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Abstract Studies have shown that the point-to-point
reaching movements of subjects seated in a dark, rotating
room demonstrate errors in movement trajectories and
endpoints, consistent with the direction of the Coriolis
force perturbations created by room rotation. Adaptation
of successive reaches and the presence of postrotation
aftereffects have indicated that subjects form internal
models of the Coriolis field dynamics in order to make
appropriate movement corrections. It has been argued that
these findings are inconsistent with predictions of
peripheral stabilization assumed in equilibrium-point
models of motor control. A possibility that has been
raised, however, is that the Coriolis field findings may in
fact stem from changes in control commands elicited due
to the magnitude and destabilizing nature of the Coriolis
perturbations. That is, it has been suggested that a
perturbation threshold exists, below which central reac-
tions are not necessary in order to maintain movement
stability. We tested the existence of a perturbation
threshold in normal-speed reaching movements. Twelve
normal human subjects performed non-visually guided
reaching movements while grasping a robotic manipu-
landum. The endpoints and trajectory deviations of their
movements were measured before, during, and after a
position-dependent force field (similar to a Coriolis field
in terms of the time history of applied forces) was applied
to their movements. We examined the responses to a
range of perturbation field strengths from small to
considerable. Our experimental results demonstrated a
substantial adaptation response over the entire range of
perturbation field magnitudes examined. Neither the
amount of adaptation after 5 trials nor after 25 trials
was found to change as disturbance magnitudes de-

creased. These findings indicate that there is an adaptive
response even for small perturbations; i.e., threshold
behavior was not found. This result contradicts the
assertion that peripheral stabilization mechanisms enable
the central controller to ignore small details of peripheral
or environmental dynamics. Our findings instead point to
a central dynamic modeler that is both highly sensitive
and continually active. The results of our study also
showed that subjects were able to maintain baseline
pointing accuracies despite exposure to perturbation
forces of sizeable magnitude (more than 7 N).

Keywords Human · Arm movement · Motor adaptation ·
Perturbation threshold · Equilibrium point · Coriolis
perturbation

Introduction

Motor adaptation, the ability of human subjects to adjust
the execution of their movements in a predictive manner
in order to compensate for external perturbations, is a
well-studied phenomenon. In particular, two forms of
motor adaptation have been recognized in the motor-
control literature: internal modeling (Shadmehr and
Mussa-Ivaldi 1994) and impedance control (Hogan
1985). Internal modeling is a form of learning through
which a central representation of the dynamical effects of
an external perturbation is formed over a series of
movements. This central model is then used to specify the
control signals required to counteract the perturbation and
produce the desired movement. Internal modeling is
characterized by the presence of a movement “aftereffect”
when the external disturbance is removed (i.e., a move-
ment that is mirror-symmetric to the initially perturbed
movement, indicating that the perturbation has been
centrally represented). A number of recent studies have
substantiated and further explored the use of internal
models in human movement, including their application
to unpredictable perturbation fields (Scheidt et al. 2001;
Takahashi et al. 2001) and their generalization to novel
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movement situations (Shadmehr and Mussa-Ivaldi 1994;
Conditt et al. 1997; Goodbody and Wolpert 1998). Recent
work has also examined the computational nature and
composition of internal models (Wolpert et al. 1995;
Bhushan and Shadmehr 1999; Thoroughman and Shad-
mehr 2000). The alternate adaptation strategy, impedance
control, involves systematic impedance changes (specif-
ically, stiffening through co-contraction of the muscula-
ture) so as to resist and compensate for external
perturbations. Impedance control has been shown to be
of particular importance in the early stages of learning
(Milner and Cloutier 1993; Thoroughman and Shadmehr
1999; Franklin et al. 2003a) and in adapting to perturba-
tions that are unpredictable or unstable in nature (Taka-
hashi et al. 2001; Burdet et al. 2001; Milner 2002;
Franklin et al. 2003b).

