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SUMMARY AND CONCLUSIONS

1. Two experiments were conducted to
determine the efficacy of a vibratory systems
analysis of finger localization on humans.
In both experiments the subject’s task was
to move the finger rapidly to a previously
learned target location. The second experi-
ment also included a condition in which sub-
jects were functionally deafferented by
means of a child’s sphygmomanometer cuff
inflated around the wrist.. In' both experi-
ments the finger was displaced on 50% of
the test trials by brief torque loads (per-
turbations) injected at unpredictable points
during the movement.

2. It was found that in both the normal
and functionally deafferented subjects, per-
turbations did not affect accuracy in achiev-
+ ing final position, a finding that supports the
equifinality characteristic of a mass-spring.
That is, a mass spring will always reach an
invariant final position or equilibrium point
no matter how perturbed. In addition, it was
found that none of the kinematic analyses
computed (velocity, movement time, oscil-
lation) violated the dynamic behavior of the
mass-spring model, ‘ ,

3. A control system that takes advantage
of the viscoelastic properties of the muscles
and joints reduces the control problem for
the brain in that once underway, movement
to end points need no moment-to-moment
intervention by central mechanisms, Fur-
thermore initial conditions, such as starting
position, are of little concern in this mode
of control; that is, as long as an end point
is specified, initial starting position and brief
" perturbations have no consequence on the
end point reached. :

4. Theoretically this finding is of some

0022-3077/80/0000-0000501.25 Copyright © 1980 The American Physiological Society

significance since it reduces two prdblems
for control of movement by the brain: de-

grees of freedom and context-conditioned

variability,

INTRODUCTION

Perhaps the most desirable attributes of
the human motor system are that it be capa-
ble of lbgating the limbs accurately in space
using a variety of movement trajectories and
that localization be accomplished relatively-:
independent of changes. in the .initial con-
ditions of the limbs. Although it is well doc-
umented that these features are characteristic

-of the behavioral repertoire of both animals

and humans, less clear is the nature of the
underlying ‘control mechanism(s). Neither
of the currently popular closed-loop, feed-
back (2), or open-loop programming ac-

counts (37) seem completely adequate. For -

example, although a closed-loop model
could accommodate the fact that achieve-
ment of final position is possible in spite of
a) changes in limb position prior to move-
ment (39) or b) the introduction of abrupt
changes in load during movement execution
(25, 35), itis at aloss when the same findings
can be demonstrated under deafferentation
conditions (8, 26, 35, 40). Similarly, central
motor programs that do not require ongoing
feedback monitoring may handle deafferen-
tation findings, but go awry when confronted
with unforeseen changes in the movement
context. Indeed, even a hybrid model that
incorporates internal, central feedback
loops (14, 28) has great difficulty with the
finding that normal accuracy may result
when monkeys are deafferented and, conse-
quently, subjected to unpredictable move-
ment perturbations (35).
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An alternative approach to problems of
localization—stemming from Bernstein’s
(5) original work,! proposes that where mus-
cles at a joint are constrained to act as a
unit, the linkage is describable as a class
of vibratory system with the physical and
behavioral characteristics of a mass spring
(4, 18, 35). There are several properties
of a mass spring that are advantageous in
explaining the style of control observed in
localization experiments. Perhaps its major
characteristic for our purposes is-that it is
intrinsically self-equihbratmg, once set in
motion the spring will always come to rest
at the same restmg length (equilibrium point).
Neither an increase in initial deflection of
the spring from its resting length nor tem-
porary perturbations will prevent  the
achievement of the equilibrium point, a
property known as equifinality (45). Support
for this account comes from experiments

in which subjects were required to hold a -

steady angle at the elbow joint against a
resistance and not to make adjustments
when loads were added or removed. A
change in load resuited in a change in joint
angle (equilibrium point), which was pre-
dictable as the behavior of a nonlinear
spring (4).

The question arises as to how such a
spring might be controlled in order to pro-
duce different steady-state -positions. Ac-
cording to Fel’dman (18) (see also Houk, Ref.
25), this can be accomplished by adjusting
certain parameters—tuning the spring—
prior to movement. In this account, the
nervous system sets the values of resting
length, A, by adjusting the length-tension
relationships of the muscles involved. If the
length of the muscle, x, varies from the
resting length, ‘‘voluntary’’ movement takes.
place. If x > A, an active tension develops
in the muscle and if x < X, the muscle is
relaxed. The invariant character of the mus-
cle is, therefore, the dependence of tension
on length for any fixed value of A. Thus,
the only static parameter that need be set
for voluntary movement in Fel'dman’s
model is resting length; namely, the length
of the muscles for which differences in

! Peter Greene (personal communication) alerted us
to this fact for which we are grateful. The translated
version of Bernstein's (5) work does not include a
discussion of the mass-spring model.
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tension sum to zero. On the other hand,
kinematic changes in rate, acceleration, and
periodicity in the joint-muscle collective are
brought about by altering the dynamic pa-
rameters of stiffness and damping.

