Exp Brain Res (1997) 117:148-152

© Springer-Verlag 1997

RESEARCH NOTE

E.M. Robertson - R.C. Miall

Multi-joint limbs permit a flexible response to unpredictable events

Received: 24 March 1997 / Accepted: 7 July 1997

Abstract The human arm is kinematically redundant,
which may allow flexibility in the execution of reaching
movements. We have compared reaching movements
with and without kinematic redundancy to unpredictable
double-step targets. Subjects sat in front of a digitising
tablet and were able to view an arc of four targets reflect-
ed in the mirror as virtual images in the plane of the tab-
let. They were instructed to move, from a central starting
point, in as straight a line as possible to a target. In one-
third of trials, the target light switched to one of its neigh-
bours during the movement. Subjects made 60 move-
ments using shoulder, elbow and wrist and then another
60 movements in which only shoulder and elbow move-
ment were allowed. By restraining the wrist, the limb
was made non-redundant. The path length was calculated
for each movement. In single-step trials, there was no sig-
nificant difference between path lengths performed with
and without wrist restraint. As expected there was a sig-
nificant increase in path length during double-step trials.
Moreover this increase was significantly greater when
the wrist was restrained. The variability across both sin-
gle- and double-step movements was significantly less
while the wrist was restrained. Importantly the perfor-
mance time of the movements did not alter significantly
for single-step, double-step or restrained movements.
These results suggest that the nervous system exploits
the intrinsic redundancy of the limb when controlling vol-
untary movements and is therefore more effective at re-
programming movements to double-step targets.
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Introduction

There has been recent interest in the possibility that pre-
dictive strategies are being used by the motor system to
bring about controlled voluntary movements (Miall
1995). However, some of the events with which the motor
system has to deal are intrinsically unpredictable, for ex-
ample, if the target suddenly changes its position during a
movement. Nevertheless such targets can usually be
reached accurately with a high level of control (Pelisson
et al. 1986; Soechting and Lacquaniti 1983; van Sonderen
et al. 1988). If these changes are particularly extreme or
occur late during the execution of the movement, then
movements with noticeable points of inflection do result
(Georgopoulos et al. 1981). That such random changes
in target position are compensated for within a reaction
time suggests that the motor command being issued to
the limb is being constantly modified (Jeannerod 1988).
Others have argued that rather than a single motor com-
mand being modified a new command is produced de
novo as a result of the new circumstances (Hoff and Arbib
1992). However, even if this is the case, the second com-
mand is evoked with a latency significantly shorter than
the initial reaction time, suggesting that some aspect of
the programming can be bypassed; so the motor command
is seen as being flexible and responsive to changes in the
goal of a voluntary movement (Jeannerod 1994). The
mechanism behind this flexibility remains, at present, un-
known. This paper attempts to elucidate a mechanism
whereby this flexibility could be produced.

It may be that some of this flexibility derives from the
anatomical redundancy of the limb. The fact that a point
in space cannot be uniquely specified by a set of joint
angles is usually viewed as a problem, called “the de-
grees-of-freedom problem” (Bernstein 1967). However,
it may be that this anatomical redundancy permits the
synthesis of flexible motor command, by allowing mul-
tiple joint configurations for any given hand position. To
test this idea, we examined the effect of reducing the an-
atomical flexibility of the limb on the ability of subjects



to adjust to double-step targets. The results are consis-
tent with the proposal that the ability of subjects to ad-
just to random changes in the goal of a movement de-
pends critically upon the redundancy of the limb. An ab-
stract of these results has previously been reported
(Robertson and Miall 1996).

Materials and methods

Eight neurologically normal, right-handed subjects participated in
this study, aged from 22 to 40 years old. All but one of the subjects
were naive as to the purpose of the experiment. The subject sat at an
angled digitising tablet (Fig. 1). An angled mirror above the tablet
prevented the subject from viewing their hand position but allowed
them to view four LEDs as virtual images in the plane of the tablet.
These target LEDs were positioned above the angled mirror in an
arc of radius 38 cm and were separated from one another by 4 cm.
The origin of the circle was the starting point for all movements. The
subject held a digitising pen using a power grip. The position of the
pen was recorded at 133 Hz by a PC-Pentium as (x,y) co-ordinate
pairs; the spatial accuracy of the tablet was 0.25 mm.

