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When a perturbation displaces the human hand from equi- 
librium, arm muscles respond by producing restoring forces. 
When a set of displacements are given at various directions 
from the same equilibrium position, the resulting restoring 
forces form a “postural force field.” It is not known whether 
these postural forces are related to those generated when 
a reaching movement is executed. However, if a movement 
is a consequence of a shift of the equilibrium position of the 
hand toward the target, then, from the postural force field, 
predictions can be made regarding the nature of the elastic 
forces acting on the hand during the movement. We have 
taken the first steps in testing this hypothesis by measuring 
the postural force field of a subject’s arm over relatively 
large distances, and comparing these forces with the static 
forces generated at the hand while the subject attempted a 
reaching movement. 

Using a robot manipulandum, the hand was displaced at 
various directions from an equilibrium position. The mea- 
sured restoring forces were fitted to a nonlinear model to 
define a postural force field for that equilibrium position. This 
field was used to predict elastic forces generated when the 
subject attempted to move the manipulandum from a point 
on the circumference of a circle to a target at its center- 
the center corresponded to the equilibrium position at which 
the postural field was measured. In some of the movement 
trials, the manipulandum was locked during approximately 
the first 120 msec of the program for motion and the resulting 
static “evoked” forces measured. We found that (1) the 
evoked forces did not point to the target, but were a function 
of the configuration of the arm and rotated with the shoulder 
joint, and (2) the magnitude of the evoked forces varied 
systematically, even though the movements were of the same 
magnitude. These patterns were remarkably similar to those 
observed in the postural forces. 

Our results provide experimental evidence linking main- 
tenance of posture in a multijoint system to that of generating 
a movement. The evidence is consistent with the hypothesis 
that the CNS programs a reaching movement by shifting the 
equilibrium position of the hand toward the target. 
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The idea that a limb’s posture is controlled through selection 
of the agonist and antagonist muscles’ length-tension curves 
was first proposed by Feldman (1966). The notion of an “equi- 
librium position controller” was born from the observation that 
in a single-joint system, the length-tension properties of op- 
posing muscles interact to stabilize the limb at some joint con- 
figuration-the limb resists displacement from this equilibrium 
position by producing restoring forces opposing the perturba- 
tion. 

Feldman (1966) linked the process of postural control and 
movement generation by suggesting that the CNS might be gen- 
erating a movement of the limb through selection of a set of 
length-tension properties ofagonist and antagonist muscles such 
that the equilibrium position of the limb gradually shifts to the 
joint configuration corresponding to the target ofthe movement. 
This sequence of equilibrium positions is known as an “equi- 
librium trajectory.” The essential characteristic of this hypoth- 
esis is that at every stage of the motor program, the control 
signal corresponds to a stable equilibrium position somewhere 
along the path connecting the start to the target configuration 
of the limb. 

For moderate-speed single-joint movements, there is now a 
substantial body of evidence supporting the hypothesis that a 
movement is programmed by gradually shifting the equilibrium 
position of the limb to the target configuration (Bizzi et al., 
1976, 1978, 1982, 1984; Kelso and Holt, 1980). In the case of 
multijoint movements, however, the question of whether a 
reaching task is executed as a result of a program that specifies 
such a trajectory remains unresolved. In a model of the human 
arm described by Flash (1987) the trajectory of the hand ob- 
served during certain reaching movements has been shown to 
be consistent with the predictions of the hypothesis. In these 
simulations, a movement was produced as a consequence of a 
motor program that specified a trajectory of equilibrium points 
for the hand along a straight line from the start to the target 
position. However, it has been suggested (Hasan, 1991; Smith 
and Humphrey, 199 1) that simulation paradigms may not pro- 
vide an adequate measure of this hypothesis because of the large 
number of uncertain parameters related to the mechanical im- 
pedance ofthe arm in its multijoint configuration (Hogan, 1985). 
Nevertheless, it is worth noting that the results of the simula- 
tions performed by Flash (1987) were critically dependent on 
only one assumption, namely, that the motor program for reach- 
ing could be described by a voluntary shift in the equilibrium 
position of the hand such that at any point in time, the static 
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the resting hand is displaced systematically from the center of 
a circle to points that lie about its circumference. According to 
the equilibrium point hypothesis, in order to make a reaching 
movement from a point on the circumference of this circle to 
a target at its center, the static forces produced at the hand should 
be directly related to the restoring forces measured during main- 
tenance of posture. Measurement and comparison of these two 
forces are the thrust of the present study. 

Our intention is to ask whether there is a link between main- 
tenance of posture and the act of generating a multijoint move- 
ment. To that end, in the present study we have designed a 
method to measure the restoring forces for relatively large dis- 
placements of the hand from equilibrium. These postural forces 
were then compared to forces measured during a task in which 
the subject was to move the hand to a target. During randomly 
selected movement trials, as soon as the target was presented, 
we prevented the hand from moving and measured the resulting 
static “evoked” forces. When the postural forces were compared 
to the evoked forces, we found remarkable similarities in the 
directions and relative magnitudes of the two data sets. These 
findings provide experimental evidence that links maintenance 
of posture to generation of movement, and is consistent with 
the predictions of the hypothesis that a reaching movement is 
programmed through a shift of the equilibrium position of the 
hand toward the target. 

Figure 1. Sketch of the manipulandum and the experimental setup. 
The manipulandum is a two-joint planar robot with a force transducer 
mounted on its end-effector. In the postural force field measurements, 
the manipulandum would displace the subject’s hand, while in the 
movement trials, the subject would move the manipulandum. These 
measurements were performed at two positions in the work space (bro- 
ken lines). For a typical subject, at the “left” position the shoulder and 
elbow joint angles were 57” and 99”, respectively, while at the “right” 
position these angles were 18” and 88”. Lengths of the forearm and the 
upper arm for this subject were 33.5 and 33.8 cm, respectively. The 
coordinate system used to specify a direction is shown: a target at 3:00 
was at O”, 12:00 at 90”, and so on. 

component of the forces acting on the hand were the same as 
those obtained when the hand was displaced from that equilib- 
rium position. This is a nontrivial assumption because the static 
response ofthe human arm (in its multijoint configuration) when 
the hand is passively displaced by a small distance from equi- 
librium is much more complicated than that observed from a 
single-joint system: in a stable single-joint system, regardless of 
the number of muscles or complexity of the their geometry, 
restoring torques are always opposite to the direction of the 
displacement; in a multijoint system, however, displacement of 
one joint may result in development of torque at not only the 
affected joint, but also neighboring joints as well. For example, 
this may be due to the effect of mechanical interaction between 
the joints through the action ofdouble-joint muscles (cf. Hogan, 
1985) or the action of heterogenic reflexes (Nichols, 1989). 

The first attempt at understanding multijoint behavior of the 
human arm near equilibrium was performed by Mussa-Ivaldi 
et al. (1985). In these experiments, the hand was displaced by 
a few millimeters from equilibrium and the restoring forces 
measured. An essential finding of this work was that the direc- 
tion of the restoring force was not, in general, opposite to the 
direction of the displacement. From this we can infer that based 
on the equilibrium trajectory hypothesis, for a multijoint reach- 
ing movement, if the equilibrium position of the hand were to 
be voluntarily shifted toward a target, then the static forces 
produced at the hand should not point to the target. In fact, the 
restoring forces measured about an equilibrium position can 
provide a strong prediction regarding the nature of the elastic 
forces that should be produced if a reaching movement is gen- 
erated through a shift of the hand’s equilibrium position toward 
a target. 

In particular, consider the restoring forces that result when 

Materials and Methods 
Seven right-handed subjects with no known history of neuromuscular 
disease, ranging in age from 24 to 38 years, participated in this study. 
A schematic of the measurement apparatus is shown in Figure 1. Sub- 
jects were seated on a chair that was bolted onto an adjustable posi- 
tioning mechanism and were instructed to grip the handle of a planar 
manipulandum with their right hand. Their shoulder was restrained by 
a harness belt, their right elbow was supported in the horizontal plane 
by a rope attached to the ceiling, and their wrist on the right hand was 
wrapped in a brace to prevent rotation. 

Apparatus 

The manipulandum is a two-joint, lightweight planar robot with a six- 
axis force-torque transducer mounted on its end-effector (the handle). 
The shoulder and elbow links of the robot have, respectively, lengths 
of 23 and 20 cm and moments of inertia of 0.0195 and 0.0037 Kg.m2. 
At the configuration tested (center of the work space), the inertia of the 
robot as expressed in end-point coordinates (so-called mass matrix) was 
estimated to have a determinant of 0.15 Kg?, which is approximately 
an order of magnitude smaller than that of a typical human arm. 

Two optical encoders, mounted on the axes of the mechanical joints, 
provided position information, while two tachometers provided joint 
velocity signals. The torque motors (mounted at the base of the robot) 
were connected independently to each joint. Furthermore, each joint 
was equipped with a brake mechanism that could be activated to lock 
the manipulandum. The apparatus also included a video display mon- 
itor that in some instances was used to provide feedback to the subject 
regarding position of the handle relative to a specified target. 

