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Abstract. Six subjects performed a planar reaching arm
movement to a target while unpredictable perturbations
were applied to the endpoint; the perturbations consist-
ed of pulling springs having different stiffness. Two
conditions were applied; in the first, subjects had to
reach for the target despite the perturbation, in the
second condition, the subjects were asked to not correct
the motion as a perturbation was applied. We analyzed
the kinematics profiles of the three arm segments and, by
means of inverse dynamics, calculated the joint torques.
The framework of the equilibrium-point (EP) hypothe-
sis, the A model, allowed the reconstruction of the
control variables, the “equilibrium trajectories”, in the
“do not correct” condition for the wrist and the elbow
joints as well as for the end point final position, while for
the other condition, the reconstruction was less reliable.
The findings support and extend to a multiple-joint
planar movement, the paradigm of the EP hypothesis
along with the ““do not correct” instruction.

1 Introduction

The equilibrium-point (EP) hypothesis (Feldman 1966,
1986) suggests that the central nervous system (CNS)
controls voluntary movements of a limb, not by
performing inverse dynamic calculations and generating
appropriate joint torque patterns, but by manipulating
equilibrium states of the system “limb plus load”. An
important feature of the hypothesis is that muscles are
viewed, not as generators of force patterns, but rather as
generators of elastic force fields, whose properties are
manipulated in time by the CNS.

Originally, the EP hypothesis was introduced for the
control of single muscles and the threshold of the tonic
stretch reflex (1) was suggested as the only central vari-
able manipulated by the CNS to control a muscle. For a
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single muscle, the force field is unidirectional and is
controlled with the single variable A. Later, the hy-
pothesis was generalized for control of pairs of muscles
acting at a simple pin joint. The behavior of such a joint
is defined by an interaction of external forces and the
sum of force fields generated by the two muscles. The
muscle-generated force fields can be described with two
central variables, two A values or another pair {r, ¢}
(Feldman 1986; Feldman and Levin 1995). In a linear
approximation and in the steady state, the {r, ¢} pair is
related to the intercept and slope of the joint compliant
characteristics (JCC), which is the sum of tonic stretch
reflex characteristics of the two muscles controlling the
joint (Latash 1993). For a multi-joint, kinematically re-
dundant limb, two complex variables can be viewed as
central control variables, one related to the instanta-
neous equilibrium position of the endpoint of the limb,
and the other related to the stability of the endpoint in
this equilibrium state (Mussa Ivaldi et al. 1985; Latash
1993; Latash et al. 1999). The problem of defining pairs
of single-joint control variables {r, ¢} based on values of
the control variables for the endpoint of a kinematically
redundant limb is generally ill-posed. In previous stud-
ies, patterns of hypothetical control variables were re-
constructed during single-joint movements (Latash and
Gottlieb 1991, 1992; Bellomo and Inbar 1997), two-joint
movements during tasks performed by a non-redundant
two-joint segment (Gomi and Kawato 1996, 1997; La-
tash et al. 1999), and whole-body movements within a
constrained motor task also not including redundancy
(Domen et al. 1999). In these experiments, subjects were
typically asked to perform a standard motor task and
“not to intervene” if external conditions of task execu-
tion changed. Note that it is much more natural for a
human subject to react to an external perturbation than
“not to intervene”. The effects of the two instructions
(“‘correct the movement” versus “do not intervene”)
were compared during single-joint movements and
demonstrated higher coefficients of correlation between
joint torque and angle under the “do not intervene”
instruction, as expected within the EP hypothesis
(Latash 1994).
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Notice that control variables have never been recon-
structed during movements in the presence of kinematic
redundancy. Therefore, within these studies, we wanted
to demonstrate that the framework of the EP hypothesis
allows the reconstruction of the hypothetical control
variables (“‘equilibrium trajectories”) for individual
joints and for the endpoint during natural, reaching
movements performed by a kinematically redundant
limb. Besides, we wanted to compare the performance of
subjects under the ‘““correct” and ‘“‘do not intervene”
instructions during such a multi-joint task. Note that the
presence of motor redundancy does not allow general-
izing the findings of the previous study of single-joint
movements.

2 Method

Six healthy volunteers, four men and two women, aged
25-74 years, participated in the study. The average mass
and height were 729 + 5.1 kg and 1.76 £+ 0.08 m,
respectively, for men and 53.5 + 3.1 kg and 1.61 =
0.01 m respectively, for women. All the subjects were
right-handed and they had never participated in a
similar experiment before. No subjects had any known
history of a neurological or peripheral motor disorder;
all the subjects provided informed consent prior to
testing.