Throughout all experimental conditions, forward movement of
the shoulder was restrained by a harness. This prevented any dis-
placement of the shoulder axis during the task, making the upper
limb equivalent to a triple-jointed, redundant limb when moving
in a single plane. To make the limb non-redundant, the wrist was im-
mobilised, using an light-weight orthopaedic wrist restraint (6 g), al-
lowing only elbow and shoulder rotation. The subjects were random-
ly allocated into two groups of four. The first group performed 60
movements without wrist restraint followed by 60 movements with
wrist restraint. The second group did this in reverse order.

The subject was instructed to view the four virtual LED targets
in the mirror. When a LED became illuminated, this was the signal
for the subject to move in a single, rapid, straight and discrete move-
ment to the point on the tablet that represented the position of the
LED (single-step trials). When the subject had successfully captured
this position, to within 1 cm, the LED was extinguished. For one
third of the trials, chosen at random, the illuminated LED changed
position during the movement (double-step trials). This change in
target position was triggered by the hand moving 6 cm from the
starting point. This shift was always to an adjacent target, although
the direction of the shift was randomly chosen. The amplitude of
displacement was always 4 cm (the distance between the LEDs).

Three kinematic parameters were calculated from the move-
ments: the time to make the movement to the LED, the time taken
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Fig.1 Subjects were seated with shoulder restrained while looking
in the silvered mirror to see the virtual LED targets. In half of the
movements the subjects were also wrist-restrained
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to reach maximum velocity and, most importantly, the total path
length of the movement. We compared statistically the effects of re-
straint and double-step trials on the total path length for each move-
ment, across all the subjects using a two-way ANOVA.

Trial-to-trial variability of the trajectories was calculated by first
scaling and rotating the paths so as to align the start and end points.
The scaling was especially important, because this removed the ef-
fects of movement amplitude. The trajectories were then spatially
re-sampled and mean paths with standard errors calculated. The
standard errors for movements with and without restraint were then
compared statistically using Student’s #-test. Both the single- and
double-step trials were subject to this form of analysis. The velocity
profiles of all trajectories were also calculated using a numerical dif-
ferentiation procedure. To compare the velocity profiles, the start of
the movement was defined as when velocity exceeded 4% of the
maximum velocity. The end point was defined as the velocity falling
below this level for the last time. Using these normalised velocity
profiles, it was possible to calculate the total movement time and
the time required to reach maximum velocity.

Results

We compared the movement kinematics for the two
groups, to test whether the order in which they were intro-
duced to the wrist restraint could have influenced their
performance. However, no significant differences were
found between the group immediately wrist-restrained
and the group restrained in the second half of the experi-
ment (P>0.05 performance time, time to reach maximum
velocity and path length). We therefore collapsed the two
groups into a single group of eight subjects for all subse-
quent analysis (Table 1).

Effects of restraint

Movements made to single-step targets had almost
straight trajectory paths to the targets, regardless of the
level of restraint. This is clearly demonstrated by the av-
eraged paths of all eight subjects to target 2 in both the
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Fig. 2 Mean paths made by all subjects to a target during standard
and perturbation trials. Notice how the path length of the perturbed
and restrained (thickest line) is greater than any of the other condi-
tions. This feature was statistically significant across all subjects
(P<0.05). Thinnest line unrestrained single step; thin line restrained
single step; thick line unrestrained double step, thickest line re-
strained double step
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Table 1 Each subject performed 60 movements with and without
wrist restraint. During both of these sessions, the LED target chan-
ged position on one-third of the trials at random, as the subject
reached for the initial target. This procedure generated four different
conditions

Level of restraint Type of target

Single step Double step

Unrestrained Normal Effects of an uncertain
target position

Restrained Effects of Effects of both restraint

restraint and an uncertain target

position

unrestrained and the restrained conditions (Fig. 2, Table
2). Moreover the averaged paths in both conditions were
also very similar. Statistical comparison of movements to
all of the targets found no significant difference in path
length between restrained and unrestrained movements
(P>0.05). Restraint also did not effect the shape of the
velocity profile of movements.