A microcomputer collected position, velocity, and force information 
at a rate of 100 Hz, and controlled the torque motors and the brakes. 
In order to give the robot a desired stiffness and viscosity, and to allow 
for servoing of the subject’s arm to a desired position, we used the 
following linear control law: 

f = K,(x - xd) - B,k, (1) 

where f is the effective force vector at the end-effector produced by the 
torque motors, x and x are the current position and velocity vectors of 
the end-effector, xd is its desired position, and K,,, and B, are the pro- 
grammed stiffness and viscosity matrices for the manipulandum. The 
purpose of this control law was to provide a mechanism for displacing 
the arm of the subject along a desired path. In all experiments, we used 
the following stiffness and viscous parameters: 
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These parameters were chosen empirically so to maintain the mani- 
pulandum’s stability while providing the largest apparent stiffness com- 
patible with the operating range of the torque motors (k8.9 N’m). 

Experimental procedures 
Each subject participated in two experiments. In experiment 1, restoring 
forces generated by the subject while the hand was displaced from equi- 
librium were measured. The displacement was from the center to var- 
ious points along the circumference of a circle, where the center cor- 
responded to the equilibrium position of the hand. The restoring forces 
for a set of displacements were used to define a “postural force field.” 
In experiment 2, subjects were instructed to move the manipulandum 
from a point at the circumference of the same circle to a target at its 
center. We measured the static forces produced at the hand in response 
to presentation of a target in the context of a reaching task. 

Measuring the postural forcejield. The measurement of the postural 
force field can be regarded as an extension of the technique introduced 
by Mussa-Ivaldi et al. (1985) to measure the postural stiffness. After 
the subjects were positioned in front of the manipulandum, they were 
instructed to grip the handle, to place it at a specified location in the 
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work space, and to close their eyes. They were told that the manipu- 
landum would attempt to displace their arm slowly, and were asked 
“not to intervene voluntarily.” The perturbation was programmed as a 
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gradual change in the nominal position of the handle, that is, x,, in 

8.5 set ramp period, x,-was kept constant for0.4 set and then the torque 
motors were turned off, allowing the arm/manipulandum system to 
move freely. This measurement was repeated for 24 directions (spanning 
360”) presented in a random order. 

Equation 1. At the beginning of the perturbation, the nominal position 
of the handle was set to be equal to the actual position: xd = x. From 
this initial position, xd was moved 5.0 cm over a period of 8.5 set (at 
constant velocity) along a straight line in a specified direction. After the 

-12 '. 
'.. . . . .,. 

Figure 2. Restoring forces for a two-dimensional disolacement of the 
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human arm. The perturbation was along 75”, and attempted to displace 
the hand by 50 mm during 8.5 set (constant velocity). A, Hand position 
with respect to initial position. Solid and broken lines are the position 
components along the x- and y-axes, respectively. B, Restoring forces 
measured at the hand. Solid and broken lines aref? and& respectively. 

As the manipulandum displaced the hand, the subject’s arm produced 
gradually increasing restoring forces on the manipulandum. Figure 2 is 
an example of one such perturbation and the forces measured at the 
handle: Figure 2A shows the displacement to the hand and Figure 2B 
is a plot of the resulting restoring forces. The solid lines represent dis- 
placement and forces along the x-direction, while the broken lines rep- 
resent displacement and forces along the y-direction. The coordinate 
system was centered at the subject’s shoulder joint (Fig. 1). In this case, 
the manipulandum attempted to move the subject’s arm along a line 
directed at 75”. Note that there is a smooth and continuous increase in 
both components of the force as the arm is displaced, and that the arm 
returns to a location very close to the initial posture after release. 

Approximately 2 set after the perturbation had completed and the 
hand had returned to its initial position, a second perturbation along a 
different direction was given. Approximately 30 set after the completion 
of the 24 perturbations, a second and then a third set of perturbations 
(each consisting of 24 perturbations) would follow. The purpose of this 
repetition was to quantify the variability of the measured fields. 

From these forc&position data, we derived a postural force field 
corresponding to the particular configuration of the arm at which re- 
storing forces were measured. A force field was measured in each subject 
at two different arm positions in the work space. This is indicated in 
the schematic of Figure 1. In order to prevent any artifacts arising from 
changes in the configuration of the apparatus, we kept the handle at the 
same position relative to the base of the manipulandum and moved the 
subject on the adjustable chair. We will refer to these locations as the 
“right” and “left” arm positions. 

Evoked forces. The objective of this second part of the experiment 
was to quantify the static forces produced by the subject when the task 
was to move the manipulandum’s handle to a target. The subjects were 
instructed to grasp the handle of the manipulandum and to move it 
such that the cursor displayed on the video monitor (representing the 
current position of the handle) was placed within a target square. The 
square represented an area of 4 x 4 mm in the work space. Once the 
starting location was reached, a target was presented. The subject was 
asked to move to this target. The instructions were to “make a single 
and uncorrected movement to reach the target square.” 

We specified the starting position for each movement on the circum- 
ference of a circle of 40 mm radius. The target position for all move- 
ments was the center of this circle, and corresponded to the postural 
location used in the first experiment. The initial positions were distrib- 
uted at 45” intervals. Therefore, the movement trials converged on a 
single final position from eight different initial positions. 

In order to reach the target, the subject exerted a force on the handle 
of the manipulandum, which also housed the force transducer assembly. 
During a movement, the forces measured by the transducer reflected 
the dynamic interactions between the subject and the manipulandum. 
These forces were influenced by the inertial, viscous, and elastic prop- 
erties of the subject’s arm and by the dynamics of the manipulandum. 
However, by locking the arm at the onset of the movement, it was 
possible to remove the inertial and viscous components. Thus, we im- 
plemented the following procedure aimed at measuring the elastic forces 
generated by a subject at the onset of movement. In randomly selected 
trials, as soon as the target was displayed on the monitor, the brakes 
were activated on the manipulandum, effectively locking its end-posi- 
tion. The brakes exerted their action for 300 msec only. The forces 
measured during this period are static in nature, and will be referred to 
as “evoked forces” to distinguish them from the static forces measured 
in the postural trials. 

As noted, movements were made from eight different initial positions 
toward the same target. The subject repeated movements from each of 
the initial positions 20 times. In eight randomly selected trials from 
each initial position, the brakes were applied. The subject made these 
movements at the two different arm positions corresponding to the left 
and right configurations in Figure 1. Thus, we obtained evoked force 
data for a total of 128 movement trials. 

We noted that engaging the brakes produced a slight clicking noise 
that could have possibly aided the subject in anticipating a braking of 
the manipulandum as the target was shown. Since disengagement of the 
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Figure 3. Example of the basis function and the corresponding basis field used in approximating the measured postural forces. A, The basis 
function G(x, x,), plotted for x, = (0, 0), a, = 24, and 0; = 20 mm (see Eq. 5). B, The basis field, that is, the gradient of the function plotted in A. 

brakes was inaudible, in trials for which the brakes were not to be applied 
for 300 msec, the brakes were turned on and then off as quickly as 
possible (a latency of approximately 15 msec). This ensured that all 
movement trials began with display of the target and a clicking noise 
of the brakes, even though only in some of the trials the brakes were 
kept on to measure the evoked forces. 

Data analysis and modeling 
In the case of the movement trials, we were interested in the forces 
produced by the subject as a function oftarget direction. Since significant 
forces did not develop until 170-200 msec after presentation of the 
target, we represented the evoked forces produced by the subject for 
that trial by computing an average force vector during the period be- 
tween 200 and 300 msec after the target was presented. However, in 
the rare event (less than 2% of the trials) that forces did not develop 
until less than 100 msec before the release of the brakes, the trial was 
not used. For the eight times that the same target was presented, the 
mean force direction and magnitude along with the corresponding stan- 
dard deviations were calculated to represent the force produced for a 
given target direction, at a given configuration of the arm. 

For the analysis of the postural forces, a method had to be developed 
to address the following problem: Since the measured forces provided 
information for a finite set of points in the vicinity of the equilibrium 
posture (in approximately a 3-5 cm radius), we needed a way to use 
this data to predict what the forces would be at positions that were 
within this radius but for which no data point was available. Further- 
more, since the postural forces were measured over three separate trials, 
it was necessary to have a means for comparing them. We addressed 
these issues by fitting the restoring forces to a nonlinear model that was 
our representation of the postural field. The procedure for approxi- 
mating these fields is explained next. 

Forcefierd approximation. Here we describe a technique for approx- 
imating a force field (a more detailed account of this technique can be 
found in Mussa-Ivaldi et al., 199 1). Our goal is to fit a function to the 
measured postural forces such that the data generated from the mea- 
surements and the forces produced by the approximated field are sta- 
tistically consistent with a single distribution function (von Mises, 1964). 

