 1899; Fitts 1954; 
Schmidt et al, 1979). 

Spatial variability at movement  end-point must 
depend in some way on variability in movement  
velocity. That is, movements with more variable 
peak velocities would be expected to exhibit greater 
variability in movement  amplitude and end-position 
(cf. Schmidt et al. 1979; Meyer  et al. 1982). Thus, the 
observation that the spatial variability of fast move- 
ments was less than or equal to variability of slower 
pinch movements could be explained if velocity 
variabilities were comparable for movements of dif- 
ferent speed. However ,  for movements of different 
mean durations but with the same velocity profile, 
end-position variability would depend on relative 
variability of peak velocity (i.e., coefficient of varia- 
tion of peak velocity). Velocity profiles differed for 
movements of different mean durations studied here 
(Fig. 2). Thus, we have presented data on absolute 
velocity variability (Fig. 4). These data show that 
variability of peak finger and thumb joint angular 
velocities increased with increasing speed of the 
movements [finger MP - F(df = 2,10) = 16.15, 
p = 0.0007; finger PIP - F(df = 2,8) = 7.85, 
p = 0.013; thumb MP - F ( d f =  2,8) = 6.25, 
p = 0.023]. Practice did not influence variability of 
peak velocities (Fig. 4); thus the observed changes in 
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Fig. 4A-C. Variability in finger MP (A) and PIP (B) and thumb 
MP (C) peak angular velocities throughout practice of grasp move- 
ments of 3 different durations. Each plotted point is the mean 
variability (SD) across subjects of the joint peak angular velocities 
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end-position variability due to practice or speed 
effects were not a consequence of changes in velocity 
variability�9 

Variability throughout movements 

The variability exhibited at the end of movements 
must result from variations in the torques that 
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acceleration and deceleration of movements 

S Correlations 

' Subject finger MP finger PIP 
1 -0.36" -0.48 ~ 

l 2 -0.74" -0.638 
l 3 -0.39 -0.69 a 

4 -0.31 --0.64 a 
5 -0.45 ~ --0.60 ~ 
6 -0.76" -0.33 
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Fig. 5. Joint positional variability throughout grasp movements of 
different durations. Averaged finger MP and PIP joint position 
records of practiced grasp movements are shown with superim- 
posed SD bars at 20-ms intervals throughout the movements. 
Below these averaged records are plotted the time-course of 
changes in joint positional variability (SD) throughout the move- 
ments. These point-to-point variability records were generated by 
calculating the SD of joint positions at 2-ms intervals throughout 
the movements and plotting these against time. Data are from one 
subject 

produced the movements (cf. Schmidt et al. 1979; 
Meyer et al. 1982; Darling and Cooke 1987c). In an 
attempt to explain the dependence of velocity varia- 
bility on speed of the movements, and the paradoxi- 
cal independence of joint end-position variability 
from movement speed, the time-course over which 
jo in t  positional variability developed was further 
analyzed. As shown in Fig. 5, angular position varia- 
bility increased during the initial part of the move- 
ment, as indicated by the length of the vertical bars 
on the averaged position curves and by the smooth 

p lo ts  of variability throughout the movement. The 
rate of rise of variability during this phase of the 
movement, indicated by the slope of the continuous 
variability plots, exhibited a clear dependence on 
movement speed, with greater rates of increase for 
faster movements. During the latter part of the 
movement, as finger-thumb contact was approached, 
positional variability decreased at a rate porportional 
to the speed of the movements. 

These results were confirmed by measuring the 
peak increase in variability during acceleration and 

- note that for these data movements from all durations were 
pooled for each subject 
a correlation differs significantly from zero (p < 0.05) 

the decrease in variability during deceleration for 
groups of 25 consecutive movements for each sub- 
ject. Correlation analyses were performed and 
yielded negative correlations (Table 2) indicating 
that the greater the increase in variability during 
acceleration of the movements, the greater the 
decrease in variability as finger-thumb contact was 
approached. As a result, the end-position variability 
of fast movements did not differ from the slower 
movements. 