Effects of target changes

In double-step trials, there was a significant increase in
the path length of the trajectories (P<0.05). This effect
is clear in the averaged perturbed movements (Fig. 2, Ta-
ble 2), in this example moving initially towards target 3
and only later moving to target 2. This increase in path
length was not consistently reflected in the velocity time
profiles, which continued to show only one major peak in
velocity. In a few subjects on a few occasions, there were
several local velocity peaks. This was the only evidence
for the production of discontinuous movements being
elicited by the change in target position.

Interaction between restraint and changes in target
position

Subjects restrained during double-step movements pro-
duced path lengths that were greater than in all other
conditions (Fig. 2, Table 2). This was a significant differ-
ence when compared with perturbed movements pro-
duced without restraint (P<0.05). The velocity profiles
were very similar to those observed for the unrestrained
double-step trials, with no consistent evidence of dis-
continuous movements. The performance time in all of
these conditions was also found to be similar (P>0.05).
Consequently we found a statistically significant increase
in mean movement velocity during double-step trials
(P<0.05), although there was no effect of interaction be-
tween restraint and target perturbation (£>0.05).

Trajectory variability

Restraint of the wrist appeared to affect the ability of
subjects to respond to a change in target position. So
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Fig.3A, B The greater variability of unrestrained movements
made to both double- and single-step targets. A box indicates the
25th and 75th percentiles. The line in the centre of the box is
the 50th percentile, while the capped bars are the 10th and 90th
percentiles. The circular symbols represent the Sth and 95th per-
centiles A The greater spatial variability associated with unre-
strained movements. Each movement made to a single-step target
(n = 40) by every subject (n = 8) was spatially re-sampled to give a
movement path of 100 co-ordinates. These movements (n = 320)
were then averaged together, to give a mean path and associated
variance. The variability of both unrestrained (grey) and restrained
(black) movements were compared statistically using Student’s z-
test (P<0.05). B The greater spatial variability of associated with
unrestrained movements. Each movement made to a double-step
target (n = 20) by every subject (n = 8) was spatially re-sampled
to give a movement path of 100 co-ordinates. These movements
(n = 160) were then averaged together, to give a mean path and as-
sociated variance. The variability of both unrestrained (grey) and
restrained (black) movements were compared statistically using
Student’s r-test (P<0.05)

we went on to examine the spatial properties of trajecto-
ries produced with and without wrist restraint, in both
single- and double-step trials. Those trajectories pro-
duced with wrist restraint showed a significant lower
spatial variability than unrestrained movements to sin-
gle- (P<0.05) and double-step targets (P<0.05; Fig. 3,
Table 2).



Table 2 The mean and SE across all eight subjects, for three kine-
matic parameters in each of four conditions. Both level of restraint
and type of target were shown to have a statistically significant ef-
fect upon pathlength, with a significant interaction between these
two factors. While the movement times were not significantly ef-
fected in any of the conditions. The spatial variability of the move-
ments was significantly effected by the level of restraint and, as
would be expected, by the type of target

Level of restraint Type of target

Single step Double step

Path length

Unrestrained (cm) 39.17 =+ 146 41.96 =+ 1.58

Restrained (cm) 3949 + 1.84 42.69 =+ 1.63
Duration

Unrestrained (ms) 106.50 =+14.21 90.41 +10.54

Restrained (ms) 11445 =+ 8.22 1094 + 992
Spatial variance

Unrestrained (cm) 0.1438+ 0.016 0.5382+ 0.093

Restrained (cm) 0.1187+ 0.013 0.4535+ 0.083

Discussion

We have demonstrated that the ability to respond to un-
predictable changes in the position of a target during
pointing movements was improved by the availability of
limb redundancy.