Impedance control is a central component of equilib-
rium-point (EP) models of human motor control (the “C”
command or equivalent; Feldman et al. 1998; Gribble et
al. 1998). These models emphasize the mechanical
stability provided by the viscoelastic properties of the
neuromuscular system, enabling a simplified form of
central command. In particular, they postulate that
movements are encoded at a purely kinematic level, in
the form of an evolving series of equilibrium points.
These are points along a trajectory (termed the “virtual”
trajectory) at which the arm would find itself in the
absence of inertial or environmental forces. A given
equilibrium posture is achieved through central specifi-
cation of the activations of muscles influencing a joint,
such that the joint comes to rest at the point where the
sum of torques around it is zero. For unloaded move-
ments, the only points where the actual and virtual
trajectories will match are the start and end positions. In
between, the system is not at equilibrium, and the actual
trajectory will arise from interplay between the virtual
trajectory, the mechanical impedance of the limb, and
interaction forces.

In contrast to impedance control, the applicability of
internal modeling to EP forms of motor control is
somewhat unclear. Two incongruities, in particular, have
been raised in the literature. First, most proposed forms of
internal modeling postulate that the model is used to
directly specify the forces required to counteract the
perturbation in an inverse-dynamics manner (Shadmehr
and Mussa-Ivaldi 1994; Wolpert et al. 1995; Thorough-
man and Shadmehr 1999). Recently, however, Gribble
and Ostry (2000) have proposed an adaptation model that
produces iterative changes to EP control signals, based on
positional error signals. Second, studies that have dem-
onstrated the use of internal modeling in point-to-point
reaching movements have argued that such adaptation is
inconsistent with the fundamental role that EP models
assign to peripheral stabilization. In particular, Lackner
and Dizio (1994) have examined both slow and rapid
reaching movements of subjects seated in a rotating room.
They report errors in movement trajectories and endpoints
during initial reaches, consistent with the direction of the
Coriolis force perturbation created by room rotation.

Adaptation during subsequent reaches results in resump-
tion of prerotation accuracies. Transient postrotation
aftereffects indicate that the adaptation results from the
formation of an internal model of the Coriolis perturba-
tion. Lackner and Dizio have argued that neither the
endpoint errors nor the subsequent movement adaptations
that they reported are consistent with EP theories. They
state that, because the Coriolis forces are transient in
nature, reaching movements should have achieved their
intended targets, as set by the length–tension character-
istics of the involved muscles. They further argue that,
since the goal of reaching movements is to achieve a
specific endpoint, adaptation is neither required nor
predicted in a series of reaches made in a Coriolis field.
That is, the stability provided by the neuromuscular
system should ensure accurate movements, even if there
is some distortion of the movement trajectory. Their
arguments are consistent with assertions that the virtual
trajectory is “self-equilibrating” in nature (Kelso and Holt
1980) and that peripheral stability precludes the need for
moment-to-moment supervision or intervention from
control systems (Kelso and Holt 1980; Hogan 1985;
Feldman et al. 1998).

Recently Feldman et al. (1998) have addressed the
Coriolis field experiment and have argued that the
outcome may reflect an alteration of the original pattern
of central commands underlying the first movements
made within the field. That is, they suggest that the
Coriolis forces are sufficiently large to be perceived
during movement, such that subjects may react with a
shift in central command. They further claim that Coriolis
forces belong to the family of antidamping, destabilizing
perturbations and propose that control systems may be
forced to actively react to such perturbations in order to
preserve movement stability and restrict arm deflections,
even though the price will be a positional error. They go
on to describe how successive adaptations of the virtual
trajectory may be used to produce necessary corrections
to the endpoint. This adaptation in turn predicts the
aftereffects noted in the Coriolis experiment.

The arguments made by Feldman et al. (1998) thus
suggest the existence of a tolerance threshold for pertur-
bations, above which the central controller is forced to
react. The corollary of this argument is that perturbations
that fall below the tolerance threshold will not induce
central intervention. In this case, it is presumed that
neuromuscular stability is sufficient to ensure movement
accuracy, so that adaptive internal modeling would not
occur for small perturbations. This notion of a tolerance
threshold is in line with explanations that have been put
forth regarding the slight trajectory curvatures noted in
unconstrained reaching movements. Specifically, Flash
(1987) has proposed that although it should be possible to
reduce movement curvatures in unconstrained movements
(e.g., via co-contraction or changes in arm configuration),
the system may compromise movement accuracy in order
to adopt a simple EP strategy. A perturbation threshold
has also been suggested as a possible explanation for the
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existence of postadaptation curvature offsets (Scheidt et
al. 2001).