‘Recent data fit this perspective rather
well, at least on a posteriori grounds. For
example, Bizzi and his colleagues (7, 35)
have shown for both head and arm move-
ments that normal and- rhizotomized mon-
keys can accurately achieve learned target
positions even when constant and brief load
perturbations were applied during the move-
ment trajectory. They argue that the con-
trolled variable must be an equilibrium point
specified by the motor program in terms of
the length-tension relationships in agonist
and antagonist muscles. Similarly, a con-
sistent outcome in human experiments has
been the superior accuracy of attaining final
position over amplitude from variable start-
ing positions; a finding that extends to func-
tionally deafferented subjects (26) as well as
patients in whom positional detectors in .the
joint capsule have been surgically removed.?
Terminal location may be viewed as an equi-
librium point specified by the tuned param-
eters of the spring: it is thus impervious to
unforeseen changes in initial starting posi-
tion. Amplitude production, on the other
hand, involves a change in the equilibrium
point as a function of variable initial con-
ditions and, hence, a reparameterization of
spring parameters.

In the present experiments, we set out
to determine—on an a priori basis —whether
any of the observed kinematic character-
istics that arise in localization, violate the
mass-spring model. Specifically, our tack
was to introduce sudden and unexpected
torque loads—which acted to drive the limb
(in this case the index finger) in the opposite
direction—and observe consequent effects
on localization. Unlike numerous other
studies (see Ref. 12 for a review), we were
not particularly concerned in evaluating the
various reflex responses to changed loading

* Data collected on patients with metacarpophalan-
geal joints removed and replaced with Silastic inserts
(J. A. S. Kelso, K. G. Holt, and A. E. Flatt. Towards
a theoretical reassessment of the role of proprioception
in the perception and control of human movement.
Haskins Laboratories Status Report on Speech
Research, SR-59, 1979, p. 1-12. No deficits in finger-
positioning capabilities were found.
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Finger-positioning device showing programmable torque motors capable of producing a maximum

torque of 81.6 ounce-inch about the metacarpophalangeal joint. Positioning errors were read directly from the
pointer as it moved over the protractor, graduated in degrees. Amount of torque to produce a perturbation
could be varied as a percentage of maximum, and the trigger point for the onset of perturbation was also

controllable.

conditions. Rather, we wished to elucidate
the effects of changing dynamic parameters
and consequent kinematic. variation on the
attainment of a specified equilibrium posi-
tion. In experiment / we show that the equi-
librium position is accurately attained despite
on-line perturbations. In experiment 2 we
rule out possible alternative accounts by
replicating this result in functionally deaf-
ferented individuals. '

Experiment 1
METHODS

The subjects were 12 (8 women, 4 men) right-
handed graduate and undergraduate students
who volunteered for the experiment and were
not paid for their services. The apparatus con-
sisted of a finger-positioning device (see Fig. 1)
and the associated programming electronics. The
movements allowed by the positioning device
were flexion and extension of the index finger
about the metacarpophalangeal joint. The distal
end of the moving finger was fitted with a plastic
collar, which slipped into an open-ended cylindri-

cal support. The support revolved about the
metacarpophalangeal joint and prevented move-
ment of the distal joints of the finger. Attached
to the end of the support was a pointer, which
moved over a protractor graduated in degrees.
The device was also equipped with padded ad-
justable clamps with which to secure the sub-
ject’s wrist, hand, and remaining fingers and
thumb during the movements.

The electronics control package supported the
programming of torque motor output with respect
to the movement of the finger. Finger movements
could be loaded by a system of gears that
were driven by the motor producing a maximum
of 81.6 ounce-inch of torque about the joint. A

. control was available, which varied the amount

of resistance that could be applied before the
perturbation (preperturbation) and after the per-
turbation (postperturbation). A second potenti-
ometer enabled control of the amount of torque
applied during the perturbation. The location
(angle) at which the perturbation was triggered
as well as its duration could be controlled dj-
rectly from the electronic panel. A potentiom-
eter mounted over the axis of motion provided
information regarding the position and velocity
of movement for recording purposes.
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FIG. 2. Aéquisition trends indicate a plateau effect
after 15 to 20 trials with a mean absolute error of
about 2.3°; :

Electromyographic potentials were recorded
with Beckman silver-silver chloride disk-type
- electrodes and amplified and recorded on a Beck-
man 5010 polygraph system.

Procedure

The skin above the right extensor digitorum
and over the lateral aspect of the olecranon pro-
cess (ground electrode) was prepared for elec-
trode placement. In some cases the skin over the
flexor digitorum superficialis was also prepared.
The interelectrode resistanices were 5kQ or lower.