2.1 Apparatus

During the experiment, the subjects sat on a chair with a
rigid back support, with their left arm resting on the left
thigh; they were instructed to sit comfortably with their
back against the support. The right arm was used to
move a tennis ball from an initial position to a target.
One end of an elastic band (a spring) was attached to the
ball, while the other end was attached to the wall behind
the subject. Five springs with five different coefficients of
stiffness were used for this experiment; each spring
resting length was 1 m. Each spring was calibrated prior
to the experiment by applying known loads and
measuring the resultant elongation. All the springs
demonstrated linear relations between force and elon-
gation within the range of elongation used, with the
coefficients of linear correlation over 0.98. The stiffness
coefficients of the springs were 9.8, 9.9, 14.6, 31.4, and
56.9 N/m.

An electromechanical trigger was mounted on the
back support of the chair; its position was adjusted for
each subject to shoulder height at a comfortable posi-
tion. The chair was positioned so that the distance from
the point of spring attachment to the wall to the initial
position of the tennis ball was exactly 1 m. Thus, each
movement started approximately at zero length of each
spring. A rigid guide was put under the spring between
the wall and the initial position, so that the weight of the
spring did not affect its force in the horizontal direction.
The subject grabbed the tennis ball and occupied the
initial position pressing on the trigger with the dorsal

part of the hand. The trigger was released as soon as the
movement started; its release generated a signal trig-
gering the recording of the data.

A target (a squared rigid panel of 10 cm x 10 cm) was
mounted on an adjustable stand, and was positioned at
shoulder height at 80% of the maximal arm extension
for each subject. Kinematics data were collected by an
optoelectronic system ELITE (BTS, Milano, Italy). Five
reflective markers were attached to the following points
on the right arm of the subjects: the acromion, the lat-
eral epicondyle of humerus, the ulnar head, the distal
part of the fifth metacarpal, and to the tennis ball. The
trigger was electrically connected to the ELITE data
acquisition box, which was then connected to an IBM
compatible PC collecting the three-dimensional kine-
matics data at a sampling frequency of 100 Hz. The
reaching movement studied here is a radial movement
where the direction of movement and perturbations is a
straight line intersecting the shoulder joint; such a task
has been studied before for a two-link arm (Mclntyre
et al. 1996) and accentuates the problem of stability at
the end-point.

2.2 Procedure

In all the trials, the subjects were instructed to move “at
their comfortable speed” from the initial position to the
target and to stop at the target. The target had
dimension of 10 cm X 10 cm, such that accuracy was
not strongly emphasized. The experiment started with a
practice session. During this session, the subjects
practiced movement of the tennis ball attached to the
spring with the intermediate value of stiffness of 14.6 N/m
(we will address this spring as “the standard spring”)
with eyes open and eyes closed for about 1 min. After
the subjects were confident in their ability to produce a
standard movement, they practiced movements against
different springs under the instruction “do not correct
your movement if it happens to be inaccurate’. The five
different springs were presented randomly and each
subject moved against each spring at least twice so that
the total number of practice trials were at least 10 with
4-s intervals between trials (the time needed to change
the spring). After both the subject and the experimenter
were satisfied with the subject’s ability “not to correct”
movements performed against different springs, the
main body of the experiment started.

Two series of movements were recorded. Each series
consisted of 24 movements; the series was divided in four
blocks with 6 trials each; in between the blocks, the
subjects were asked to perform 4 movements against the
standard spring to make sure that no drift in perfor-
mance occurred. The intervals between the trials within
a block were approximately 4 s; the intervals between
the blocks were approximately 10 s. There was a 20-min
interval between the two series. In the first series, the
subjects were asked to perform 24 movements against
springs that were disconnected and reconnected prior to
each movement so that the subject never knew against
which spring he or she was going to move. The



instruction was ““‘do not correct”, the same as during the
immediately preceding practice. Prior to the second se-
ries, the subjects received another practice session of at
least 10 trials such that they moved against each spring
at least twice. In this session, the subjects were asked to
try to hit the target in each movement; we will refer to
this instruction as ‘“‘correct”. Then, a 24-movement se-
ries was run under the “‘correct” instruction; similar to
in the first series, the spring was disconnected and re-
connected after each trial. The experiment took about
1 h for each subject and fatigue was never an issue.