The problems of controlling a multi-joint limb have
been widely discussed in the literature (Bernstein 1967).
What has been less widely discussed are the potential ad-
vantages of a kinematically redundant limb. Here we
demonstrated that the ability to respond to random chang-
es in the final target position depends critically upon the
number of free joints in the limb.

By using a redundant limb, it is possible for move-
ments to be synthesised that respond flexibly to unpredict-
able changes in the environment. A change in the spatial
location of a target requires the modification or selection
of a motor command. These processes depend upon the
joints of a redundant limb for their implementation. Con-
sequently when a joint is immobilised these modification
procedures can no longer be expressed.

These differences were examined by measuring the
path lengths of trajectories from the starting point until
the hand velocity fell beneath a threshold. It has previous-
ly been demonstrated that subjects attempt to achieve
straight or near-straight hand paths (Wolpert et al.
1995). Moreover studies have demonstrated that uncer-
tainty in the final target position has a powerful and con-
sistent effect upon the path length of trajectories. These
studies have also shown that the time at which the target
is perturbed affects path lengths (Georgopoulos et al.
1981). So, if a target changes position very early during,
if not before, the limb movement then the effect upon
path length is minimal (Prablanc et al. 1986; Pelisson et
al. 1986); but with a later perturbation there is a corre-
sponding rise in the path length. Consequently an increase
in path length represents a shift from a desired trajectory.
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Hence it is reasonable to use this kinematic parameter as a
measure of subjects’ ability to respond to changes in the
final target position.

We found that, when a trajectory is produced by an ar-
tificially non-redundant limb to a double-step target, the
path length is significantly greater than that produced
by a redundant limb. In the latter case the redundancy
of the limb has been exploited to allow a modification
in the movement trajectory. Thus our data suggests that
while subjects can modify their trajectories with a non-re-
dundant limb their corrections are far less effective.
This flexibility is reflected in the variability of move-
ments across trials. Movements in which the limb is
non-redundant are significantly less variable than those
produced by redundant limbs. This is true for movements
to single- and double-step targets. Such an observation is
consistent with Fitts’s proposal that the statistical variabil-
ity within a movement reflects the information content of
that movement (Fitts 1954). As the number of joints that
require control increases, inevitably there is an increase in
the information content of the movement. However, in
single-step circumstances this increase in trajectory vari-
ability in redundant limbs represents an ‘“excessive
amount” of control, as both redundant as well as non-re-
dundant limbs produce movements of the same path
length. Only during double-step trials does this latent abil-
ity to control a joint (in this case the wrist) become of im-
portance, as it permits the statistically significant reduc-
tion in path length to a target that has changed position.
Perhaps the movement variability represents the latent
flexibility of the trajectory.

In addition to this situation across several movements
a similar phenomena has been reported within movements
(Georgopouolos et al. 1981). Movements can be roughly
divided into an acceleration and a deceleration phase,
and it is during the acceleration phase that subjects can
most effectively respond to changes in target position. It
is also during this acceleration phase that a movement
is at its most variable. Consequently it may be that the
variability within a trajectory or amongst a series of tra-
jectories reflects the innate flexibility of the strategy be-
ing used by the motor system.

Clearly this has an important implication in how move-
ments are represented within the central nervous system.
If the joints are exploited in order to make movements
flexible then the joints have to be represented centrally.
This could argue for an intrinsic or limb-based co-ordi-
nate frame for the calculation of motor commands (Kalas-
ka 1991). A similar conclusion was obtained, by others,
when perturbing the spatial orientation of a target rather
than its position (Desmurget et al. 1995). The authors
found that each orientation of a target was uniquely asso-
ciated with a particular joint configuration. Importantly
this unique association was present even when the target
orientation had been modified at movement onset, sug-
gesting that complex movements are encoded using an in-
trinsic frame of reference.

So we have demonstrated that the ability of the ner-
vous system to express flexible motor commands, which
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can be altered during the movement, depends upon a re-
dundant limb. This flexibility remains latent during the
performance of most movements, although it is expressed
in the spatial variability of hand trajectories.
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