The subjects were blindfolded and seated in a
dental chair such that the right arm and index
finger could be comfortably but securely arranged
in the positioning apparatus. The procedures for
movement during acquisition and perturbation
trials were then described for the subject and
any questions answered. Through the experiment
the subject’s task—on the commands “‘ready”’
and ‘‘move’’ —was simply to move rapidly to the
designated position. At that point the subject was
to say, ‘“‘there,” following which the experi-
menter returned the finger to the starting posi-
tion. The experiment proceeded in two parts.
The first, acquisition trials, consisted of 30 ex-
tension movements to a to-be-learned target posi-
tion (50° movement from the starting position,
which remained constant at 20° flexion). Verbal

knowledge of results (KR) was given in qualita--

tive (overshoot, undershoot, hit) and quantitative
(number of degrees) terms. Movement errors

L
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were recorded in degrees of angular displacement
from the target position. Following the acquisi-
tion trials there were 18 test trials (without KR),
of which half were perturbed by the program-
mable torque motor. The locations of the per-
turbation were designated as short (applied after
of movement from the starting position),
medium (after 25° of movement), or long (after
40° of movement). There were three trials at each
of the three perturbation locations, and these
were randomly ordered among the 18 test trials.
The subjects were informed that on some of the

“trials a perturbation would occur and that they

should attempt to move through it and arrive at
the learned location. The duration of the applica-
tion of the perturbation was set at 100 ms through-
out the experiment. Free movement was allowed
in nonperturbed trials. During perturbed trials
the movement was essentially free before and
after the 100-ms torque duration. Extensor and
flexor muscle activity, position;, and velocity of
movement were recorded simultaneously on the
polygrsph. Acquisition trials were recorded at 10
mm-s™! and test trials at 50 mm s,

RESULTS

. For error scores, deviations from the tar-
get position were recorded. By convention
an undershoot was signed negative (-) and
an overshoot was signed positive (+). Ab-
solute error (unsigned), constant error
(signed), and variable error (standard devia-
tion around mean constant error) were used
for the purposes of analysis.

Acquisition trials _

Acquisition trials were divided into six
blocks of five trials and the plot is presented
in Fig. 2. As can be seen in the figure, there
were improvements in performance as re-
flected ‘in. significant differences between
trial blocks 1 and 6, £(11) = 3.62, P < 0.01
and 3.99, P < 0.01 for absolute and variable
error, respectively. An analysis of constant
error failed to reveal significance, P > 0.05.

Test trials

To test for the principle of equifinality
in our subjects, the nine nonperturbed trials
were compared to the nine perturbed trials.
Means were calculated for each subject (see
Table 1) and served for paired ¢ tests. The
contrast between perturbed and nonper-
turbed trials failed significance for absolute
error, (s(11) = 2.01, P > 0.05). Constant
and variable error comparisons revealed
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TABLE 1. Summary of results of experiment |

Perturbedt
. Perturbed

Acquisition* Nonperturbedt Totalt Short  Medium Long
Absolute error, deg 2.81 4.12 5.61 6.08 6.17 4.58
‘ + 1.21 + 2.44 + 2.27 + 3.96 = 3.74 + 2.74
Constant error, deg -0.15 -0.18 1.37 0.58 161 - 1.97
+ 1.88 + 3.95 + 5.33 * 7.33 * 6.20 + 4.89
Variable error, deg 3.14 4.11 4.54 3.01 4.10 3.16
* 1.30 + 2.08 * 1.50 * 1.50 *3.19 + 1.89
Movement time, ms 194 346 302 325 410
* 43 * 62 *20 + 30 * 35
Values are means + SD.  * Means of last nine acquisition trials. T Means of nine trials. t Means

of three trials.

similar results; (11) = 1.51, P > 0.05, and
H(11) = 0.74,P > 0.05, respectively. Exam-
ination of the raw absolute error data re-
vealed that 9 of the 12 subjects showed little
or no decrement in performance as a result of
the perturbations. Perturbed trials were fur-
ther subdivided according to the locus of
perturbation (short, medium, or long) and
analyzed in a one-way analysis of variance.
No main effects were found for locus of
perturbation, Fs(2,33) = 0.77, P > 0.05, 0.16,
P > 0.05 and 0.79, P > 0.05 for absolute,
constant, and variable error, respectively,
For a physical mass spring with constant
stiffness and damping parameters, certain
invariant kinematic details will emerge.
Velocity and periodicity, for example, are
constants as is the overall movement time.
Mean movement time data calculated from
the first overt sign of movement in the
potentiometer output to the point of target
attainment are also presented in Table 1.
To test whether velocity was constant
from trial to trial in this learned movement,
velocity was computed from the linear part
of the slope of the displacement curves for
nonperturbed trials and averaged for all sub-
jects (mean = 350°-s~!, SD = 86°-s71),
These values represent a mean variability
of about 25%, and none of the subjects
showed less than 16% variability. Thus, in
a learned positioning task without external
perturbations, it is clearly seen that the
emergent Kinematic variability in movement
time and velocity indicates that one or both
of the underlying dynamic parameters of
stiffness or damping undergo change. To

test this finding further we investigated the
oscillations of the finger around the equi-
librium point. A spring system with constant
stiffness and damping parameters will always
produce one of three kinds of oscillation,
light, critical, or heavy damping (44). A
lightly damped system is defined as one in
which the mass of the spring passes through
the equilibrium point at least once before
reaching steady state or equilibrium point.
A heavily damped system has the charac-
teristic that the mass does not pass through
the equilibrium point and only reaches equi-
librium at infinity. The critically damped
system is one where the damping has the
least value that will produce aperiodic mo-
tion; that is, the value at which the spring
moves quickly to the equilibrium point with-
out ever passing through it. Actual displace-
ment curves of each of these forms of damp-
ing are presented in Fig. 3.