Variability in spatial location of finger-thumb tip 
contact 

In previous studies of the effects of movement speed 
and/or practice on spatial variability, variability has 
been examined in terms of an absolute spatial target 
for the movements. That is, the variability in spatial 
location of the movement end-point in relation to a 
target, or the number of hits and misses of the target 
have been studied in relation to, for example, 
average movement speed. In the case of the pinch 
task studied here, the spatial target is not a constant 
position in space but rather is a dynamic target based 
on the relative locations of the finger and thumb 
pulpar surfaces. As noted previously (Cole and Abbs 
1986), individual fingertip and thumbtip absolute 
spatial locations could vary considerably at contact, 
but contact always occurred at the respective distal 
pulpar surfaces. In the present study, the variability 
in finger-thumb contact locations as a function of 
movement speed and practice was studied quantita- 
tively using the infrared photoelectric tracking sys- 
tem. Although tip movements could be transduced in 
the horizontal plane of thumb movement only, 
location of the fingertip and thumbtip at the time of 
contact could be accurately measured. 

Figure 6a shows trajectories of the fingertip, 
thumbtip (nail base, cf. Material and methods), and 
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Fig. 6A, B. Trajectories of fingertip, thumbtip (nail base), and 
thumb IP LEDs during grasp movements. In A are shown 
superimposed trajectories from 25 consecutive pinch movements 
at the beginning of practice of 200-ms duration movements 
(movements 1-25). In B are shown superimposed trajectories of 
the fingertip and thumbtip from three movements of the 25 shown 
in A. Note that the distance between thumbtip and fingertip LEDs 
at contact results from the positions of the LEDs on the digits. 
Data are from one subject. Note that finger movements for this 
subject were made at an angle of about 0.2 rad above horizontal; 
thus the actual fingertip trajectories differed only slightly from 
those shown 

thumb IP LEDs in the horizontal plane superim- 
posed for 25 consecutive movements.  Note that 
contact of the fingertip on the thumb always occurred 
distal to the thumb nail base in the region of the pulp. 
The finger and thumbtip trajectories were curvilinear 
(Fig. 6b) and thus differed from the near linear 
trajectories described for the wrist during arm move- 
ments (Morasso 1981; Soechting and Lacquaniti 
1981; Atkeson and Hollerbach 1985). Also, there 

was considerable trial-to-trial variability in these 
trajectories, due in ]part to different tip locations at 
movement onset. 

Variabilities in relative spatial location of the 
fingertip and thumbtip LEDs at contact of the finger 
and thumb were cal[culated as the areas of ellipses 
with radii equal to 1 SD in the x and y dimensions, as 
indicated in Fig. 6. Thus, greater variability in end- 
point location would produce an ellipse of greater 
area. Similar methods have been used to quantify 
two-dimensional variability of arm movements in 
monkeys (Georgopoulos et al. 1981) and phase-plane 
trajectories in human arm movements (Darling and 
Cooke 1987a). The variability in location of the 
fingertip LED relative to the thumb nail base LED at 
contact was calculated in a similar fashion. The 
variability of the separation of the fingertip and 
thumbtip LEDs in the x and y dimensions was used to 
calculate a variability ellipse for fingertip contact 
relative to the thumbtip. 

Variability in spatial locations of the fingertip and 
thumbtip were typically greater than the variability of 
fingertip locations relative to the thumbtip at contact. 
This is shown in Fig. 7 by plots of the variability of 
the fingertip location relative to the thumbtip at 
contact (plotted as circles) as a function of practice 
and movement speed. The squares represent the 
simple sum of the individual variabilities of the 
fingertip and thumbtip locations (areas of ellipses) at 
contact. Note that the sum of fingertip and thumbtip 
variability was always greater than the variability of 
the fingertip relative to the thumbtip. 

How could variations in fingertip and thumbtip 
locations be greater than variations in the location of 
the fingertip relative to the thumbtip at contact? This 
could occur only if finger and thumb movements 
were organized such that variability in movements of 
one structure were associated with complementary 
variations in movements of the other  structure, as has 
been shown previously for simple pinch movements 
(Cole and Abbs 1986, 1987). Such a relationship is 
illustrated in Fig. 6b by plots of trajectories of 
fingertip and thumbtip LEDs  for three movements 
taken from the 25 movements shown in Fig. 6a. Note 
the reciprocal positioning of the fingertip and thumb- 
tip at the end of the movements.  