We solved this approximation problem by fitting the measured forces 
to a collection of predefined fields-each of these predefined fields was 
called a “basis field.” Inherent in our procedure are two assumptions: 
(1) that the measured forces can be reproduced by summing a sufficient 
number of basis fields, and (2) that the measured forces belong to an 
integrable field that is the gradient of some scalar potential. The first 
assumption was found to be justified empirically through statistical 

comparison of the measured and approximated data. The second as- 
sumptton is based on the fact that for perturbations of relatively small 
magnitude, Mussa-Ivaldi et al. (1985) have shown that the restoring 
forces are conservative, meaning that the arm as a whole behaves as a 
spring-like system (Hogan, 1985), implying that a scalar potential func- 
tion can be defined. 

The statement of the problem is as follows. The data in a set of 
perturbations are samples of an unknown vector field F. This field is a 
map defined by the following: 

F: x-f; 

if = (fx, f,, I L = Ux), f ,  = F,(x); f,> f,  E R; x = (x> ~91. 

We have some d samples of F, If  l,f*, . . . ,fd), obtained at a set of distinct 
locations {g’,IIt* , . . . ,szd). The question is how to construct an estimate 
of F from the collected data points. Clearly, one approach is to operate 
on the single vector components f, and f, separately, treating them as 
unstructured collections of scalar entities. Another approach is to use 
basic computational elements that themselves are endowed with vector 
properties. The advantage of this latter approach is that a coordinate 
invariant description of the results can be achieved: consider that the 
field F is integrable (or conservative) if and only if a scalar potential 
function U(x) can be defined over R2 such that 

Let us assume that the potential function U(x) is approximated by a set 
of k basis functions (Powell 1987, Poggio and Girosi, 1990), G, = G(x, 
x,)with(i= l,...,k)as 

Wd - i c,G(x, x,1, (2) 
1-1 

where each point x, is the “center” location for its basis function G,. 
Accordingly, the vector field, F(x), can be approximated by a set of k 
basis fields, p. These basis fields are obtained from the corresponding 
basis functions as 

qyx) = (p;(x), p(x)) = 
( 
i!sp, y 

1 
. (3) 

The vector field F is approximated by summing a set of k basis fields 
of Eq. (3) with the same coefficients c, that were introduced in Eq. (2): 
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We used bivariate Gaussians as basis functions: 

G, = exp AC.& - y). 

( 

An example of the basis function G, is shown in Figure 3.4. In Figure 
3B we have the corresponding basis field P. For our purpose, the prob- 
lem of field approximation is to find a coefficient c, for each basis field 
‘P so that when all basis fields are added, the sum is a field that is 
statistically consistent with the measured force field. The procedure that 
we followed for solving for each of the basis field coefficients is outlined 
in the next section. 

Basisjeld coeficients. One way to solve for the coefficients c, for each 
of the k basis fields in Equation 4 is to minimize the squared error 
between the approximated and measured fields. Solving for the coelli- 
cients c, is simple because Equation 4 is a linear transformation. Let us 
represent our measured data by a vector p, such that p = (f I, , f<, 
f;,, , f$). This vector has 2 x d components and is related to the 
array of coefficients c = (cl, . , cl;) by the linear transformation 

The matrix @ is 

p = *c. (6) 

_ v;(s) ‘P;(9) ‘p: (ad) 

In the linear transformation of Equation 6, we can uniquely solve for 
c when the number of basis fields, k, is 2 x d and 0 is not singular. I f  
k < 2 x d, then the choice of the pseudoinverse @ + = (S7O)m ‘0’ 
minimizes the square of errors, II& - p/I’, so that we have c = @+p. 
In this study, the number of basis fields used was significantly less than 
the number of data points; that is, k K d. Therefore, the pseudoinverse 
technique was used to solve for c. 

Statistical am&is of the model. Initially, we quantified how well the 
measured postural forces were represented by our field approximation 
technique. Once this approximation was shown to be statistically con- 
sistent with the measured data, we used the model to predict the evoked 
forces, assuming that the equilibrium position had moved toward the 
target. Finally, we tested the hypothesis that postural forces and evoked 
forces are consistent with the same distribution. Each phase of this 
procedure is described herein. 

In approximating the postural forces through addition of a set of basis 
fields, we needed to decide (I) how many basis fields to use and (2) 
where to put the center of each basis field. As in any approximation 
task, the more degrees of freedom one has in the model, that is, the 
more basis fields one has, the more precisely one can approximate the 
data. However, the drawback of adding degrees of freedom is a loss of 
“smoothness” in the resulting field, particularly if the measured data 
are noisy. Therefore, it is desirable to use the least number of basis 
fields that satisfies an objective measure of error. 

One way to determine how many basis fields are sufficient for the 
approximation problem is through a statistical test of how well the 
measured forces and the approximated field match. The 
Kolmogorov-Smimov criterion is a nonparametric method to perform 
this comparison (von Mises, 1964; Hoel et al., 1971). The procedure is 
first to construct an unbiased estimator of the measured data’s cumu- 
lative probability density (c.p.d.), and then to look at the c.p.d. for the 
approximated data and calculate the maximum value of the absolute 
difference between the two. This number can then be used to give a 
significance measure for certainty of the null hypothesis, that the mea- 
sured and the approximated data sets are drawn from the same c.p.d. 

The procedure that we used to decide on the location of the basis 
fields was as follows. Since the work space dimensions spanned by our 
force data were within a rectangle of I20 x 100 mm, we positioned the 
center x, = (x, , y,) of the basis field P on a rectangular grid based on 
the following rule. Assuming that the number of basis fields that we 
chose to use is k = k, x k,, where k, and k, are the number of columns 

and rows in the rectangular grid of the basis fields, then x, = -60 + 
i6O/k,, and y, = -50 + i50/k, (both in millimeters). 

The rule used to decide on the standard deviation of the bivariate 
Gaussian of Equation 5 depended on the number of basis fields as well. 
Our criterion was to ensure that all centers were located within one 
standard deviation from each other, ensuring a high level of interaction 
between neighboring basis fields. This interaction is important because 
the contribution of a basis field is always zero at the location of its 
center. Therefore, the P variables in Equation 5 were set as follows: 0, 
= 120/k,, and (r, = 100/k,. 

The approximated field was used to predict the evoked forces during 
the movement task, that is, to test the hypothesis that the evoked forces 
were due to a displacement of the equilibrium position of the hand 
toward the target. The predicted and measured evoked forces were 
compared by (I) computing an average error in matching of the data 
sets, and (2) computing a statistical measure of whether the two are 
consistent with the same distribution (the Kolmogorov-Smimov cri- 
terion). 

Results 

The equilibrium point hypothesis predicts a simple relationship 
between the elastic forces generated during the execution of a 
movement and the forces measured during maintenance of pos- 
ture. According to this hypothesis, the CNS executes a move- 
ment by gradually shifting the equilibrium posture from the 
starting position to the final target (Bizzi et al., 1984). Thus, 
once one knows the field of static forces that are generated when 
the hand is displaced from equilibrium, one should also be able 
to predict the static forces generated as the subject attempts to 
move to a target at that equilibrium position. 

In this study, we displaced the arm by a relatively large dis- 
tance from equilibrium (3545 mm), which resulted in signifi- 
cant restoring forces (9-l 5 N) (the displacements and restoring 
forces are approximately an order of magnitude larger than those 
applied in Mussa-Ivaldi et al., 1985). Our purpose was to as- 
certain whether there was a relationship between the postural 
forces developed over a distance of 40 mm, and the static forces 
produced for a movement to a target at the same distance. The 
target of the movement was always situated at the center of the 
postural force field (the equilibrium position), and the starting 
position of the movements were always from points on the 
circumference of a circle of 40 mm in radius. This allowed for 
a direct comparison between the postural forces when the hand 
was displaced from the center to the circumference of the circle, 
and the evoked forces when a movement was generated from a 
point on the circumference to a target at the center of the circle. 

Postural forces 

Typical postural forces measured at the two arm positions are 
shown in Figure 4. These figures were constructed by plotting 
the measured restoring force vector as the hand was slowly 
displaced from the center to the periphery. Each displacement 
lasted 8.5 set, and the forces in these plots represent the raw 
restoring forces developed at 0.50, 1.50, . . , 8.50 set into the 
displacement. 

Clearly, the manipulandum displaced the hand farther in some 
directions than others. This effect was by design: the manipu- 
landum was equally stiff in all directions (note that the matrix 
K,,,, i.e., the manipulandum’s stiffness, describes an isotropic 
field in Eq. l), while the human arm was more stiff in some 
directions than in others. This meant that when the robot and 
the human arm interacted, the same force produced by the robot 
would tend to displace the human arm farther in directions for 
which the arm was least stiff, as compared to a perpendicular 
direction. From Figure 4, we note that (1) in general, forces were 
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Figure 4. Measured postural force field for subject 1. The arm is dis- 
placed from the center to the periphery. Restoring force vectors are 
shown at every 1 set interval. A, The arm is in the “right” position. B, 
The arm is in the “left” position. 

not aligned along the direction of the displacement, (2) mag- 
nitude of the restoring forces was not equal for equal displace- 
ments from equilibrium, and (3) the field was shaped consid- 
erably differently at the two configurations of the arm. 