The above criteria were used to determine
qualitatively whether a subject displayed
one or more of these movement patterns.
On examination of the raw data it was ob-
served that of the 12 subjects, 9 demon-
strated both critical and light damping char-
acteristics and none showed heavy damp-
ing. There was a tendency toward critical
damping in nonperturbed trials (76% of all
trials critically damped), while in perturbed
trials there was a slight tendency for light
damping (54% lightly damped). Locus of
perturbation had no obvious effect on oscil-
latory activity (53, 64, and 44% critically
damped for perturbed short, medium, and
long trials, respectively).
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_ FIG. 3. Actual displacement curves from a single subject in nonperturbed. trials indicate three kinds of
oscillatory behavior about the equilibrium point. Similar variability in the movement patterns of most subjects
provides evidence that the stiffness parameters of the agonist and antagonist muscles were variable, but that

the ratio of activity between them was constant.

DISCUSSION

The finding that equally accurate per-
formance was obtained in both perturbed
and nonperturbed trials strongly supports
the equifinality property that is characteristic
of vibratory systems. Although comparisons
are tenuous, our results appear even more
favorable for the concept than those obtained
on arm movements in monkeys where the
errors are quite large (35) (see Fig. 2). In

addition, this is the first time to our knowl-
edge that equifinality in the face of unpre-
dictable perturbations has been observed in
human subjects. Perhaps surprisingly, the
kinematic variability in velocity, movement
time, and oscillations points also to vari-
ability in at least one of the dynamic pa-
rameters of stiffness and damping. We
might have expected that in a learned motor
activity, the central nervous system would
maintain these parameters constant from
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trial to trial. However, it may be argued
that since the task demanded only target
attainment, the movement patterns by which
this goal was achieved were relatively un-
important. Thus the control system could
feasibly afford several variations in the
specification of parameters for achieving the
equilibrium position. That there was a
tendency toward greater amplitude of oscil-
lation in perturbed trials may be viewed as
aresult of injecting more energy into a sys-
tem with constant damping; an interpreta-
tion that is congruent with the dynamic re-
sponse characteristics of a mass-spring
system.

Clearly, the data obtained in experiment
I can more than adequately be explained
by a mass-spring' model of localization.
However, the findings fail to rule out an
alternative hypothesis based on a closed-
loop conceptualization of control. Thus,
our results could be accounted for by sup-
posing that central commands are modified
during movement execution by the action
of fast-acting peripheral feedback loops (11,
17, 25) or given sufficient time, through
resetting the central commands following
perturbation. Although the latter possibility
is unlikely due to the ballistic nature of the
movements employed (see Table 1), we do
not rule out the role of afferent information
in reparameterizing the system following
movement termination. A major prediction
with respect to the spring model, however,
" is that a continuous readout of ‘propriocep-
tive informationis not a necessary condition
for the achievement of the equilibrium posi-
tion. The second experiment was designed
to examine this issue by injecting load per-
turbations during the localization move-
ments of individuals who had joint and
cutaneous information removed using the
wrist-cuff technique (21, 26, 32). The ad-
vantage of this procedure is that muscle
function is preserved in the long finger flexors
and extensors that lie high in the forearm,
while sensory inputs to the hand itself are
effectively eliminated.

Experiment 2
METHODS

Six volunteers from the studerit and faculty
population served as subjects. None of the sub-

Jjects had been involved in the first experimen
All were informed of the sensations involved i
the wrist-cuff procedure, and only those wh
felt they could handle the situation participated
The apparatus used in this experiment wa
identical to that employed in experiment /..