The perturbations used here were present during the
entire movement (about 500 ms). Here, we assumed that
the subjects were able to suppress voluntary reactions in
spite of such long perturbations (in the ““do not correct™
instruction). This assumption has also been the basis of
other studies (Bennet et al. 1992; Latash 1993). An im-
portant characteristic of the perturbations, particularly
for the prolonged ones, is that they must be of low
amplitude. This is the reason for the low stiffness values
of the springs used here as sources of perturbations.

2.3 Data analysis

All data were filtered by using a Lambda filter algorithm
implemented in the ELITE system. This filter uses an
autoregressive model fitted to the signal that allows the
evaluation of the filter bandwidth; then, a low pass
filtering is performed in the frequency domain by a
linear phase FIR filter (D’Amico and Ferrigno 1990).
Using the position data for the five markers, the angular
and linear kinematics were computed, then a fourth-
order and zero-lag low-pass Butterworth filter with a
cut-off frequency of 6 Hz was used after the numerical
differentiation. The analysis demonstrated that the data
were mostly confined to a sagittal plane. For all trials,
the displacement of the endpoint was performed in the
anterior-posterior direction (see Fig. 1, the x-axis). The
maximum displacement in the lateral and in the vertical
directions were only up to 5% of the total endpoint
displacement; all subsequent analyses were done con-
sidering the motion in the sagittal plane.

2.4 Joint torque calculation

To solve the inverse dynamic problem, we used a rigid
body model in the sagittal plane with four segments
(trunk, upper arm, forearm and hand) and three
frictionless hinge joints (shoulder, elbow and wrist), as
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Fig. 1. Model of the human body for the arm movement in the
sagittal plane with the schematic location of the initial and target
position

shown in Fig. 1. The equations of motion for the model
using a Newton-Euler formulation are presented in the
Appendix. The equations considered the following
forces acting on the body segments: joint reactive forces,
force of gravity, spring force and the linear and angular
motion-dependent forces including the centripetal and
the Coriolis forces. Muscle moments for each joint were
computed as single net moment about each joint
(Fig. 1). The body segment parameters were calculated
based on anthropometric data using regression equa-
tions from Zatsiorsky et al. (1990). The values of these
parameters are presented in Table 1.

2.5 Reconstruction of joint equilibrium trajectories

Our analysis was based on the following major assump-
tions.

(1) Under the instruction “do not correct”, during each
trial, the subject reproduces the same pattern of
control variables for each joint.

(2) The equilibrium trajectory represents the outcome of
a central command and it is derived from the pat-
terns of two variables, r(f) and ¢(¢) for each joint.
These variables are defined according to the frame-
work of the EP hypothesis (Feldman 1986; Latash
1993; Feldman and Levin 1995).

(3) Based on the EP hypothesis, the resultant torque at
each joint generated by its spring-like muscles can be
described with the linear model T(¢) = k(i) -
[6{?) — Poit)], where the subscripts i refers to the
joint i, k(7) is time-varying stiffness, f(¢) is the joint
angle, and f/¢) is time-varying “zero length” value
of the elastic element in the joint.

Table 1. Anthropometric para-

meters for the six subjects esti- Subject L. upper arm L. forearm L. hand M. upper arm M. forearm M. hand
mated using model of [m] (m] (m] (kg] (ke] [kg]
Zatsiorsky et al. (1990). The 1 0.247 0.255 0.186 2.168 1.296 0.488
center of gravity location and 2 0.272 0.268 0.192 1.935 1.157 0.436
moment of inertia were also 3 0.222 0.228 0.173 1301 0.704 0.286
estimated by the same model. : : : : : :

4 0.247 0.231 0.175 1.428 0.773 0.314
L and M refer to the length and ¢ 0.320 0.275 0.201 1.951 1.166 0.439
mass, respectively, of the body ¢ 0.260 0.242 0.181 1.843 1.102 0.415

segments
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We assumed that damping torques were small and could
be neglected. This assumption has been a point of
controversy (Latash and Gottlieb 1991, 1992; Latash
1992; Feldman and Levin 1995; Gomi and Kawato 1997;
Gribble et al. 1998). However, since in the present series
of experiments, the subjects were moving at relatively
low velocities (peak velocities in the range, for the elbow
of 143-226 deg/s, for the wrist from —31.4 to —54.6 deg/
s, i.e. with the peak velocities of very fast movements
that are of the order of 500 deg/s; Gottlieb et al. 1991),
damping forces were unlikely to play a major role.