We found that the general pattern of forces describing the 
postural fields at the two configurations of the arm were in 
agreement with the results of Mussa-Ivaldi et al. (1985), where 
it was found that for small displacements of the hand (about 4 
mm), the human arm was (1) most stiff along a line approxi- 
mately connecting the hand to the shoulder, and (2) spring-like, 
that is, with a symmetric stiffness matrix. In order to compare 
the measured fields with the results ofMussa-Ivaldi et al. (1985), 
we fitted the postural forces of each subject to a series of stiffness 
matrices. The restoring forces for displacements of O-l, l-2, 

2-3, and 3-4 cm were each fitted to a stiffness matrix: f  = K 
dx, where K represented the stiffness of the limb. Typical results 
after fitting the stiffness matrices to the restoring forces are plot- 
ted in Figure 5 for the two configurations of the arm in the same 
subject. Each ellipse represents the stiffness at a given displace- 
ment from equilibrium. The principle axis of each ellipse cor- 
responds to the direction of maximum stiffness of the arm, while 
the area of the ellipse is the determinant of the stiffness matrix. 
We found that (1) the direction of maximum stiffness was di- 
rected approximately toward the shoulder for both the “left” 
and the “right” configurations where a postural field was mea- 
sured; (2) the stiffness matrix computed near equilibrium (for 
displacements of up to 1 cm) was essentially symmetric: the 
antisymmetric component of the stiffness matrix was in all mea- 
surements contributing to less than 4.5% of the postural field 
(as estimated by the size ofthe determinant ofthe antisymmetric 
component of the stiffness matrix vs that of its symmetric com- 
ponent); and (3) there was a gradual reduction in the size of the 
stiffness matrices (represented by the area of the ellipses) as the 
robot displaced the subject’s hand farther from its equilibrium 
position (the smallest ellipses in Fig. 5 correspond to the largest 
displacements). Therefore, the arm became less stiff as the hand 
was displaced farther away from equilibrium. 

The first two observations are in agreement with the results 
of Mussa-Ivaldi et al. (1985). The third observation, however, 
is unique to the present study and illustrates that for our rela- 
tively large displacements from equilibrium, the use of a linear 
model (i.e., a single stiffness matrix) would be inadequate to 
describe the measured postural field. In fact, it is possible to 
illustrate other instances that suggest that the postural field con- 
sists of forces that are nonlinearly related to displacement from 
equilibrium. For example, in Figure 4A, note that when the 
hand is displaced at O”, the restoring forces are not opposite to 
the forces that are produced when the hand is displaced at 180”. 

In order to approximate the behavior of the arm near equi- 
librium, the postural forces were fitted to a nonlinear model 
that consisted of a set of predefined fields. It was necessary to 
approximate the force field so that we could make a quantitative 
assessment of the hypothesis that the forces evoked in response 
to a reaching target were in fact consistent with those measured 
during maintenance of posture. The model of the postural field 
allowed us to compare not only the direction of the postural 
forces to the evoked forces, but also their relative magnitudes. 
The results of this modeling effort are described below. 

Nonlinear modeling of the postural fields 
We have assumed that the measured restoring forces are samples 
of an underlying continuous force field that is produced by re- 
cruitment of muscles as the hand is displaced from an equilib- 
rium position. The existence of such a continuous field is strong- 
ly suggested by the fact that although displacements were given 
at a random order in various directions, the resulting restoring 
forces were quite similar for similar displacements. This indi- 
cates that at some abstract level, the CNS is specifying an equi- 
librium position, as well as how the limb should behave if dis- 
placed from this equilibrium position. Because there is a postural 
field, rather than a collection of unrelated restoring forces, this 
representation in the CNS must remain constant over the period 
of measurement of the field. To approximate this field from the 
measured data points, for example, points in Figure 4, we chose 
a mathematical model consisting of a weighted sum of a set of 
predefined continuous fields. We call these “basis fields” since 
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their role in the vector approximation problem is equivalent to 
the role of basis functions in a scalar approximation problem. 

As an example, let us describe the field in Figure 4A in terms 
of a sum of basis fields. The first question was how many basis 
fields to use to approximate the data. The procedure used to 
decide on the number of basis fields was as follows. We began 
with two basis fields and solved for their coefficients c, and c2. 
We then increased the number of basis fields (see Materials and 
Methods) and computed the average absolute error between the 
measured field and the approximated field along the x- and 
y-axes. Thus, we obtained an average error vector whose mag- 
nitude is plotted as a function of the number of basis fields in 
Figure 6. This figure also indicates the instances when the 
KolmogorovSmimov test indicated that the approximation and 
the measured data were statistically consistent with each other. 
Using this method, we chose a conservative estimate of 25 basis 
fields to reproduce the measured force vectors in Figure 4A 
accurately. Average absolute error for this approximation was 
3.3% and 3.5% of the maximumf, andf, measured. This max- 
imum force was measured at the boundary of the postural field, 
where we were interested in generating movements from. 

The coefficients of these 25 centers, along with the location 
of each center, are given in Table 1. This table also gives the 
coefficients of the centers for the basis fields fitted to the data 
in Figure 4B. In both cases, based on the Kolmogorov-Smimov 
criterion, the measured and approximated data sets were sta- 
tistically consistent each other (p = 0.05). In general, we found 
that 25 basis fields provided a statistically sufficient approxi- 
mation of all measured data sets in all subjects. Average absolute 
error for approximating the measured fields in all subjects was 
less than 5% of the maximum force, and in no case was the 
correlation coefficient r* less than 0.95. 

A direct comparison of measured and approximated postural 
forces is shown in Figure 7: In Figure 7A we have a measured 

Figure 5. A graphical representation 
ofthe stiffness matrices fitted to the for- 
ce-displacement data for two configu- 
rations of the arm at various distances 
from equilibrium (subject 2). A matrix 
was fitted to the measured restoring 
forces for a perturbation that displaced 
the hand by O-1, l-2,2-3, and 3-4 cm. 
The ellipses are drawn progressively 
lighter in color as the displacement gets 
farther from equilibrium. Stiffness is 
largest for the smallest perturbation (O-l 
cm from equilibrium). Stiffness be- 
comes progressively smaller as the per- 
turbation gets larger. A, The arm is in 
the “left” position. B, The arm is in the 
“right” position. 

field of subject 2 at the left position of the arm, and in Figure 
7B, the corresponding approximated field as produced by 25 
basis fields. 

From the fitted basis fields, it was possible to reconstruct the 
behavior of the postural force field at regular intervals around 
equilibrium. This is shown in Figure 8. Consider the restoring 
forces developed when the hand is 40 mm from equilibrium, 
that is, the forces at any point along the circumference of the 
circle that defines the periphery of the field. In general, these 
forces are not directed toward the equilibrium position. Fur- 
thermore, these forces have magnitudes that systematically 
change as the hand’s positions with respect to the equilibrium 
position change. Now consider the consequences of the hy- 
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Figure 6. The average error in fitting basis fields to the measured data 
of Figure 4A. The approximated data sets for which a statistically con- 
sistent distribution with the measured data was found (based on the 
Kolmogorov-Smimov criterion) are marked by asterisks. 
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Table 1. Basis function centers and coefficients for approximating 
the postural field of subject 1 at the “left” and “right” configurations 
of the arm 

Basis centers x, 
(mm, mm) 
(-48,-40) 

(-48,-20) 

(-4870) 
(-48,20) 

(-48,40) 

(-24,-40) 

(-24,-20) 

(-24,O) 
(-24,20) 

(-24, 40) 

(0, -40) 

(0, -20) 
(030) 

am 
(0,40) 
(24, -40) 

(24, -20) 

(24,O) 

(24, 20) 

(24,40) 
(48, -40) 

(48, -20) 

(4&O) 

(48,20) 

(48,40) 

Basis coefficients c, 
Left position 
0’9 

201.71 

-44.82 

260.13 

-44.52 

142.21 

-109.27 

183.87 

-179.29 

268.15 

-207.15 

229.81 

-107.45 

406.3 1 
-236.72 

371.97 

-236.34 

352.01 

-386.71 

558.47 

-515.93 

310.16 

-201.80 

506.28 

-430.18 

472.99 

Right position 
W) 

391.34 

-343.83 

455.70 

-468.73 

205.12 

-375.86 

599.98 

-477.02 

624.10 

-394.97 

576.45 

-575.51 

717.27 
-545.80 

454.23 

-626.41 

785.17 

-652.26 

760.7 1 
-477.59 

509.90 

-687.34 

668.80 

-532.15 

478.38 

pothesis that a movement is generated via a program that some- 
how shifts the postural equilibrium position of the hand toward 
a target. In our case, the hand made reaching movements start- 
ing from points along the periphery of this field to a target at 
its center. In those trials where the hand was blocked from 
moving toward the target, the evoked forces should have the 
same relationship with respect to the target direction as the 
restoring forces do to the equilibrium position in Figure 8. This 
means that the evoked forces should, in general, (1) not be 
directed toward the target, and (2) not be equal for equal-dis- 
tance movements. Furthermore, since the postural forces vary 
as a function of equilibrium position of the hand (the change 
in the fields when comparing Figs. 4A,B or 8A,B), the same 
relative target direction in the two areas ofthe work space should 
result in different evoked forces. In the following, we report on 
the measured evoked forces and then quantify the consistency 
of the data with the predictions of the hypothesis. 