Procedure

We felt it necessary to replicate entirely th
results of the first experiment. Thus, the first par
of experiment 2 followed - the earlier procedur
exactly. After the 30 acquisition trials witl
knowledge of results available, 9 perturbed an
9 nonperturbed trials (together designated pre
cuff trials) were given in randomized order witl
error-information withdrawn. On completion o
this aspect of the study, subjects were remover
from the apparatus and the wrist cuff appliec
and inflated as discussed in detail elsewhere (26)
The subject’s arm and hand were replaced ir
the apparatus in the same posture as before.
Sensory testing was conducted at 1-min intervals
5-10 ‘min after wrist-cuff application in ordes
to let the subjective experience of ‘‘pins and
needles’’ subside. Subjects were instructed tc
label the fingers one through five (from thumb
to little finger) and to specify the sensation tested
(e.g., “‘touch four,”” “movement two’’). Tactile
sensation was tested using a cotton wool-covered
stick applied to the skin. Movement-position
sense was similarly tested by the experimenter
moving the digits in specific directions at variable
rates. The order of stimulus presentation was
random for both modalities to further insure dis-
criminating responses on the part of the subject.
Occasionally catch trials were included in which
no stimulation was given in order to reduce
guessing by the subject. When the subject was
no longer capable of reporting touch or localizing
position and movement in the digit being tested
on two consecutive occasions, the experimenter
defined this point as the respective cutoff point
for that digit. When all digits succumbed to this
criterion, the final end point was assumed and
its time of occurrence recorded. Following the
establishment of sensory cutoff, a further 18

3 Three independent sources of evidence speak to
the viability of the wrist-cuff technique as a tool in
reducing proprioceptive sensations. First, passive dis-
placements of the metacarpophalangeal joint up to an
estimated 90°/s were undetected. Second, subjects
wheninstructed to produce a movement but prevented
from doing so, consistently perceived that they had’
executed the movement. If muscle afferent informa-
tion were capable of accessing consciousness, this
would have been an unlikely finding. Third, it has been
consistently verified that the loss of background facili-
tation from joint and cutaneous sources using this pro-
cedure reduces stretch-refiex function (e.g., Refs. 26,
30 for review.) :



1190

J.A. 8. KELSO AND K. G. HOLT

TABLE 2. Summary of results of experiment 2

. Perturbedi
: Perturbed

Acquisition* Nonperturbedt Totalt Short Medium Long
Absolute error, deg 2.33 5.61 5.21 6.22 3.84 5.56
: + 0.80 = 3.42 + 2,48 * 4.46 + 1.62 +2.18
Constant error, deg 0.33 ~-4.50 -3.72 -5.11 -1.95 -3.67
+ 1.89 * 4.19 + 3.80 +5.90 *3.23 +3.74
Variable error, deg 2.52 3.35 4.36 3.31 2.87 4.07
+ 0.55 * 1.06 -, *0.83 * 1.22 +0.75 %239
Movement time, ms ' 192 - 352 317 335 396
* 39 + 53 + 28 + 40 + 47
Values are means + SD. * Means of last nine acquisition trials. T Means of nine trials. ¥ Means

of three trials.

trials were given to the subject, half of which
were perturbed at three different loci. These trials
(designated cuff trials) were yoked to the precuff
trials so that the subject performed them in the
same randomized order. Again, these were per-
formed in the absence of knowledge of results.
On' completion of these movements, the wrist
cuff was deflated and the subject remained seated
for a mandatory recovery period of 10 min before
leaving the laboratory.

RESULTS

Acquisition trials ,

Almost identical results to those obtained
in experiment / were obtained for acquisi-
tion trials (see Fig. 2). The comparison of
trial blocks 1 and 6 for both absolute and
variable error were significant, #(5) = 10.9,
P < 0.01 and 5.03, P < 0.01, respectively.

Precuff test trials

These trials were analyzed as in experi-
ment /. Absolute, constant, and variable
error means are presented in Table 2. No
significant differences were found in the
pairwise comparisons of perturbed and non-
perturbed trials for absolute and constant
error, £(5) = 0.86, P > 0.05 and 1.52, P
> 0.05, respectively. Significantly larger

_variable error was found in the perturbed
trials, #(5) = 4.03, P < 0.01. However, as
can be seen in Table 2, this difference was
small, in the order of 1°. Examination of
the absolute error means revealed that all
six subjects showed little or no decrement
in performance on perturbed trials. Locus
of perturbations was not found to be a sig-
nificant factor, as indicated by analysis of

variance, Fs(2,15) = 1.00, P > 0.05, 0.76, P
> 0.05, and 0.84, P > 0.05 for absolute,
constant, and variable error, respectively.
Mean movement time data are also presented
in Table 2 and mirror those of the previous
study. Results of velocity computations
were similar to those of experiment / {mean
= 346°-s71, SD = 67°-s™1), with the excep-
tion that the mean variability in this case
was slightly lower (20%).

Four of the six subjects showed oscilla-
tions in movement pattern indicative of both
light and critical damping. The effects of
perturbation were even more pronounced
in this experiment. While 70% of nonper-
turbed trials revealed critical damping, only
30% of perturbed trials were critically
damped. Again, locus of perturbation had
no obvious effects on oscillatory behavior
with critical damping in 28, 28, and 33%
of perturbed short, medium, and long trials,
respectively.