The present study seeks to explicitly test the existence
of a perturbation threshold for adaptive changes in central
commands in reaching movements. We distinguish
between two types of changes in central commands.
One is an on-line response during an ongoing movement
to correct the error produced by a perturbation. The
second is an adaptive response which represents feedfor-
ward modification of the central commands in subsequent
movements to prevent the error from occurring. We will
refer to the former, which is reactive in nature, as “error
correction” and the latter, which is predictive in nature, as
“adaptation.” We investigated the existence of a pertur-
bation threshold for adaptation.

We used a reaching paradigm similar in structure to
the Coriolis field experiment (Lackner and Dizio 1994).
However, we used a range of perturbation strengths from
small to considerable. We examined whether smaller
perturbations, which did not create large trajectory
deviations nor compromise movement stability, elicited
active adaptive responses from subjects. As moderate
deviations of the actual from the planned virtual trajectory
are predicted by EP theory, it would seem consistent for
small perturbations to fall below tolerance thresholds. In
this case, we would not expect to find adaptation via
internal modeling. Endpoint accuracy would also be
expected to remain unaffected by small perturbations. The
discovery of a perturbation threshold, or of a nonlinear
perturbation response, would lend support to the argument
that changes in central commands underlie the Coriolis
field findings (Feldman et al. 1998).

The two experimental questions addressed within this
study are thus: (1) Is the degree of adaptation dependent
on the size of the perturbation (i.e., is there either a
threshold or a nonlinear response in adaptation as the
perturbation strength increases from small to consider-
able)? (2) Is endpoint accuracy likewise dependent on
perturbation size?

Materials and methods

Subjects

Twelve right-handed subjects (six women and six men, aged
22€3.7 years, mean € SD) participated in the experiment after
having given informed consent in accordance with the UBC
guidelines for studies involving human subjects. They were without
sensory or motor impairment and were naive with regard to the
goals of the experiment. The experimental protocol and apparatus
also received approval from the SFU ethics review committee.

Apparatus

Subjects were seated in front of a computer-controlled, parallel, two
degree-of-freedom robotic joystick (Fig. 1). Subjects grasped the
end-effector handle at approximately shoulder level and had their
arm suspended in a sling to prevent fatigue. A drape (not shown)
was suspended over the joystick workspace to prevent subjects
from seeing their arm during motion. The current joystick position

and targets for the start and end positions of the point-to-point
movements were displayed on a computer screen, located above the
joystick. The target displays corresponded to a straight-line
reaching movement in the sagittal plane of either 23 cm (subjects
9, 10, 12) or 25 cm (all other subjects).

Since the weight of the robotic joystick is significant, a
position-dependent force was implemented to compensate for
gravitational force, using motors located on either side of the
linkage arms. When full compensation was employed, the subject
experienced inertia without gravitational force while moving the
manipulandum. We refer to this condition as the null field.
However, a change in the amount of compensation produced by
either one of the motors resulted in an extra load and could be used
to produce movement perturbations, as described in the Procedure
section. Joystick position data were recorded from resolvers on the
motor shafts and converted to digital form (Harowe Servo Controls;
model 73-202-730, 1 kHz sampling rate; CSI series 168H800
resolver/digital converter at 16 bits/revolution).

Procedure

Subjects were instructed to make point-to-point reaching move-
ments between targets displayed on a computer screen. A reduction
in the compensation for gravitational force to the left of the targets
resulted in an additional load to that side of the joystick, creating a
leftward perturbation. By scaling the reduction in force, differing
perturbation magnitudes were achieved. Loads were applied in a
position-dependent manner, with a profile similar to that which
would be experienced in a Coriolis field. That is, the maximum
load was applied near the midpoint of motion, where linear arm
velocity and Coriolis force are highest. The perturbation was
eliminated once the subject reached a point 90% of the way to the
distal target (Fig. 2), such that the subject experienced no
perturbing force at the end of the movement.