Measured evoked forces 

Subjects were instructed to move the robot’s handle from points 
on the circumference of a circle of 4 cm to a target at its center. 
Trajectories of some typical movements are shown in Figure 9. 
In these movements, the brakes were not active and the man- 
ipulandum could be freely moved. Average movement time for 
this subject was 3 11 msec (mean time for all subject was 3 18 
msec). 

In Figure 10 we have the static forces measured as the subject 

-40 

A 

40 

-40 

B -40 -20 0 20 

Displacement (mm) 

40 

Figure 7. Measured postural forces and the forces produced through 
summation of a set of fitted basis fields in subject 2, “left” position. A, 
Measured postural field. Restoring forces are drawn at 1 set intervals 
into the displacement perturbation. B, Approximated forces from the 
fitted basis fields. Centers ofthe basis fields are marked by shadedpluses. 
Coefficients of the basis fields are provided in Table 1. Average absolute 
error of the approximation: 0.48 and 0.53 N forJY and 1;,, respectively. 
Correlation coefficient: r* = 0.98. 
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attempted to move the handle of the manipulandum to the 
target. The forces shown in this figure correspond to movement 
trials in which the display of the target coincided with the ac- 
tivation of the brakes and locking of the manipulandum for 300 
msec. Approximately 170-200 msec after the display of the 
target, the subject began exerting a force on the manipulandum. 
The force grew in magnitude for 100 msec, and in most cases 
reached a plateau, at which point the brakes were released and 
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Figure 8. Restoring forces for subject 2 as computed from the basis 
fields, at two configurations of the arm. Forces are drawn at 10 mm 
intervals from equilibrium. A, The arm is in the “right” position. B, 
The arm is in the “left” position. 

the movement allowed to proceed. Once the brakes were re- 
leased, the movement lasted an average of 320 msec. 

On the right side of Figure 10 we have indicated the direction 
of the target with respect to the starting position of the move- 
ment. Note that (1) the direction of the force vector is not 
necessarily equal to the direction of movement, (2) the force 
magnitude is different for different directions of movement al- 
though the target is at the same distance from the starting lo- 
cation, and (3) for some targets, for example, at 0” and 180”, 
there is a rotation in the force vectors, while for other directions, 
for example, 90” and 270”, there is only an increase in force 
magnitude without a change in force direction. 

We represented the evoked forces produced by a subject for 
a given target by computing an average force vector during the 
period between 200 and 300 msec after the target was presented. 
Figure 11 summarizes the average evoked forces for all move- 
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Figure 9. A set of trajectories for a subject moving the manipulandum 
from the periphery to the center target. The position dots are 10 msec 
apart. 

ment trials performed by a subject at the two configurations of 
the arm. We found that the forces generated over repeated move- 
ments to the same target were very consistent in both direction 
and magnitude. In this figure, the shaded “wedges” are the mean 
f SD of the direction of the force vector generated by the subject 
for a movement toward a target at a given direction (this target 
direction is noted for each force vector). The length of each 
wedge is the mean magnitude of the evoked force, obtained by 
time averaging the force vectors during the period ofapplication 
of the brakes. The solid line at the tip of each wedge is the SD 
of the force magnitude. 

We found essentially the same pattern of evoked forces in the 
remaining six subjects, as illustrated by the data ofthree subjects 
shown in Figure 12. The differences between geometry of the 
arm (i.e., link lengths) among the subjects at the configurations 
tested contributed to the small differences that do exist in the 
pattern of evoked forces in this figure. As can be seen from these 
results, the evoked forces for movement toward a target were 
highly dependent on the configuration of the arm. In fact, there 
was a strong resemblance in the general shape of these evoked 
forces and the behavior of the postural forces in Figure 8. 

Comparing postural and evoked forces 

In Figure 13 we have plotted the direction of the restoring forces 
from the three separate measurements of the postural field: we 
calculated the direction of the restoring force from the postural 
field at 40 mm from equilibrium, that is, the forces at the pe- 
riphery ofthe field in Figure 8. These force directions are plotted 
as a function of “target direction,” where target direction refers 
to the direction of the equilibrium point. On the same figure we 
have plotted the mean f SD of the direction of the evoked 
forces. 

If the movements were generated by shifting the equilibrium 
point to the center of the previously defined postural force field, 
then the evoked forces should be in the same direction as that 
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Figure IO. Evoked forces measured in 
a subject for movements from a set of . ..j..l.. 
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starting points on the circumference of 
a circle of 40 mm radius, to a target at 
its center. Direction of the target-with 
respect to the start position is indicated 
on thefar right. The target is shown to 
the subject at the point labeled T/B, 
which is also the time that the brakes 
are applied to the manipulandum. At 
the point labeled R, the brakes are re- 
leased and the arm is allowed to move 
freely. 
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of the postural forces. Figure 13 shows that for both configu- 
rations of the arm, there is good agreement between the postural 
forces and the measured evoked forces: average absolute dis- 
crepancy in the measured and expected direction ofevoked force 
in this subject was 7.8” and 8.2” for the right and left conligu- 
rations, respectively. Average absolute discrepancy in all sub- 
jects tested was 6.1 ? 1.9” and 6.2 -t 2.3” for the right and left 
configurations, respectively. 

From the postural field we can also describe the magnitude 
of the restoring forces for any point within a 40 mm radius of 
the equilibrium point. In Figure 14 we have plotted the mag- 
nitude of these forces from the measurements of the postural 
field. The same figure shows the relative magnitude of the evoked 
forces generated by the same subject during movements toward 
a target at the specified direction (the magnitudes were nor- 
malized with respect to the maximum force in the set). There 
is an impressive correspondence between the two forces in both 
configurations of the arm, consistent with the hypothesis that 
the subject initiated the movement by shifting his postural field 
toward the target. The average error between the magnitudes of 
the evoked and the postural forces for all directions across all 
subjects was 0.053 ? 0.008 relative force units (Fig. 14). 

Figures 13 and 14 also demonstrate the repeatability of the 
three postural force fields measured in a typical subject. The 
three sets of dotted lines for direction and magnitude of the 
restoring force are very much in agreement with each other in 
these figures. This fact suggests that there is a high degree of 
stability in the shape and orientation of the postural fields. 

Reaching toward versus reaching away from the body 
The correspondence between the relative magnitudes ofthe pos- 
tural and evoked forces can be further illustrated when we con- 

315 deg 
\ . . . . . . . 

sider the evoked forces when a movement is made to a target 
that is toward the body as opposed to away from it. For example, 
consider the data in Figure 14B. It is an intriguing fact that when 
the hand was making a movement toward a target situated at 
135”, the force generated was somewhat smaller than when the 
target was at -45”; that is, for a movement directed at a target 
away from the body, the evoked forces were smaller than for a 
movement toward the body. Interestingly, this is precisely what 
would be expected if the movements were generated by shifting 
the equilibrium point: because of the nonlinear nature of the 
arm kinematics, the hand stiffness is expected to decrease when 
a subject is “pushing” away from the body, and to increase 
when a subject is “pulling” toward the body (McIntyre, 1990). 
As it can be seen in Figure 14B, the postural field produced 
smaller restoring forces when the equilibrium position was at 
135” versus -45”. Accordingly, one would expect a smaller force 
if the equilibrium position had shifted to 135” versus -45”, 
which agrees with the results of the movement trials. 

A deeper and more intuitive understanding of the nonlinear 
phenomenon associated with the postural force field can be 
gained by considering the change in the potential energy of the 
arm as the hand is displaced from equilibrium. Figure 15 illus- 
trates this energy for the case where a subject’s arm was in the 
left configuration. We calculated this energy function by using 
Equation 2 and effectively integrating the postural force field 
shown in Figure 8B. The equilibrium point is at the minimum 
of this energy function. When a perturbation moves the hand 
from equilibrium, the potential energy stored in the muscles of 
the arm increases (the spring-like muscles are stretched), and 
restoring forces result (force is the gradient of this energy func- 
tion). Note that the energy stored in the arm is larger when the 
arm is pulled away versus the case where the arm is pushed 
toward the body. 
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Figure 11. Evoked forces for eight movements trials at two arm po- 
sitions for various target directions (data from subject 2). Evoked forces 
were averaged over the 100 msec period before release of the brakes. 
The SD of intertrial force directions is indicated by the shaded wedges, 
while the SD of intertrial force magnitudes is shown by solid lines. A, 
The arm is in the “right” position. B, The arm is in the “left” position. 