We assumed that a pair of control functions {r(¢),
¢(t)} are reproduced across trials for each joint, corre-
sponding to a learned movement against the standard
spring. According to the EP hypothesis, a pair of values
{r1, ¢} identifies a dependence of muscle torque upon
joint angle, i.e. the location and slope of a JCC. Thus, if
the subject is not correcting movements, or, in other
words, reproducing the same time function () and ¢(7),
at any time ¢, after the movement initiation, there exists a
dependence between joint torque and angle common
across all the trials. Changes in the external force pro-
vided by different springs changed actual kinematics so
that, in different trials, at z;, joint state could be char-
acterized by different combinations of instantaneous
torque and angle (7}, ;). However, all the (T}, f;) pairs
are expected to belong to the same JCC. We assumed,
for simplicity, a linear relation between joint torque and
angle, similarly to previous studies with reconstruction
of JCC during single-joint and two-joint movements
(Latash 1993; Latash et al. 1999).

Note that this approach has been criticized for (1)
using a linear model, (2) ignoring velocity-dependent
torques and (3) ignoring time delays in the tonic stretch
reflex loop (Feldman and Levin 1995; Gribble et al.
1998). However, we believe that these simplifications do
not compromise the analysis of slow and smooth tasks,
as in the present study, and allow the use of a very
simple model.

Linear regression analyses were performed for each
joint, for sets of points on the torque-angle plane every
50 ms starting from the movement initiation (trigger
signal) until 600 ms. Each regression equation was used
to calculate the instantaneous joint equilibrium position
as the intercept of the regression line with the current
external load (represented by linear regression of the
values of the external load at each instant calculated by
the inverse dynamics approach). The external load is
considered to be the sum of the gravitational torque and
the spring torque (the difference between the actual
spring torque and the standard spring torque). The in-
stantaneous joint equilibrium position is a position at
which the joint would eventually come to rest if no
further changes in control signals and external forces
took place. An interpolation of instantaneous equilib-
rium positions was considered the joint equilibrium
trajectory.

Equilibrium trajectories of the endpoint were recon-
structed under the same major assumptions, using a
single-dimensional model F(¢) = k(¢) - [x(¢) — xo(?)],
where F'is force acting on the endpoint (the tennis ball),

x is the coordinate of the ball along the x-axis, xg is time
varying ‘“‘zero position” of the instantaneous elastic
force field at time ¢, and k is the difference between the
standard spring stiffness and the actual spring stiffness.

A series of trials performed under the other instruc-
tion (‘“‘always try to hit the target”) was subjected to the
same type of analysis. Note that, under this instruction,
the subjects were expected to change their central com-
mands after a certain delay. Therefore, the first of the
earlier mentioned assumptions is violated, and we ex-
pected the method to work poorly after a certain reac-
tion time delay.

3 Results
3.1 Kinematics and kinetic profiles

Due to the experimental design, the perturbation
torques on the shoulder caused by the spring forces
are minimal because the action lines pass approximately
through the shoulder joint (see Fig. 1). Although the
analysis was performed for the three joints, the results
presented here refer only to the elbow and the wrist
joints. Figure 2 illustrates typical kinematics and torque
profiles for the elbow, wrist and the endpoint under the
“do not correct” instruction for a representative subject.
The weakest, standard, and strongest springs were used
with stiffness of 9.8 N/m, 14.6 N/m, and 56.9 N/m,
respectively. Note that the trigger acted when the
movement was already under way so that the elbow
velocity was about 25% of its peak value. Elbow
movements were characterized by bell-shaped velocity
profiles and double-peak accelerations while the wrist
presented more complex profiles.

Table 2 shows the mean values and standard devia-
tions for the five springs of the angular amplitudes and
the peak angular velocities for the elbow and the wrist.
Note the change in the elbow amplitude during move-
ments against the two springs with the highest stiffness
under the “do not correct” instruction. The differences
from the amplitude during movement compared to the
standard spring are statistically significant, (for springs 3
and 4, t = 545; for springs 4 and 5, ¢t = 8.73,
p < 0.01); while no statistical differences were present
under the ‘“‘correct” instruction. Peak velocities in the
elbow dropped with an increase in spring stiffness under
both instructions (p < 0.01). There were no significant
changes in these kinematics indices for the wrist.