Fig. 1 Experimental setup. Subjects made linear, proximal-distal
reaching movements (dotted line) while grasping a 2-degree of
freedom robotic joystick. The joystick was linked to two torque
motors, oriented along orthogonal axes. Each motor was connected
to the joystick handle by means of a two-bar linkage. The linkages
for the two motors were connected through a bearing at the joystick
handle. This permitted motion on a spherical surface and allowed
force to be applied to the subject through the handle. Targets and
joystick position were displayed on a computer monitor. A black
drape prevented visualization of the arm, which was supported to
minimize fatigue
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Five different perturbation sizes, characterized by the maximum
(midpoint) loads, were used: 1.2, 2.4, 3.7, 4.9, and 7.3 N (or 0.5, 1,
1.5, 2, and 3 Nm, in terms of motor torques). We selected the
largest load to represent a significant disturbance, which, on the
basis of related previous studies (e.g., Lackner and Dizio 1994), we
expected would elicit an adaptation response when subjects were
repeatedly exposed to the field. We then selected a range of smaller
perturbation values down to one-sixth of the maximum to allow us
to examine any differences in response with perturbation strength.

Each subject began the experiment with 35 practice movements
in the null field. Cursor movement was not displayed, but
information regarding reaching accuracy was provided by display-
ing the final position of the cursor after motion had ceased. Thus,
the practice session permitted subjects to familiarize themselves
with the joystick dynamics, as well as the required target accuracies
(targets were moderately large, 4.3-cm squares to avoid suggesting
to the subjects that high targeting accuracy was required to succeed
at the task). The desired motion cadence was enforced by a two-part
tone, which was heard after each movement. The tone moved from
a mid to high pitch if movement was too rapid, from a mid to low
pitch if movement was too slow, and remained at a mid-level pitch
if the movement was within the desired range (600€90 ms). The
movement cadence was selected to represent a normal reaching
speed (as opposed to a ballistic reach).

Subsequent to practice, the trials began with a control session of
35 movements in the null field (i.e., full compensation for gravity).
All trials were performed without any visual feedback. That is, the
visual display blanked upon movement initiation and subjects
moved to the remembered target. Thus, visual information regard-
ing the accuracy of pointing motions was no longer provided once
the trials had begun. The cadence tones remained, however, in
order to retain desired movement speed.

Subsequent to the control trials, subjects performed 10 blocks of
perturbation trials (corresponding to the five perturbations
strengths, presented in random order two times each). Each block
consisted of 25 movements in a perturbation field, followed by 10
movements in the null field. Based on preliminary testing, 25
perturbation movements were deemed sufficient for field-adapta-
tion to occur, if this was the strategy elicited. The 10 null field
movements permitted analysis of adaptation aftereffects, should
they be present, and allowed for de-adaptation between successive
perturbation trials.

During all trials, subjects were instructed to move between the
targets as accurately as possible and at the practiced cadence. No
instructions were made regarding the reach path to be used.
Subjects were told that their motion might be perturbed during
certain trials, but that their targeting goal nonetheless remained the
same. Subjects were given the opportunity to rest between
perturbation trials in order to prevent fatigue.

Analysis

Position data were digitally low-pass filtered (4th-order, zero-lag
Butterworth, 5-Hz cutoff based on residual analysis) and numer-
ically differentiated to obtain velocity data for each reach. A
velocity threshold of 3% Vmax (maximum tangential velocity) was
used to detect the start points and endpoints of movement. The peak
deviation of the hand trajectory from a straight line connecting start
points and endpoints was also determined, as this measure of
performance has been shown to characterize motor adaptation
during reaching (Scheidt et al. 2001). The endpoint and trajectory
performance measures are referred to in this paper as endpoint
deviation and trajectory deviation, respectively.