Rotation in the evoked forces 

In the case of the movement task in the present study, when a 
target is presented to a subject, if the response is to shift the 
equilibrium point to the target, then since the hand is prevented 
from moving, it will effectively have a potential energy that is 
attracting it toward the target. This results in a force that we 
have shown to be strongly related to the evoked forces. Now, 

Figure 12. Mean and SD of the evoked force vector over eight move- 
ment trials at two arm positions for three subjects. The circle indicates 
5 N of force. In the left column, the arm was in the left position, while 
in the right column, the arm was in the right position. Target directions 
are the same as in Figure 11. A and B, subject 1; C and D, subject 3; E 
and F, subject 6. 

consider the direction of these forces that arise due to attraction 
to the “bottom of the bowl.” In the region where the energy is 
high, the function is so steep that its gradient (the force) is always 
pointing toward the equilibrium point. On the other hand, where 
the energy is a shallow valley, small changes in position can 
lead to appreciable changes in the direction of the energy func- 
tion’s gradient. Both effects can be seen in the restoring forces 
of Figure 8B: for displacements along the vicinity of - 135” 
(corresponding to the shallow valley in Fig. 15) the direction 
of the restoring forces are extremely sensitive to the relative 
position of the hand to the equilibrium point. Comparatively, 
for displacement along the vicinity of -45” (corresponding to 
the steep region in Fig. 15) the direction of the restoring forces 
is far less sensitive. 

Is this selective sensitivity to the relative position of the equi- 
librium point reflected in the evoked forces? If so, during a given 
movement trial, the evoked forces should vary more for some 
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Figure 13. Relationship between direction of postural forces and evoked 
forces in subject 2. Direction of postural forces is drawn for each of the 
three measurements of postural field (dotted lines). Average direction 
of evoked force for a movement at a given direction is indicated by a 
solidcircle. A, The arm is in the “right” position. Average absolute error 
in prediction: 7.8”. B, The arm is in the “left” position. Average absolute 
error in prediction: 8.2”. 

targets than for others. In this scenario, the intratrial variability 
in the direction of the evoked forces would be a result of the 
sensitivity to the position of the equilibrium point as it moved 
to the target. Since this sensitivity is maximum for displace- 
ments along 45” and - 135” (when the arm is in the left config- 
uration, as in Fig. 8B), we would expect the intratrial variability 
in the evoked forces also to be maximum for targets at 45” and 
- 135”. In fact, the data are consistent with this prediction: in 
Figure I6 we have plotted the mean f SD of the intratrial 
variability in the direction of the evoked forces. For example, 
for a target at 45”, this subject’s evoked forces showed a mean 
rotation of 11”. The amount of variability in the evoked forces 
is maximum for target at 45” and - l35”, and minimum for 
targets at -45” and 135”. These are precisely the regions where 
the postural force field is most and least sensitive to the position 
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Figure 14. Relationship between magnitude of postural forces and 
evoked forces in subject 2. Relative magnitude of postural forces (nor- 
malized with respect to itself) is drawn for each of the three measure- 
ments of postural field (dotted lines). Average magnitude of evoked force 
(*SD) for a movement at a given direction is indicated by a solid circle 
and an error bar. A, The arm is in the “right” position. B, The arm is 
in the “left” position. 

of the equilibrium point. In the case where the arm was in the 
right configuration, we found that the intratrial variability in 
the direction of the evoked forces was maximum for targets at 
0” and 180” (see Fig. lo), which correlates with the behavior of 
the postural forces in Figure 8A. This pattern of intratrial force 
variations was present in all subjects. 

Discussion 

An equilibrium position refers to that configuration of the limb 
where the limb comes to rest in the absence of external distur- 
bances or loads. The equilibrium trajectory hypothesis states 
that the CNS generates reaching movements by specifying a 
program that recruits muscles of the arm such that the equilib- 
rium position of the limb is gradually shifted to the target. For 
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Figure IS. The computed potential energy gained in the arm of subject 
I as a function of displacement of the hand while maintaining posture 
at the “left” position. The X- and y-axes refer to Figure 1. This potential 
function was computed from integration of the force field as constructed 
from the measured date (see Eq. 2). The steepest region of this energy 
function corresponds to the direction of maximum stiffness of the arm. 
The equilibrium point lies at the bottom of the “bowl.” 

multijoint movements, essentially the only evidence in support 
of this hypothesis has come from the work of Flash (1987) who 
showed that kinematic features of certain reaching movements 
can be accounted for by simulating a shift of the hand equilib- 
rium position along a straight line from the start to the target 
position of the movement. Lack of other evidence has led some 
to suggest that, at least in its present form, the hypothesis may 
be untestable (cf. Jeannerod, 1988; Smith and Humphrey, 199 1). 
The motivation of this study has been to take the first steps in 
quantifying some of the predictions of the hypothesis, and test 
whether these predictions are observed during reaching move- 
ments. 

The static postural forces were quantified by slowly displacing 
the hand from equilibrium and measuring the restoring forces. 
These forces defined a field, which was a quantification of the 
program for posture. The center of the field where forces were 
zero was the equilibrium position of the limb, and the forces 
grew as the hand was displaced from equilibrium. We consid- 
ered the postural forces for points that were at a distance of 40 
mm from equilibrium. Based on the equilibrium point hypoth- 
esis, it was expected that when a movement is attempted from 
one of these points to a target at the center of the field, the static 
component of the force generated at the hand should match the 
characteristics (direction and relative magnitude) ofthe postural 
forces. Since the postural forces described a nonisotropic field 
that depended on the configuration of the arm, they provided 
a strong set of predictions regarding the static forces generated 
as a consequence of the program for motion. We estimated these 
static forces by instructing the subject to move the manipulan- 
dum to a target, while in random trials momentarily locking 
the system. We called the forces exerted on the manipulandum 
during this braking period “evoked forces.” 

I 
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Figure 16. Intratrial variability in the direction of the evoked force 
vectors for various targets (data for subject 2). Maximum change in the 
direction of evoked forces was calculated for each movement trial. The 
means + SD of these changes over the eight repeated movements to 
the same targets are shown. 

The results of this study show that, in agreement with the 
equilibrium point hypothesis, the pattern of evoked forces is 
remarkably similar to the pattern of the postural forces. 

Conditions for measuring a postural field and its repeatability 

The process of measuring the postural force field began with the 
manipulandum slowly displacing the arm from a resting posi- 
tion. During the displacement, the subjects were instructed to 
not voluntarily intervene. Our intentions, of course, were to 
minimize any voluntary contraction of the muscles during the 
process of perturbation and measure only the restoring forces 
due to the mechanical properties of stretched muscles and the 
action of the segmental reflexes. 

This paradigm has been used by a number of researchers 
(Feldman, 1966, 1980; Crag0 et al., 1976; Vincken et al., 1983; 
Mussa-Ivaldi et al., 1985) and is perhaps the only method avail- 
able for enforcing a constant “program state” in motor psycho- 
physics. In the present study, there were a number of signs that 
indicated that the subjects kept the program for maintaining 
arm posture constant during the measurements of the postural 
forces. One indication was that the restoring force measured 
during a displacement was a smooth function. For example, in 
Figure 2B, note that both components of the force were mono- 
tonically and smoothly changing as a function of time. Clearly, 
one sign that the subject may be actively reacting to the dis- 
placement would be for the forces to deviate from such a mono- 
tonic behavior. 

A second indication regarding the success of the instruction 
not to intervene was the tendency of the arm to return to its 
original position after the completion of the perturbation. This 
is illustrated in Figure 2A, where after the torque motors were 
turned off, the arm/manipulandum system returned to within 
a few millimeters of its original position. 

Perhaps the strongest indication of the success of this instruc- 
tion was the degree of repeatability of the restoring forces when 
the arm was displaced at different times along the same direc- 
tion. Since we measured the postural field three times in each 
subject, we had a way of measuring this repeatability. The highly 
correlated set of three dotted lines in Figures 13 and 14 give an 
indication of the remarkable stability of the fields over time. 
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This repeatability was also observed in the data measured 
across subjects at a given configuration of the arm, as can be 
seen by comparing the fields measured from subjects 1 and 2 
in Figures 4B and 7A, respectively. Perhaps this is a manifes- 
tation of the strong influence that the geometry of the limb has 
on the pattern of torques that are produced at the joints as the 
hand is displaced from equilibrium. It should be pointed out, 
however, that at least in theory, the existence of double-joint 
muscles such as the biceps and triceps provides the required 
degree of freedom to affect the shape of this field substantially 
if the subject chose to do so (Hogan, 1980, 1985). Whether or 
not this degree of freedom is ever exercised through voluntary 
means remains an open question. It is, nevertheless, a curious 
fact that for the task of interacting with the manipulandum, 
neither we nor Mussa-Ivaldi et al. (1985) have observed a single 
case where the characteristics of the postural field differed sub- 
stantially between subjects. 