3.2 Patterns of equilibrium trajectories

As mentioned in Sect. 2, we used linear regression
analyses to define instantaneous equilibrium positions in
the joints and of the endpoint. Figure 3 illustrates
typical scatters of data points and regression lines for
a typical subject who performed movements under the
“do not correct” instruction. Some scatters of data
points showed low coefficients of correlation and did not
allow reconstruction of an equilibrium point. We
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Fig. 2. Example of trajectories of angular displacements, velocities,
and accelerations and joint torques of elbow and wrist for three
different springs. The three springs represented are the weakest

(9.8 N/m) the standard (14.6 N/m) and the strongest (56.9 N/m).
Angle, ang; angular velocity, vel; angular acceleration, acc. Subject 5
in the “do not correct” instruction

Table 2. Average angular

displacement and angular peak ~ SPring

Aangelbow [O]

Aangwrist [O] Vpeakelbow [O/S] Vpeakwrisl [O/S]

velocity for the elbow and wrist

in function of different spring Do not correct

) 1 83.6 £ 16.9
stiffness 2 83.2 + 10.6
3 84.5 £ 10.7
4 66.3 + 16.8
5 45.7 + 16.7
“Correct”
1 86.5 £ 10.3
2 86.7 £ 10.0
3 87.1 £ 10.5
4 89.3 + 10.6
5 89.5 + 10.6

10.7 + 6.6 216.8 £ 59.4 —45.6 £ 19.7
10.2 + 6.3 211.1 £ 60.4 -39.1 £ 16.5
10.7 £ 5.9 206.6 £ 46.6 —444 + 21.8
124 + 7.4 170.5 + 47.7 -314 £ 17.1
11.7 £ 7.3 143.0 + 489 —46.4 + 25.6
11.8 + 6.4 226.2 + 41.5 —46.4 £ 345
11.6 + 7.6 219.0 £ 39.5 —524 £ 254
129 + 7.3 218.6 £ 47.0 -54.6 £ 28.5
13.7 £ 9.3 192.3 + 40.2 —46.5 £ 33.2
142 + 8.9 174.3 £ 46.2 —47.7 £ 243

accepted the following criterion: if the correlation
coefficient was over the critical value for statistical
significance at p < 0.05 (r,, = 0.36 for 24 observa-
tions), the data set was accepted and the instantaneous
equilibrium position was calculated. Typically, the
correlation coefficient reached this critical value about
200 ms after the initiation of the movement. In order to
perform simple statistics and testing hypotheses, the

correlation coefficients were transformed to Z values
(Sokal and Rohlf 1981).

Table 3 shows the mean values and the standard de-
viations of Z values computed based on correlation
coefficients for each subject for the elbow joint, the wrist
joint, and the end point across all time slices. Five out of
six subjects showed higher correlation coefficients for the
elbow data for the “do not correct” instruction with



500 ms
— 3 [ r 7
£
Z 2l L |
[0}
S
g 1t L j
o
l_
2 or H .
3
—_— E3
w4l s r=0.90 -
60 80 90 100 110 120 130
Angle[°]

0.5 T T T v T x T . T v T T T
E ool X 1t 1
Z
] X
S
3 05¢ It 1
o *
[ x X
B 10t 1L |
S
= r=0.69 * x X r=0.47

45 . . . . X . .

150 155 160 165 170 140 145 150 155 160
Angle[°] Angle [°]
0 : . - . T T

Z - % K
@ -5r 4k d
o ¥
K] *K Fig. 3. Example of elbow, wrist and end point
E 00 1L | scatter points and linear regression and coefficient
'g_ of correlation for two different instants after the
S motion onset: 260 ms and 500 ms. The thin lines
LICJ represent linear regressions of the external loads so

15 =046 1T “ r=0.86 that the intersection between the thin line and the

o0 ois 050 0.0 055 050 045 o4o  regression line (bold) in each plot gives the

Displacement [m]

Table 3. Average correlation coefficients for elbow, wrist and end
point final trajectories for each subject across all time slices

Subject Elbow Wrist End point

“Do not correct”
1 0.87 £ 0.34 0.71 = 0.07 0.46 + 0.12
2 0.71 £ 026 0.46 £ 0.10 0.26 £+ 0.09
3 0.83 £ 0.39 0.08 £ 0.09 0.65 + 0.42
4 0.63 = 0.13  0.42 + 0.05 0.32 + 0.34
5 0.82 £ 0.14 0.60 £ 0.14 0.77 £ 0.32
6 046 = 0.25 0.11 £ 0.15 0.10 + 0.16
Mean + SD 0.75 £ 024 043 £ 0.05 046 £ 0.21

“Correct”
1 0.85 + 0.19 0.64 £ 0.15 0.57 = 0.19
2 0.60 = 0.09 0.56 £ 0.07 035 + 0.26
3 043 £ 0.07 0.07 £ 0.05 0.13 £ 0.19
4 0.72 = 0.14 047 £ 0.13  0.59 + 0.39
5 0.74 £ 0.06 0.29 £ 0.09 0.59 + 0.23
6 0.66 = 0.03 0.23 +£ 0.10 0.16 £ 0.21
Mean + SD 0.69 = 0.06 0.39 + 0.07 038 + 0.25

respect to the ‘“‘correct” instruction (Table 3); overall,
the data for the wrist and for the end point were much
more variable.