Effects of practice and movement speed 
on finger-thumbtip variability at contact 

As previously discussed, the location of fingertip 
contact on the thumb may be considered to be a 
dynamic target for the pinch task. Variability in the 
location of contact may therefore be related to 
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Fig. 7. Variability of location of fingertip contact on the thumb (circles) during practice of grasp movements of 3 different durations. 
Plotted as squares are the summed variabilities of individual fingertip and thumbtip locations in space at contact. Each plotted point is the 
mean variability (SD) across subjects of 25 consecutive movements during practice. Note that variability is measured in mm 2 as the area of 
an ellipse with radii equal to 1 SD in the x and y dimensions of finger and thumbtip spatial locations at contact (see text for details). Data 
are for five subjects 

variability about a target, or error, in a pointing task 
(cf. Schmidt et al. 1979). With practice, one might 
therefore expect a reduction in such variability; 
whereas with increases in movement speed one 
would expect greater variability in contact location. 
Figure 7 shows, however, that there was no effect of 
practice or speed (duration of the movements) on 
variability in fingertip location on the thumb at 
contact (circles). Thus, as observed for movements of 
the digit joints, movement speed had no effect on 
spatial variability in this task. 

Discussion 

The effects of practice and different movement 
speeds on the variability of thumb and index finger 
grasp movements were investigated. Previous studies 
of movement variability have largely concerned 
upper limb pointing tasks. The present data invite 
speculation concerning the mechanisms which might 
underlie control of grasp or other oppositional move- 
ments, and how these mechanisms may differ from 
those underlying movements involved in tasks such 
as pointing or reaching to a location in space. 

In the present investigation little or no thumb IP 
movement was observed in 5 of the 6 subjects. This 
was in contrast to previous work in which thumb 
movement was limited to the IP joint (Cole and Abbs 
1986). The observed differences are probably due to 
the constraints on thumb movement imposed in the 
previous research. The present observations suggest 
that there is relatively little thumb IP motion during 
natural precision grasp in which thumb movement is 
unconstrained. 

Invariant properties of grasp movements 

As observed in previous work (Cole and Abbs 1986), 
fast movements (-100 ms duration) of the digits 

toward grasp exhibit bell-shaped velocity profiles for 
the individual joint movements. This finding was 
confirmed in the present study in which thumb MP 
joint angular velocity profiles were also studied. The 
near symmetrical bell-shaped velocity profile has 
been suggested to reflect movement programming 
(Brooks et al. 1983) and occurs consistently in single 
and multiple joint arm movements over a wide range 
of movement speeds and for hand movements to 
different locations in the work space (Bouisset and 
Lestienne 1974; Cooke 1980; Morasso 1981; Soecht- 
ing 1984; Atkeson and Hollerbach 1985; Ostry et al., 
1987). However, in the present experiment, slower 
digit movements were executed as a series of sub- 
movements reflected by multiple peaks in the joint 
angular velocity profiles. The shape of velocity 
profiles is, therefore, not an invariant property of 
grasp movements. Multiple peaks in velocity profiles 
have been interpreted to indicate movements that are 
under feedback control (Brooks et al. 1983). Such 
differences in fast and slow movements may reflect 
the mechanical properties of the digits in comparison 
to the arm. Since the digital joints have relatively 
high stiffness and low inertia, it is probable that such 
a system is optimized for performance of fast move- 
ments. In this regard, the slow movements studied 
here may be considered a series of fast, small 
amplitude movements rather than a single slow 
movement. 

An apparently invariant property of precision 
grasp is indicated by the preference for contact on the 
distal pulpar surfaces of the digits (Landsmeer 1962; 
Napier 1956; Cole and Abbs 1986, 1987). Indeed, an 
extremely low variability in the location of fingertip 
contact on the thumb (about 20 mm 2) was observed, 
and was maintained for movements of different 
speeds. As noted by Cole and Abbs (1986, 1987), the 
regular contact at the distal pulpar surfaces of the 
digits probably reflects the greater density of cutane- 
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ous mechanoreceptors at these sites (cf. Johansson 
and Vallbo 1979a, b). 