Nonlinear approximation of the postural field 

The restoring forces due to perturbations from equilibrium were 
first measured by Mussa-Ivaldi et al. (1985). In their work, the 
hand was displaced by about 4 mm and restoring forces ofabout 
l-2 N were measured. Since these perturbations were small, the 
restoring forces were modeled by a linear function of displace- 
ment. In the present study, due to the size of the displacements 
(about 40 mm), we made no a priori assumption regarding the 
linearity of the restoring forces. In fact, several features of the 
postural field hinted at its nonlinearity with respect to displace- 
ment from equilibrium. (1) In Figure 4A, when the hand was 
displaced at O”, the restoring forces were not opposite to the 
forces that were produced when the hand was displaced at 180”. 
This symmetry would be required if the force-displacement data 
could be well described by a linear model. (2) In Figure 5, 
stiffness of the force field was not constant (it decreased) as a 
function of the magnitude of displacement from equilibrium. 
This observation may be related to the results of Hoffer and 
Andreassen (198 l), where it was noted that stiffness contribu- 
tion ofthe spinal reflexes in the decerebrated cat decreased when 
the force produced by the muscle was in the medium to high 
range of the physiological range. Whether this is related to the 
declining stiffness observed in our data as the restoring forces 
increase remains an open question. (3) A displacement of the 
hand away from the body produced restoring forces that were 
larger in magnitude than when the hand was pushed toward the 
body (as illustrated by the forces in Fig. 4B and magnitude of 
force traces in Fig. 14). 

The postural forces were fitted to a nonlinear model that 
consisted of a set of predefined fields that were termed “basis 
fields.” This is an extension of a technique used for representing 
nonlinear systems through approximation with a set of radial 
basis functions (Powell, 1987; Poggio and Girosi, 1990). We 
constructed each postural field through fitting the coefficients of 
the basis fields to the measured force-perturbation data. The 
basis fields themselves bore little resemblance to the measured 
data (e.g., compare Figs. 3B, 4A), which was due to the nature 
of the potential function (Fig. 3A) used to arrive at the basis 
fields. This potential was a radial basis function. An indication 
that we succeeded in approximating the data while minimizing 
model complexity is the fact that with only 25 basis fields (i.e., 
a sum of 25 weighted fields), it was possible to construct a force 
field that was statistically consistent with the measured data, 
which numbered in the hundreds of vectors. 

Evoked forces 

The task was to move the handle of the manipulandum to a 
target. In randomly selected trials, the presentation of the target 
coincided with the locking of the manipulandum. Subjects ex- 
erted forces against the manipulandum for approximately 120 
msec before the system was unlocked and the movement al- 
lowed to proceed (Fig. 10). The fact that these forces were re- 
markably repeatable in both direction and magnitude over sev- 
eral movement trials to a given target (Fig. 11) was an encouraging 
sign that a consistent criterion was being used to program these 
movements. The regularity in the pattern of forces in compar- 
ison to other targets (Fig. 1 l), and their repeatability across 
subjects (Fig. 12) were further evidence in favor of a common 
method used by the subjects to react to a target. 

We observed a remarkable similarity when the evoked forces 
were compared to the forces produced during maintenance of 
posture at the target position. The direction and relative mag- 
nitude of these evoked forces were in agreement with the hy- 
pothesis that when a target is made visible, the subjects initiated 
a motor program that moved the equilibrium position of the 
hand to the target (Figs. 13, 14). A subtle feature of the evoked 
forces, namely, that of pulling harder when moving closer to 
the body than pushing when moving away from the body, was 
shown to be consistent when viewed in the framework of the 
potential energy of the arm when the equilibrium position of 
the hand is shifted to the target. Analysis of the time history of 
the evoked force data showed that in reaction to some targets, 
there were fluctuations in the direction of the evoked force vec- 
tors. This fact was illustrated in Figure 10 (arm in “right” con- 
figuration) for targets at 0” and 180”, and as a whole for all 
directions in Figure 16 (arm in “left” configuration). Interest- 
ingly, these fluctuations were prevalent for only those targets 
that were along the least stiff axis of the postural field, and 
correlated with the observation that the direction ofthe restoring 
forces was most sensitive to the position of the equilibrium if 
the hand was positioned at a point along the least stiff axis of 
the postural field. 

In this analysis, we have compared evoked forces with pos- 
tural forces when the equilibrium position was at the target of 
the movement. However, in single-joint movements, it has been 
shown that a transition ofthe equilibrium point does not happen 
instantaneously but follows a trajectory from the start to the 
final position (Bizzi et al., 1982). Based on the length of an 
unperturbed movement, the period of holding the limb before 
releasing it is approximately one-third of the total movement 
time, making it unlikely that the equilibrium point will have 
reached the target. Unfortunately, whether or not the motor 
program observed in the present study specified a straight line 
trajectory of equilibrium points rather than a jump in the equi- 
librium position is a question that this level of analysis is unable 
to answer. Because of the small size of the movement, an equi- 
librium point positioned at one-third of the way between the 
start and the target position (along a straight line) would not 
give a force significantly different in direction than when the 
equilibrium position was at the target: the orientation of the 
postural field, as estimated from the direction of the principal 
eigenvector of the stiffness ellipse, rotates at most 2.7” from the 
start position to the target of any movement. An indication of 
this is apparent by comparing the stiffness ellipses when the 
hand is l-2 versus 34 cm from equilibrium in Figure 5. There 
is little change in the orientation (direction of maximum stiff- 
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Figure 17. An example of how torque produced in one joint causes 
acceleration in both joints and produces a force at the hand that is not 
aligned with the direction of acceleration. The configuration of the arm 
is at the “left” target. We assume that muscles acting on the elbow 
produced an extension torque. This results in acceleration in both joints 
and a force at the hand that is not tangent to the arc of rotation about 
the elbow. t, torque; F, force; 4, and i<,, shoulder and elbow accelerations, 
respectively; 2, the acceleration vector of the hand. 

ness) ofthe ellipses. Any change in the orientation ofthe postural 
field due to movement of an equilibrium point is likely to be 
within 1 SD of the direction of the evoked forces for a single 
movement trial. 

An alternate hypothesis: compensating for inertia 
If the effects of the postural force field were not known, then it 
might be difficult to explain the above-mentioned properties of 
the evoked forces. One possible scenario, however, might be 
that the evoked forces were due to a program that was attempting 
to accelerate the arm toward the target (Ghez et al., 1990). If 
so, then the underlying program would have to take into account 
the fact that producing torque on one joint may lead to accel- 
eration in not only the affected joint, but also neighboring joints 
as well (Hollerbach and Flash, 1982). 

There is some evidence that indicates that one aspect of motor 
planning may be to take these interaction torques explicitly into 
account; for example, Aoki (199 1) has shown that for voluntary 
movements in the wrist, activity in the elbow muscles may be 
such that they minimize the acceleration that is caused on the 
elbow joint when the wrist muscles contract. This causality can 
be shown in the framework of arm movements as well: assume 
that in the arm schematic of Figure 17, the “hand” is grabbing 
the manipulandum (not shown) and the brakes are activated so 
that there is no motion in the system. Consider the behavior of 
the arm when the elbow extensors become active. The torque 
at the elbow leads to a force at the hand. Note that this force is 
not tangent to the arc that results from rotation of the elbow 
joint. If at this moment the brakes were turned off and the arm 
allowed to move, both elbow and shoulder joints would accel- 
erate, resulting in the hand accelerating along the vector shown. 
This acceleration vector is a function of the inertia of the limb. 
Parameter values used for this simulation were from cadaver 
information (Diffrient et al., 1978) and have been shown to be 
adequate in other studies (Russell, 1990). The transformation 
from torques to acceleration can be derived from Newtonian 
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Figure 18. Expected evoked forces ifthe CNS had programmed muscle 
activities so to accelerate the hand by a unit vector pointing toward a 
target (simulations based on the kinematics of subject 2). A, Forces 
required to accelerate the arm toward a target for the “left” (/e@) and 
“right” configurations ofthe arm (right). Predicted forces for eight targets 
evenly spaced at 45” intervals are shown. Forces for targets at 0” and 
180” are identified. B, Predicted (doffed line) and measured evoked force 
magnitudes versus target direction when the hand was in the “left” 
position. 

mechanics. The transformation from torques to forces can be 
derived from the principle of virtual work (cf. Craig, 1986). 

From this example, we can see that it is possible that the 
distortions observed in the evoked forces may be due to a strat- 
egy that attempted to accelerate the hand toward a target. In 
Figure 184 we have calculated the expected evoked forces from 
this hypothesis; these predicted forces are based on the kine- 
matics of the subject whose measured evoked forces were shown 
in Figure 10. The inertia of the arm is such that in order to 
accelerate the hand toward a target that is aligned with the 
forearm, one needs to produce much more force than is required 
when the goal is to accelerate the hand at a perpendicular di- 
rection. 