Displacement [m]

instantaneous equilibrium position. Subject 5 in
the “do not correct” instruction

Equilibrium trajectories were reconstructed as inter-
polations of instantaneous equilibrium positions.
Figure 4 shows the elbow, wrist, and end point trajec-
tories for each subject. Notice again the better repro-
ducible trajectory for the elbow as compared to the
wrist. The wrist trajectories for two subjects are missing
due to the low values of the correlation coefficients.

The correlation coefficients for all subjects at different
instants after 7, were calculated for both instructions (see
Table 4) and transformed in Z values. Figure 5 shows
the plot of the Z values for the elbow across time for
each subject. Notice that, after a certain period which
varied for each subjects, the Z values for the “do not
correct” instruction were higher and the patterns rep-
resenting the two instructions became separated.

The instant when the two patterns separated more
markedly took place before 400 ms for four subjects and
around 500 ms for two subjects. A similar trend was
observed for the Z values calculated for the wrist and for
the end point data.

The values of the stiffness calculated for each joint
and the endpoint of the reconstructed equilibrium tra-
jectories in the ‘“do not correct” instruction were
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approximately the same for all subjects and presented a
monotonic increase for all except for one subject. s 10r
Figure 6 shows the time evolution of the average stiff- '
ness of all subjects in the “do not correct” instruction. 05}
Across time and for all subjects, the values of the stiff- 10l
ness were 6.5 = 2.2 Nm/rad for the shoulder, 4.3 £ /\'\
1.9 Nm/rad for the elbow, 2.1 + 1.3 Nm/rad for the S n N o001 S
wrist, and 17.4 + 12.2 N/m for the endpoint with peak 02 03 04 05 06 02 03 04 05 06
values about twice these respective values. Time [s] Time [s]

4 Discussion

The main result of the present study is the demonstra-
tion of a possibility to reconstruct the ‘“equilibrium

Fig. 5. Plots of the Z-value transformation of the correlation
coefficients versus time for the elbow joint under both instructions
for each subject. The bold lines refer to the “do not correct”
instruction while the thin lines are for the “correct” instruction.
Significance of the difference between the two curves starting at the
vertical lines: *p < 0.05, **p < 0.001
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Fig. 6. Time evolution of the shoulder, elbow, wrist, and endpoint
stiffness average values of the reconstructed equilibrium trajectories in
the “do not correct” instruction for all subjects

trajectories’” of individual joints as well as of the final
position of the endpoint during a natural reaching
movement. In particular, we demonstrate that the
reconstruction is possible by considering a multi-joint
(in this case, three-joint) movement performed following
the “do not correct” instruction. The “do not correct™
instruction has been a major point for the EP hypothesis
which assume that subjects interpret the instruction so as
to apply the “same central command” (Feldman and
Levin 1995; Mussa-Ivaldi et al. 1985). The rational
under this assumption is that, if this is the case, we
should observe a linear relationship in our model
between the movement parameters (torque-angle) and
the perturbation applied. This type of instruction was
never tested in a multi-joint movement.

4.1 The comparison between the two instructions

Our main point for testing the same task under two
different instructions was to show that subjects used two
different movement strategies and that the framework of
the EP hypothesis was only applicable under the ““do not
correct” instruction as previously shown (Latash 1994).
A clear result that corroborates the distinction between
the two instructions is by comparing their kinematic
profiles and, in particular, the different angle amplitudes
expressed at the elbow joint. In addition, differences in
behavior between the two instructions were supported
by the different goodness of fit values defined by the Z
value, which in the “do not correct” instruction showed
a systematic greater increase for all the subjects.
Itisinteresting to notice that, in both instructions, each
individual showed different instances of Z value increases,
indicating that the perturbation applied was perceived by
each subject differently. The significance of the difference
between the two curves starting at the time slice indicated
by the vertical lines (Fig. 5) was tested by a r-test for
paired samples. Five out of the six subjects showed a
significant difference between the two curves (p < 0.05).