Cuff trials

Mean error scores for subjects performing
under wrist-cuff conditions are presented in
Table 3. A comparison of nonperturbed and
perturbed trials revealed no significant dif-
ferences for absolute error, ¢(5) = 0.19, P
> 0.05. Analysis of constant, +(5) = 3.33,
P < 0.05 and variable error, #(5) = 388, P
< 0.05, however, indicated significant dif-
ferences. The mean constant error for non-
perturbed trials was larger and more posi-
tive than that for perturbed trials, while the
variability in the pérturbed trials was greater
than in nonperturbed trials. [t may be noted,
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. TABLE 3. Summary of results of experiment 2 under wrist-cuff conditions

. Perturbedt
Perturbed

Nonperturbed* Total* Short Medium Long
Absolute error, deg 13.52 11.66 13.56 10.28 9.58
» : ) + 7.87 * 5.88 * 9.66 *6.14 =+ 356
Constant error, deg 4.89 0.00 -3.55 4.61 4.25
* 15,74 * 12.78 * 16.03 + 11.09 =867
Variable error, deg 6.25 8.36 8.46 5.07 6.53
* 2.28 *'2.57 * 3,94 199 +3.53
Movement time, ms 417 454 418 451 485
* 90 +79 + 52 + 50. * 39

Values are means + SD.

~however, that the differences are very
modest indeed compared to the boundary

conditions set by Polit and Bizzi (35) for

accurate arm movements in monkeys (in the
order of 12-15°),

Locus of perturbation was found not to
be a significant factor, as indicated by analy-
sis of variance, Fs(2,15) = 0.46, P > 0.05,
0.74, P >-0.05 and 1.21, P > 0.05 for
absolute, constant, and variable error,
respectively. _

Movement time data are also presented
in Table 3. Interestingly, there was an over-
all increase in movement time in cuff trials,
and this was accompanied by changes in
both velocity and oscillation patterns. The
mean velocity for wrist-cuff trials was less
than that of precuff trials (mean = 260°-s-1,
SD = 80°-s™1, representing a mean variabil-
ity of 31%). Without exception, the displace-
ment curves for all subjects under both per-
turbed and nonperturbed conditions showed
a critical damping pattern only.

It is not legitimate to compare accuracy
scores from precuff to cuff trials due to the
substantial time lapse that was necessary
for the nerve block to take effect (between
l'and 1.5 hin all subjects). Thus the modest
- increase in error is likely accounted for by
the time delay combined with the absence
of knowledge of results regarding perform-
ance. Of course, to discount completely the
possibility of proprioceptive influences on
target accuracy in perturbed and nonper-
turbed cuff trials is not possible within the
present experimental paradigm (see GENERAL
DISCUSSION).

* Means of nine trials.

T Means of three trials.

Electromyographic data

Qualitative differences in EMG activity
were examined in precuff and cuff trials.

- Examples are given in Fig. 4 along with ac-

companying displacement records illustrat-
ing perturbed and nonperturbed movements.
As shown in Fig. 4b, there is an increase
in agonist EMG activity following perturba-
tion onset due presumably to proprioceptive
stimulation and consequent initiation of fast-
acting reflex loops (e.g., Refs. 15, 30). In cuff

performance, however, electrical activity

Wwas constant throughout the movement and
signs of stretch reflex activity were largely
absent (Fig. 4c and d). A notable observation
was that the activity of the antagonist muscle
(flexor digitorum superficialis) was close to
base line during precuff trials but highly ac-
tive during and after target localization in
cuff conditions.

DISCUSSION

There were two principal outcomes of this
experiment. First, it replicated in full the
major results of our first experiment. Equi-
finality was observed under normal localiza-
tion conditions and when movements were
unexpectedly perturbed by suddenly apply-
ing a torque load that drove the finger in
the opposite direction (see.Fig. 4). Second,
the equifinality characteristic was present
even when the subject was functionally de-
afferented, a finding that lends converging
support to the mass-spring model. '

An additional and interesting result was
that movements in the wrist-cuff condition
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F1G. 4. EMG recorded via surface electrodes placed over the extensor digitorum indicate an increase in
the duration of extensor activity under wrist-cuff conditions. An associated increase in activity of the flexor
digitorum superficialis (not shown) indicates greater isometric influence. Movements were consequently slower
(compare a and ¢, b and d), and without exception critically damped (c, d). The effect of perturbation in the

wrist-cuff condition (d) was less pronounced—a finding consistent with an increased overall stiffness in a

mass-spring system perturbed by a constant load.

were slower and movement patterns more
consistent than in precuff trials. Bizzi et al.
(7) also observed this differential effect in
head movements between animals with and
without intact proprioception, a finding they
attribute to the fact that only the mechanical
properties of the neck musculature (active

and passive) remain for control purposes.
" In our study, an observed increase in EMG
activity in flexor and extensor muscle groups
under cuff conditions was combined with a
perceived increase in effort in all subjects.
We might expect that an increase in the con-
~ joint activity of flexor and extensor muscles

~will have consequent stiffening effects on
the metacarpophalangeal joint. Given parallel
increases in frictional forces and muscle
stiffness, the system will convert from lightly
damped to critically damped (44), thus sug-
gesting a reason why all our subjects showed

X

critical damping in cuff trials.* It is also pos-
sible that the modest loss in accuracy ob-
served under cuff conditions occurs as a
result of the disruption of stiffness ratios
in antagonist muscles that normally hold for
particular equilibrium positions.