Variability of movements of different speeds 

Given the well-known effects of movement speed on 
variability of movements, it was particularly surpris- 
ing to observe that fast finger joint movements in the 
present study were less variable than slow move- 
ments at the beginning of practice, and that there 
were no significant differences in variability after 
practice. Several possible explanations can be consid- 
ered. As noted in Results, positional variability in 
movements must depend in part on variability in 
movement velocity. However, spatial variability of 
the movements was similar for movements of differ- 
ent speed despite velocities that were more variable 
for fast movements than for slow movements. This 
finding rules out an explanation for the low spatial 
variability of fast movements based on mechanical 
limit or saturation effects in which fast movements 
could be relatively invariant because they were at or 
near maximum possible speed. The observation that 
finger-thumb contact occurred well after peak veloc- 
ity also argues against such an explanation. Finally, 
the absence of movement speed effects was not due 
simply to the oppositional nature of the pinch move- 
ments since oppositional movements of the lips and 
jaw exhibit greater variability as speech rate is 
increased (Hughes and Abbs 1976). 

A possible explanation for the finding that posi- 
tional variability was similar for movements of differ- 
ent speed was indicated by increases in positional 
variability during acceleration that were compen- 
sated by nearly equivalent decreases in variability 
during deceleration. The reduction in joint angular 
position variability as finger-thumb contact was 
approached is especially noteworthy when one con- 
siders that there were no targets for the individual 
joint angles as is typical for paradigms in which 
variability of targeted movements is studied. That is, 
the reductions in joint angular position variability 
occurred in the absence of any constraints on final 
joint angles. As noted by Cole and Abbs (1986) 
consistent finger-thumb contact could be attained 
with considerable variability in finger and thumb 
joint angles. 

The interpretation of the time-course of posi- 
tional variability throughout movement is, however, 
difficult because of variations in movement duration, 
peak velocity and the movement profile (e.g., veloc- 
ity profile). It is important, therefore, to determine 
whether the observed reductions in angular position 
variability during the latter part of the movements 
could be attributed simply to a factor such as 

POSITION 

VELOCITY 

/ 
Fig. 8. Results of movement simulations. On the left side are 
shown movement simulations in which duration was maintained 
constant while peak velocity was varied. On the right side are 
shown simulations in which peak velocity was held constant while 
duration was varied. Superimposed traces of the time-course of 
position and velocity of the simulated movements along with the 
time-course of positional variability associated with each of the 
simulations are shown 

variations in movement duration. This possibility was 
studied by simulating movements with the same 
velocity profile (minimum jerk profile - Hogan 1984) 
with: (1) constant peak velocity while duration was 
varied and (2) constant duration while peak velocity 
was varied. The results of these simulations are 
shown in Fig. 8 which contains plots of the time- 
course of position, velocity and positional variability 
for the simulations. When peak velocity is varied and 
movement duration held constant, positional varia- 
bility increases throughout the duration of the move- 
ment (Fig. 8 - left hand side). In contrast, when 
duration is varied while peak velocity is held constant 
the time-course of positional variability is more 
complex (Fig. 8 - right hand side). Positional varia- 
bility increases during the initial part of the move- 
ment, then decreases for a short period of time and 
then again increases sharply until the end of the 
averaged movement. Variations in both peak veloc- 
ity and movement duration were evident in the 
movements studied in these experiments. The simu- 
lations show that variations in these two parameters 
combined would be expected to produce only a small 
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decrease in positional variability at the end of accel- 
eration followed by a sharp rise in variability unless 
the variations in velocity and duration were corre- 
lated appropriately. Thus, the observed reductions in 
variability as finger-thumb contact is approached 
cannot be attributed simply to variations in move- 
ment duration or velocity. 

A direct relationship between movement speed 
and the rate of increase in positional variability 
during the early part of the movement is consistent 
with findings of a previous study of phase-plane 
variability (Darling and Cooke (1987a) and with 
impulse variability models (Schmidt et al. 1979; 
Meyer et al. 1982). The assumption underlying such 
models is that end-position variability results from 
variations in the forces or torques produced by 
muscles. The variability of targeted, rapid isometric 
torques has been reported to be directly proportional 
to the target torque (Schmidt et al. 1979; Sherwood 
and Schmidt 1980). Thus faster movements, which 
require larger acceleration torques, would be 
expected to exhibit a more rapid rise in kinematic 
variability during acceleration of movement. A 
reduction in positional variability during the latter 
part of the movement shows that torques produced in 
later parts of the movement compensate somewhat 
for movement variability produced by variations in 
accelerative torques (cf. Darling and Cooke 1987b, 
1987c). In studies of targeted single and multiple 
joint arm movements, reductions in variability as the 
movement target is approached have been observed 
consistently (Soechting and Lacquaniti 1981; Soecht- 
ing 1984; Darling and Cooke 1987a). 