4.2 The “do not correct’ instruction

By considering the results for the “do not correct”
instruction, we were able to reconstruct all the equilib-
rium trajectories for the elbow but not for the wrist
joint. A possible explanation for the two different joint
patterns could be that the wrist is not the focal joint
involved in the accomplishment of this task, a fact
corroborated by the small range of movement observed
for the wrist (similar findings have been reported by two-
joint movements: (Latash et al. 1999). Another possi-
bility is that, to simplify the control and accomplish the
task, the CNS prefers not to use the wrist joint actuator
and freezes this joint; this point will be discussed later. In
the EP-hypothesis framework (Latash 1993; Latash
et al. 1999) for a multi-joint movement, the control of
the motion has been related primarily to the equilibrium
state of the endpoint; for this reason, we expected to find
a better reconstruction for the endpoint trajectory than
for the wrist and the elbow trajectories. On the contrary,
our results, (Tables 3 and 4) showed a better recon-
struction for the elbow trajectory than the endpoint
trajectory, suggesting once more that the elbow joint is
the focal joint in such a task.

All the equilibrium trajectories presented a smooth
and monotonic shape. Latash and Gottlieb (1992) pro-
posed that for fast movements an N-shaped EP trajec-
tory should account for the observed smooth real
trajectories. The N-shaped profile is given by first ac-
celerating, then decelerating the EP trajectory. However,
Gribble et al. (1998) showed that when passive proper-
ties of the muscles are taken into account, simple EP
trajectories are sufficient to generate smooth movements.
The fact that we did not observed the N-shaped profile,
even without considering the passive properties of the
muscles, is due to the consistent low movement speed
observed for all the subjects. In addition, the incre-
mental opposing force to the end point generated by the
springs decelerated the movement. The stiffnesses,
6.5 £ 2.2 Nm/rad for the shoulder and 4.3 + 1.9 Nm/
rad for the elbow, are comparable to the lowest values
reported in the literature (Gomi and Kawato 1995). The
statistically significant coefficients of correlation for the
linear regression between torques and the corresponding
joints indicate that the use of a linear model for the
torque/joint relationship as well as the disregard of the
viscosity component were not detrimental to the results.

4.3 The mechanics of the task

All the subjects presented a very small angular move-
ment of the wrist joint compared to the movements of
the other two joints. This limited movement excursion of
the wrist joint could be viewed as a strategy of the CNS
in applying a simplified control of the movement by
directing the commands mainly to the shoulder and
elbow joints. Due to the small movement of the wrist,
the system can be simplified as a two-link system where
the body segments, upper arm and arm plus hand, have
approximately the same lengths. In addition, since a



radial movement was performed, the Coriolis torque
cancels the centripetal torque for the shoulder joint
(Hollerbach and Flash 1982) and the shoulder angle (fs)
is related to the elbow angle (fz) by 2fs + fr = 180°.
As a result, there are no coupling terms acting on the
shoulder joint and it behaves like a single-joint move-
ment. As a consequence, this two-link system can be
represented as a polar manipulator with no interaction
between the two actuators (Mussa-Ivaldi 1986), and the
shoulder stiffness is predicted to be twice the value of the
interaction stiffness term' independent of the elbow
stiffness value. Then, the number of independent terms
in the stiffness matrix for a radial movement drops from
three to two, which simplifies the control of the task in
the framework of the EP hypothesis. This result is not
straightforward because the CNS could have used the
wrist joint movements to change the inertia to control
the task, as shown by Hogan (1985) as an alternative
strategy to an impedance controller. The method for
estimation of the joint stiffness used here does not allow
the estimation of the interaction stiffness terms but, as
discussed above, for the particular movement studied,
they can be estimated as being half of the shoulder
stiffness. In general, we conclude that these findings
cannot be extended to all kinematically redundant tasks
since they represent the special case of a reaching radial
movement.

Appendix

The following convention applies to the notation used in
this paper. Subscript i runs 1, 2, or 3 meaning shoulder,
elbow, or wrist joint when referring to angles, joint
moments, or joint reaction forces, respectively, or
meaning upper arm, forearm, or hand segment respec-
tively, when referring to everything else.

x;, y; refer to the position of the center of mass of
segment i in the horizontal or vertical directions,
respectively.