The last five movements of the control session were averaged to
serve as a baseline for comparison against movements in the first
perturbation block. The last five movements of each subsequent
block (performed in the null field) were averaged and used as a
baseline for the following block’s movements. The first and last
five perturbed movements were also analyzed for each block, the
last five being averaged to serve as an indication of the adaptation
achieved. The first postperturbation trial performed in the null field
was also analyzed.

As in Lackner and Dizio (1994), statistical evaluations, using
repeated-measures analysis of variance, were performed for the
endpoints and trajectory deviations associated with each perturba-
tion size as follows:

1. To determine the effect of the perturbation on movement, the
baseline movements performed in the null field were compared
with the initial movement in the perturbation field

2. To assess any adaptation that occurred, the initial and last five
movements in the perturbation field were compared

3. To determine the extent to which subjects compensated for the
perturbation, the null field baseline movements were compared
with the last five movements in the perturbation field

4. To identify the form of the adaptation (i.e., co-contraction vs.
internal model formation), null field baseline movements were
compared with the first postperturbation movement (also
performed in the null field)

Individual comparisons discussed below were made with post
hoc Tukey tests (a=0.05). The repeated-measures assumption of
sphericity was tested using Mauchly’s test. When violations of the
assumption were detected, both multivariate and sphericity-cor-
rected repeated-measures analysis of variance tests (Greenhouse-
Geisser and Huynh-Feldt corrections) were performed. No differ-
ences were found in the results of these tests and the original
repeated-measures analysis of variance tests.

Results

Trajectory deviation

Trajectory deviation data were collected for five pertur-
bation field sizes (1.2, 2.4, 3.7, 4.9, and 7.3 N). Compar-
isons between the mean deviation for the control, initial
and final perturbation, and initial postperturbation move-
ments at each perturbation strength are presented in
Fig. 3. Analysis of variance indicated significant differ-
ences among these four movement conditions at each of
the five perturbation strengths (F0.05, 3, 33=2.9). Subjects
made nearly straight reaches in all control sessions. The
overall mean (€ SD) deviation for the final null field
reaches was 6.2€1.7 mm, convex to the right. The first
reach made within each of the perturbation fields
generally resulted in movements convex to the left, in
the direction of the perturbation. As the movement time

Fig. 2 Perturbation profile. The perturbation was maximal (Fmax)
near the mid-point of motion and ceased once 90% of the straight-
line distance between targets (boxes) was reached
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was reasonably long (600 ms), however, subjects had
sufficient time to make error corrections and occasionally
overcorrected to the right despite moving in a leftward-
perturbing field (Fig. 4). In some of these cases (24/120
trials), the correction resulted in a larger trajectory
deviation to the right (opposite to perturbation direction)

than to the left. In this case, the maximal trajectory
deviation to the side of the perturbation (leftward) was
recorded.

Overall, when compared with control null field
baselines, the trajectories of the first movements made
within each of the perturbation fields were significantly
deviated to the left. Mean increases in leftward deviation
ranged from 63 mm at the 7.3 N strength to 23 mm at the
1.2 N strength. Adaptation toward control baselines
occurred during subsequent movements in all of the
perturbation fields examined. Maximum deviation was
reduced by 59% to 90% during adaptation, as shown in
Fig. 5. Percentage compensation was calculated as
(AD�P)/(C�P)�100%, where P (perturbation) is maxi-

Fig. 4 Overhead view of mean control reach (solid line) and first
perturbation reach in the 4.9 N field (dashed line) for subject 4. The
first perturbation reach shows a correction in movement, resulting
in rightward endpoint and trajectory deviations despite a leftward
perturbation load

Fig. 5 Mean and SEM (n=12) percentage adaptation of trajectory
deviation for the five perturbation sizes

Fig. 3 Mean and SEM (n=12)
of trajectory deviations of the
final null field reaches (Con-
trol), initial (First Perturbation)
and final perturbed (Adaptation)
reaches, and initial postpertur-
bation reach (Aftereffect), for
each of the five perturbation
sizes studied
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mum deviation on the first trial in the perturbation field,
AD (adaptation) is mean maximum deviation of the last
five trials in the perturbation field, and C (control) is the
mean maximum deviation of the last five null field trials
prior to activating the perturbation field.