The finding that spatial variability did not depend 
on speed of movement provides some insights into 
the processes controlling digit movements during 
grasp. One possibility is that corrections to the 
movements could be made on the basis of afferent 
signals received early in movement. The initial joint 
motion may yield information for the predictive 
control of later parts of the movement. This may be 
true particularly for slower movements, which were 
made as a series of sub-movements. Indeed, the use 
of proprioceptive and visual feedback has been 
postulated to underlie control of such sub-move- 
ments (Crossman and Goodeve 1963; Keele 1968). It 
has been proposed recently that movement correc- 
tions based on sensory feedback may occur even in 
saccadic eye movements of fast movements of the 
speech articulators (see, for example, Abbs et al. 
1984). However, in a recent study, disturbances 
applied to the thumb during rapid grasp movements 
comparable to those in the present study evoked 
functional compensations of the thumb and index 
finger only for disturbances introduced just prior to 

movement onset, but not after movement was initi- 
ated (Cole and Abbs 1987). 

Alternatively, the use of efference copy of motor 
commands to digital muscles could underlie the 
reductions in positional variability observed during 
deceleration of joint movements as contact is 
approached (cf. Darling and Cooke 1987b, c; Hore 
and Vilis 1984). Thus, for example, variability in 
motor commands for initiation of the movement may 
be compensated by appropriately corresponding vari- 
ations in commands to muscles which decelerate the 
movement through an efference copy mechanism. 
Finally, the predominance of multiple joint muscles 
controlling digital movements may provide a 
biomechanical linkage which tends to reduce kinema- 
tic variability as has been suggested for gait (cf. 
Winter 1984). The opposing actions of muscles acting 
at the hip and knee or knee and ankle joints (i.e., 
quadriceps femoris contraction produces knee exten- 
sion and hip flexion torque) produce the necessary 
linkage to reduce kinetic and kinematic variability of 
gait. Likewise, for movements of the index finger, 
the lumbrical and ulnar (palmar) interosseous exert 
opposing actions at the MP and PIP joints and thus 
provide a similar linkage. 

Effects of practice on performance of the pinch 
movement 

In previous studies, it has been shown that practice 
reduces variability of end-positions and trajectories 
of arm movements (Ludwig 1982; Darling and Cooke 
1987a; Georgopoulos et al. 1981). Interestingly, in 
the present experiment, consistent changes in joint 
end-position variability during practice occurred only 
for the slowest movements. These slow movements 
of the digits were jerky in appearance and appeared 
somewhat unnatural. Thus, it is possible that requir- 
ing subjects to make such movements slowly repre- 
sented a novel situation that required practice for 
improved performance. Because fast movements 
were, initially, less variable than slower movements, 
this may indeed be the case. Likewise, variability of 
finger-thumb contact location was not influenced by 
practice of the task and was, in any case, very low for 
all movement speeds. Since the task studied in the 
present experiments was relatively simple and com- 
mon, one might not expect changes in movement 
variability with practice. 

The properties of digit movements of the hand 
differ greatly from those of arm movements in many 
respects including movement variability and control 
of movements of different speed. In particular, the 
finding that end-point spatial variability was about 
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the same for movements of different speed is indica- 
tive of different control properties from those of arm 
movements. Also, the finding that slower finger 
movements during grasp (200- and 400-ms duration) 
were made as a series of sub-movements rather than 
as a single movement  from o n s e t  to completion 
suggests quite a different control strategy for slow as 
compared to fast movements.  Only the consistency of 
location of fingertip contact on the thumb proved to 
be nearly invariant for movements of different speed. 
Indeed, it is the specific task of prehension in which 
may reside the crucial difference in the mechanisms 
of control of arm and hand movement.  
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