In sum, the results of experiment 2 sug-
gest that proprioceptive information (as far
as can be determined in a human prepara-
tion) is not a requirement for the accurate
attainment of equilibrium position. This

i This outcome is evident on consideration of the
equation of motion for a freely damped mass-spring
system: m¥ + ¢x + kx = 0, where m is the mass, ¢ is
the linear damping constant, and k is stiffness. It can
be shown that where ¢? = 4 mk, critical damping occurs
and where ¢* < 4 mk, light damping occurs. Thus the
relationship between spring constant (k), damping con-
stant (c), and mass (m) determines the system's
oscillation.
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conclusion generally parallels very recent
work showing that the neural reflex com-
ponent has a relatively small contribution
(10-30%) in counteracting applied dis-
turbances during movement localization. In
contrast, a significantly larger portion (60%)
of this process is provided by mechanical
properties (inertial, viscous, and elastic) of
the neck musculature (7). Moreover, none
of our findings refute the claim that the kin-
ematic characteristics of movement " ob-
served in this experiment (or in experiment
1) violate any of the dynamic laws pertaining
to a mass-spring system.

GENERAL DISCUSSION

The present experiments were designed
to test the efficacy of a mode of control
that takes advantage of the properties of a
particular type of vibratory system, namely
the mass spring. A most important char-
acteristic of a mass-spring system is its equi-
finality (45), which emerges as the predomi-
nant feature in our data. Thus equifinality
endured despite unexpected and abrupt load
disturbances (experiment / ), functional de-
afferentation, and both in conjunction (ex-
periment 2), These results fully complement
our earlier work (26) and, corroborated by
recent neurophysiological data (7, 25), pro-
vide a broad empirical basis for the mass-
spring model.

There are some grounds for caution how-
ever. Although the pressure-cuff technique
drastically reduces joint and cutaneous in-
formation, it is possible that muscle proprio-
ception plays a role at some level in the
achievement of final position. Although we
envisage spring parameters to be set prior
to movement, we cannot exclude muscle
and tendon reception as playing a regulatory
function. Regardless of whether this is the
case or not, our basic tenet—borne out by
the data and consonant with the mass-spring
model—is that it is dynamic variables that
are regulated. :

It might further be argued that the sig-
nificant increase in target acquisition time
following perturbations observed in both
experiments is a consequence of ‘‘reaction-
time’’ movements that are proprioceptively
based (e.g., see Ref. 25 for review). While
we cannot completely rule out such a view,
‘we should reemphasize that the duration of
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the perturbation was 100 ms. Inspection of
Table 1 shows that unless such reaction-time
components are embedded in the perturba--
tion duration, the response at the short-
perturbation locus, for example, would be
around 8 ms, which is well outside the bound-
aries of proprioceptive reaction time. Per-
haps a more parsimonious explanation ex-
ists in terms of the amount of force produced
by the limb muscles at different stages dur-
ing the trajectory. For instance, early in the
movement larger forces are necessary to
overcome inertia and to accelerate the limb.
Consequently, the effect of a perturbation
(a force vector operating in the opposite di-
rection) will be less than in the case where
the limb is at constant velocity or decelerat-
ing. Thus the locus of the perturbation
(whose characteristics are constant for all .
trials) in the movement trajectory will de-
termine the amount of deflection of the limb
and the time to return the limb to the point-
at which it was perturbed. The systematic
effects of locus of perturbation on target

* acquisition time (see Tables 1 and 3), render

this explanation as a viable —and testable—
alternative to a reaction-time account.
Given the foregoing caveats, let us now
turn to the broader implications of our find-
ings. The mass-spring model of localization
promoted here represents a significant de-
parture point from other conceptualizations
of control. It is fairly common, for example,
for researchers to speak of central motor
programs for movement amplitude and
duration (10, 40), or to view the achieve-
ment of final position (location) as the con-
tinually sensed position of the limb in
reference to a perceptual referent or spatial
coordinate system (36). Although these
modes of control are conceptually distinct
and may: refer to different types of move-
ment (e.g., ballistic versus slow (13)), they
nevertheless envisage the controlled varia-
ble as a kinematic prescription. In contrast,
the behavior of a mass-spring system, while
describable in kinematic terms such as dis-
placement, rate, and frequency, is totally
determined by dynamic properties such as
mass, viscosity, and stiffness. Although it
is difficult to account conclusively for the
kinematic variability in our data in terms of
a singular dynamic parameter, there is good
reason to believe that stiffness is the regu-
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lated entity, while damping is a constant of
the viscous properties of the joint and mus-
cle groups involved (18, 25, 34),