The shape of the inertia tensor dictates that the predicted 
evoked forces will be oriented toward the elbow joint (compare 
with the kinematics of the forearm in Fig. 1) if the goal is to 
accelerate toward the target. In contrast, the measured evoked 
forces for this subject (Fig. 11) were aligned toward the shoulder 
joint. Furthermore, the predicted magnitudes of force based on 
this hypothesis do not agree very well with the relative mag- 
nitudes ofevoked forces measured. This is shown in Figure 18B, 
where the dotted line is the predicted magnitude of forces that 
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Figure 19. Restoring torques produced at the shoulder and elbow joints 
of subject 1 in response to a displacement from equilibrium as compared 
to the “sign” of EMG on the arm muscles during initiation of reaching 
movements from subject 1 of Karst and Hasan (1991). A and C, Re- 
storing torques at the shoulder and elbow from the postural force field 
at the two configurations of the arm. Open circles are Aexion torques; 
solid circles are extension. The size of each circle is normalized to reflect 
the magnitude of the torque. The abscissa is the elbow joint angle at 
which the postural fields were measured. The ordinate is the direction 
of the equilibrium point as expressed in the coordinate system of Karst 
and Hasan (199 1). B and D, Sign of EMG (flexion or extension) of the 
shoulder and elbow muscles for initiation of reaching movements to 
various targets. Flexion is noted by open circles; extension, by solid 
circles. 

should have resulted if the goal was to accelerate the hand to- 
ward the target. 

These simulations indicate that the inverse dynamics hy- 
pothesis does not fare as well as the equilibrium point model 
with the measured data. Interestingly, recent results from Karst 
and Hasan (199 1) seem to confirm the notion that forces gen- 
erated during initiation of an unperturbed reaching movement 
are not as would be expected if the goal was to accelerate toward 
the target. This work and the question of whether the postural 
forces are related to forces generated during a free reaching 
movement are discussed next. 

Comparison to free reaching movements 

In this study we have documented the existence of a strong link 
between posture and movement. Our conclusions, however, are 
based on movement trials that altered the program for motion 
by preventing the movement (albeit for only 120 msec or so of 
the movement), and it may be difficult to compare the evoked 
forces measured here to static forces that would have been gen- 
erated in the absence of the movement blockage. Furthermore, 
since the movements were of relatively small magnitude (4 cm), 
they may not be a good representative of reaching movements 
in general. Nevertheless, it is possible to show that the postural 
forces measured in this study are in fact linked to forces gen- 
erated in initiation of unperturbed reaching movements of much 
larger magnitude. 

There are timing factors that suggest that the evoked forces 
represent the static component of an on-going program for mo- 
tion. Several studies have evaluated the time it takes for pro- 
prioceptive feedback to make an adjustment in the motor pro- 
gram specified by the CNS. This kinesthetic reaction time has 
been estimated at 1 lo-160 msec (Vince, 1948; Chernikoff and 
Taylor, 1952; Evarts and Vaughn, 1978), and it is believed that 
“the first 100 msec of any movement should be under the ex- 
clusive control of central factors being unaffected by reafferent 
kinesthetic signals” (Jeannerod, 199 1, p. 278). Therefore, based 
on timing factors, it may be said that the correspondence be- 
tween the evoked forces and the postural forces is consistent 
with the hypothesis that the program for motion was a shift of 
the equilibrium toward the target. However, other evidence 
from unobstructed reaching movements may be provided that 
makes this link from another perspective, namely, that ofmuscle 
activations. 

Hasan and Karst (Hasan and Karst, 1989; Karst and Hasan, 
199 1) have measured the “sign” of the EMG (flexion or exten- 
sion torque) acting on the shoulder and elbow joints as a com- 
pletely relaxed arm, supported on a frictionless mechanism, 
makes movements of various amplitude in most parts of the 
reachable space. The sign of the EMG was interpreted by Karst 
and Hasan (199 1) to represent the direction of the net torque 
produced by the muscles on the arm; for example, when the 
movement was initiated by an EMG burst in the elbow flexors 
but not extensors, it was assumed that the initiation torque was 
in the direction of flexion. Using this assumption, three hy- 
potheses were tested: (1) Kinematic hypothesis- torques are in 
same direction as the rotation in the joint angles required to 
move the hand in a straight line to the target; (2) Direction of 
Force hypothesis-torques are such that the hand produces a 
force that points to the target; and (3) Inverse Dynamics hy- 
pothesis-torques are such that the hand accelerates toward the 
target. The measured data did not support any of these hy- 
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potheses. Karst and Hasan (199 1) did not consider the hypoth- 
esis ofa shift ofthe equilibrium point because it was conjectured 
that since the arm was completely relaxed, there would be no 
relationship between postural stiffness and movement EMGs. 

It should be noted that although Karst and Hasan (199 1) have 
suggested that the predictions of the Direction of Force hy- 
pothesis are similar to those of the equilibrium point hypothesis 
(cf. Berkinblit et al., 1986) this is, ofcourse, not the case because 
the postural field is in general anisotropic. In fact, Shadmehr 
(199 1) has shown that the direction of torques reported in Hasan 
and Karst (1989) was as would be expected if the subject’s arm 
had a postural stiffness that was typical in its orientation to the 
measurements made by Mussa-Ivaldi et al. (1985) and the 
movement was initiated by a shift of the postural field defined 
by this stiffness toward the target. In order to illustrate this point 
further, in what follows we have compared the results of Karst 
and Hasan (199 1) regarding the sign of EMG during free move- 
ments, and direction of torques produced by our postural fields 
during displacement from equilibrium. We ask whether the sign 
of EMG reported by Karst and Hasan (199 1) for a free move- 
ment is consistent with the hypothesis that the movement was 
generated by a shift of that subject’s postural force field toward 
the target. This comparison is possible because many of the 
reported data points in Karst and Hasan (199 1) were from joint 
configurations that corresponded to our two positions where 
tests were performed. 

In Figure 19, A and C, we have plotted the direction and 
relative magnitude of the restoring torques at the shoulder and 
elbow joints, respectively, when the hand of subject 1 is dis- 
placed from equilibrium (each of these panels shows the re- 
storing torques at both of the arm configurations tested). The 
torques were computed from the force field of Figure 4. In Figure 
19, B and D, we have the sign of EMG (flexion or extension) 
as observed by Karst and Hasan (199 1) from the shoulder and 
elbow joints, respectively, for movements to various target di- 
rections. The coordinate system used to plot these torques and 
EMGs is as used by Karst and Hasan (199 1): in Figure 19, A 
and C, the abscissa is the angle of the elbow joint at which the 
postural fields were measured, while in B and D, the abscissa 
is the angle of the elbow joint from which movements were 
made. In Figure 19, A and C, the ordinate is the direction of 
the equilibrium point with respect to the orientation of the 
forearm, while in B and D, the ordinate is the target direction 
with respect to the orientation of the forearm. Target (or equi- 
librium point) direction with respect to the orientation of the 
forearm is the difference between the target direction as ex- 
pressed in an extrinsic coordinate system and the sum of the 
elbow and shoulder joint angles (see Fig. 1 of Karst and Hasan, 
1991). 

In comparing Figure 19, A to B and C to D, it is apparent 
that the transition between a flexion and an extension torque 
in the postural data occurs at the same direction of displacement 
from equilibrium point as the transition between the flexion and 
extension EMGs for movement targets. It is a remarkable fact 
that although these crucial transition points could not be re- 
produced by the three hypotheses tested by Karst and Hasan 
(199 l), they are in clear agreement with the postural forces 
measured in our study: initiation torques for free reaching move- 
ments are in the same direction as restoring torques that result 
when the hand is displaced from an equilibrium point that has 
been shifted toward the movement’s target. This provides fur- 
ther evidence that the close relationship between evoked forces 

measured in our movements and the postural field may in fact 
be a measurable expression of the neural program for motion. 

Interestingly, Karst and Hasan (199 1) have reported that the 
sign of the EMGs, as represented in this format, does not vary 
as a function of movement distance, nor does it vary when the 
arm’s dynamics have been changed because ofa significant load. 
This would suggest that the notions of equilibrium point control 
may be valid for a very large repertoire of movements, which, 
for example, would predict that the evoked forces should remain 
invariant in direction and only be scaled as the target of the 
movement is put at larger distances. This question, along with 
that of the effect of an added load, remains to be answered in 
further studies. 

The results of our study may be relevant to the recent findings 
that the “preferred directions” of the cortical neurons do not 
remain fixed as represented in extrinsic coordinates, but instead 
follow the change in the shoulder angle. This was found to be 
true for neurons in the premotor cortex (Caminiti et al., 1990a) 
as well as the primary motor cortex (Caminiti et al., 1990b). 
The rotation of the preferred directions as a function of the 
shoulder angle is intriguing because the postural force field also 
rotates with the shoulder joint. Whether or not there is a rela- 
tionship between the neural code in the cortex and the act of 
moving an equilibrium point for generating a movement re- 
mains to be seen. Our findings may also be relevant to the 
analysis of trajectories of reaching movements in functionally 
deafferented patients (Ghez et al., 1990). The conclusions of 
that study regarding the ability of the patients to compensate 
for the inertia of their arm was partly based on the assumption 
that a reaching movement to a target would initiate with a force 
pointing to the target, which is not supported by the data in this 
study. 

In conclusion, because of the nature of restoring forces de- 
veloped during maintenance of multijoint posture, the equilib- 
rium trajectory hypothesis makes strong predictions regarding 
the direction, magnitude, and variance of static forces produced 
at the hand during initiation of reaching movements. Our mea- 
surements of these forces are consistent with the predictions of 
the hypothesis, asserting the significant role of posture in gen- 
eration of multijoint movements. 
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