[; s the length of segment i. d; is the distance from the
proximal joint of the segment i to its center of mass
position. dg is the distance from the wrist joint to the
point of application of the spring force. m; is the mass of
segment i. I; is the moment of inertia of segment i. Fy;,
F,; are the joint reaction forces of joint i in the hori-
zontal or vertical directions, respectively. F is the spring
force. T; is the joint moment of joint i. g is the gravita-
tional acceleration.

Based on the model used here (see Fig. 1) the
following relation applies to angles a, f8, and 0.

0‘1:51:91(—)
oy =0 — oy Bp=m— (1)
w=0—0m—u fy=nm—o03,

IThe stiffness interaction terms (the off-diagonal terms) have the
same value due to the spring-like behaviour of the neuromuscular
system generating a conservative force field during reaching tasks
meaning that there are three independent terms in the 2 x 2 stiff-
ness matrix in a general planar movement (Hogan 1985).
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o; and f; are the angles in the “‘joint space”, f; is the
internal angle of joint i and «; the external angle; 6, is the
angle of joint 7 in the “‘segment space”.

In order to compute the equations of motion, the
linear accelerations of the center of gravity of each link,
taking into account the constraints imposed by the
kinematics of the linkage and starting from the shoulder
joint as a fixed reference point, were calculated by the
first derivate of the Jacobian, J, of the angular velocities,
or in a formal matrix form:
i)™ = il dp 03]t + e g @3]t i=1...3 . (2)
Based on the free body diagrams for Fig. 1, the equa-
tions of motion in the sagittal plane were derived by
means of the Newton-Euler method. The joint moments
can be expressed in the matrix-vector form:

T = M(a)d + v(o, &) + G(ar) + Text (3)

where T is the vector of joint moments (3 x 1), M(a) is
the inertia matrix (3 x 3), & is the vector of angular
accelerations (3 x 1), v(a, &) is the vector of centrifugal/
Coriolis terms (3 X 1), G(«) is the vector of gravity terms
(3 x 1), T,y 1s the vector of joint moments due to other
external forces besides gravity; in this case, represents
the moment due to the spring force (3 x 1).

The motion equations were rearranged in the above
format and the correspondent terms are:

T=[IT 1", (4)
= o o o] (5)

M), = mldl2 +14 +m2(£% +d22 +2ldycoson) + I
+ m3[0F + 65 + di + 20143 cos o
+ 201dycos(ay + a3) + 20rdscosos) + 13, (6)

M(Ot)l )= m2(d22 + ¢1d> cos 062) + 5L+ WQW% + d32
+ {14y cos o + 1ds cos(on + 03)
+ 20rd5 COSOC3] + 15, (7)

M(a), 5 = m3[d32 + l1dycos(on + a3) + ladscosoz| + I3,
(8)

M (), :M(“)l,z ’ 9)

M(O()z‘z = m2d22 + 5L+ M3(€§ + d32 + 2bdycosoz) + 1[5

(10)
M(OC)2‘3 = m3(d32 + {»d5 cos OC3> + 15, (11)
M(a)s, :M(fx)m J (12)
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M(“)3,2 = M(O‘)z,3 ) (13)
M(at)y 5 =mads +15 (14)
U(OC, O.()l = —[(ngldg + WI3£1€2) sin o

+ m3lids Sin((lz + 063)](2661052 + Ot%)
— [m3f1d3 sin(ocz + 063) + m3lyds sin 063]
X (26165 + 26063 4+ 63) (15)

v(a, )y = [(m3li€s + madrly) sin oy
+ msds; sin(on + ocg)]o'zf
— madsly sin oz (2663 + 20003 + 63) (16)

U(OC, d()3 = [m3€1d3 Sil’l(otz + 0(3) + m3lords sin 063}(36%
+ m3lads sin o3 (2605 4 63) (17)

G(o), = migd, cos oy + mag[ly cos oy + dr cos(oy + o2)]
+ msg[y cos oy + £, cos(ay + o)
+ dj COS(OCl +O£2+OC3)] , (18)

G(Ot)z = mngg COS(OC] + {Xz) =+ m3g[€2 COS(!X] + 062)
+ dycos(og + o + a3)] (19)

G(o)y = m3gds cos(o + o + 03) (20)

TCX[(O()I = —Fgl;sinoy — Fsb, sin(ocl + 062)
- Fs(d3 + ds) sin(ocl + o + OC3) , (21)

Texi (), = —Fsly sin(o + o)
- Fs(d3 + ds) sin(ocl + o + OC3) , (22)

Texi(00)y = —Fs(ds + ds) sin(ay + o + 03) . (23)
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