What theoretical advantages might a mass-
spring account of localization provide? An
adequate answer to this question requires
us to address briefly two fundamental prob-
lems of motor organization that are often
overlooked in both behavioral and neuro-
physiological investigations of motor mech-
anisms. The first of these is the issue of
functional nonunivocality (6), or context-
- conditioned variability (43); simply stated,
there is no invariant relationship between
centrally generated signals and movement
outcomes. Movements cannot be direct re-
flections of neural events because muscular
and nonmuscular (reactive) forces must be
taken into account. Similarly, at a cellular
level, direct monosynaptic control of a-mo-
toneurons is the exception rather than the
rule in neural regulation of movement.
Whether a motoneuron fires or not is con-
tingent on the influences of supra-, inter-,
and intrasegmental neurons whose status
varies from one instant to the next (16). The
point is that descending information is
continually modulated by virtue of the
active state of the segmental machinery.
Thus we cannot ignore the contextual back-
ground against which supraspinal signals
are realized.

Although it is possible, in theory, to solve
the problem of context-conditioned vari-
ability by making available detailed informa-
tion about the current states of muscles and
joints, such an account fails to address the
second problem; namely, how the degrees
of freedom of the motor apparatus are reg-
ulated.® One solution toward resolving this
dilemma (6, 20, 23, 42) is to claim that
skeletomuscular variables are partitioned
into collectives where the variables within
a collective change relatedly and auto-
nomously. This results in a reduction of the
degrees of freedom since higher brain centers
now have only to activate or tune lower-
level, functional groups of muscles.

That such functional units or synergies

® If we consider the degrees of freedom problem at
the level of muscles alone, Tomovic and Bellman (41)
have estimated the total number in the human body
to be 792. For the brain to individually regulate these
is surely an insurmountable task.
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(9) constitute the significant units of control
is revealed in a broad range of activities —
from the regulation of animal gait (24, 38)
and the maintenance of vertical posture
(33) to aiming the arm at a target (3) and
coordinating the upper limbs to perform dif-
ferent tasks (27). Similarly, tuning is demon-
strated by experiments that sample the state
of the neuromuscular system just prior to
movement. Thus it can be shown that aug-
mentation of the H-reflex in the gastroc-
nemius muscle occurs when it is compatible
with the intended movement (plantar flexion)
and depressed when it is not (22, 29). Func-
tional groupings of muscles arise then, pre-
sumably as a result of such tuning or biasing
in the interneuronal pools of the spinal cord
(20, 23).

The mass-spring model is fully compatible
with the style of control that we have briefly
elaborated here. The spring system in this
case represents a functional collective of
muscles (23, 42), and its dynamic param-
eterization is reflective of tuning. It thus
provides at least a partial solution to some
of the problems that confront investigations
of movement production possessing the fol-
lowing advantages. First, the desired posi-
tion of the limb may be specified independ-
ent of initial conditions (equifinality). Thus,
what constitutes a context-conditioned vari-
ability problem in traditional views of motor
control is not a concern for the mass-spring
proposition. Second, the desired behavior
of the limb is closely approximated by the
laws of mechanics. Given the existence of
constant damping, the limb pursues its own
trajectory in a stable manner. Both these
advantages eliminate the requirement for
continuous regulation via feedback. Third,
speed can be controlled by specifying stiff-
ness which, as revealed in elementary me-
chanics as well as in the present experiments,
may be regulated independently of resting
length (equilibrium point). Thus, an invariant
end point may be the outcome of varying
combinations of kinematic properties. Fourth,
repetitive movements can be produced by
the natural oscillations of a spring system;
all that needs to be specified—and then only.
once—is the equilibrium point. Instead of
controlling time of arrival at each terminal
position of the swing (a kinematic computa-
tion), timing could be regulated by altering
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stiffness (the spring constant). A fifth ad-
vantage (P. H. Greene; personal communi-
cation) may be seen in the following ex-
ample: consider the task of directing a finger
to a desired position in space. Spring pa-
rameters of the trunk, shoulder, elbow, and
wrist could be temporarily coupled so that
when the equilibrium point of the entire
linkage is reached, the finger is in the correct
position.® If for some reason the location
is not reached, then the position error of
the finger alone—not the n-tuple errors of
all the degrees of freedom—can be used to
regulate the equilibrium point of the coupled
system. This is an important point for it
reconciles to some degree the problem that
some theorists have had (19) with formula-
tions that have knowledge of results regulate
- motor learning (1). If the skeletomuscular
variables are constrained to act as a unit,
error information will be relevant to that
unit alone, and not the singular degrees of
freedom that constitute it.

Finally, a neuromuscular system with the
dynamic properties of a spring complements

8 In fact, this example is far from conjectural. The

type of coupling envisaged here is exactly that adopted

- by skilled marksmen in what Arutyunyan et al. (3)
call the synergism of aiming.
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