Trajectory deviations of the final five perturbed
movements were significantly less leftward-deviated
relative to the control than the first perturbed movement,
for each perturbation field strength. This indicated that
subjects straightened their movements over the course of
their exposure to each field. In the case of the 2.4- and
3.7-N fields, there was no significant difference between
the deviations of the last five movements and baseline
values. Final movements in the other fields still retained
deviations slightly larger than the baseline values, indi-
cating that subjects had not completely compensated for
the perturbations after 25 movements.

The amount of compensation that occurred in the first
five movements in each of the five perturbation fields was
also examined, as this feature might serve as a point of
distinction between the adaptive responses to the different
fields. That is, although we found significant compensa-
tion by the end of exposure in all fields, it was possible
that more compensation occurred within the first few
trials in stronger perturbation fields than weaker fields.
We found, however, that a significant proportion of the
final compensation achieved in each of the fields had
occurred within the first five reaches following initial
exposure to the field, as shown in Fig. 6. This finding
indicates that subjects’ compensation was similar in all
perturbation fields examined.

The initial postperturbation reach was significantly
deviated to the right in relation to the control baseline for
all five of the field strengths. The presence of these
aftereffects indicates that subjects consistently formed an
internal model of the dynamics of the perturbation fields,
regardless of field strength.

Endpoint deviation

Lateral endpoints

The mean lateral endpoint positions for each perturbation
strength were compared for the four perturbation condi-
tions (i.e., control, initial and final perturbation, and initial
postperturbation movements). On average, control session
reaches landed 19.8€2.6 mm(mean € SD) to the left of the
movement target. As comparisons between perturbation
conditions were considered relative to control baselines,
however, these were taken as zero. Analysis of variance
did not show a significant difference between the lateral
endpoint positions realized under any of the four pertur-
bation conditions, for all five perturbation field strengths.
Note that endpoint positions were not always on the same
side of the target (e.g., first perturbation trials sometimes
ended to the right of baseline endpoints, despite a leftward
perturbation field).

Longitudinal endpoints

The mean longitudinal endpoint positions at each pertur-
bation strength were also compared for the control, initial
and final perturbation, and initial postperturbation move-
ments. The mean of all control session movements
exceeded the target distance by 13.0€1.9 mm (SD; thus,
subjects overshot the target on average). Endpoint posi-
tions for a given perturbation field strength were again
considered relative to the control baseline for that field.
Analysis of variance did not show a significant difference
between the longitudinal endpoint positions realized
under any of the four perturbation conditions, for all five
field strengths.

Discussion

The purpose of this study was to examine whether or not
endpoint deviation and the degree of compensation during
normal speed reaches in perturbation fields display
threshold behaviors based on perturbation size. Our
findings demonstrate both highly adaptive perturbation
responses and rapid reduction of trajectory error to
achieve accurate reaches in fields ranging from small to
considerable perturbation strength. Each of these findings
is detailed separately below.

Trajectory adaptation

Our experimental results show that substantial compen-
sation occurs even for relatively small perturbation field
strengths. Trajectory deviations decreased significantly,
despite the absence of visual feedback, to approach
preperturbation levels as subjects made successive move-

Fig. 6 Mean and SEM (n=12) trajectory deviation adaptation
achieved in the first five reaches following initial field exposure,
expressed as a percentage of the final adaptation achieved.
Adaptation is shown for all five perturbation field strengths
examined
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ments in the perturbation field. The relative amount of
compensation which occurred in the first 5 movements
and after 25 movements was similar regardless of the
strength of the perturbation field. The presence of
aftereffects in postexposure reaches, even for the weakest
perturbation, demonstrated that in all cases adaptation
involved the formation of an internal model of the
perturbation effects. Since adaptive responses occurred
for all perturbation levels, the assertion that the central
controller ignores small details of peripheral or environ-
mental dynamics (Kelso and Holt 1980; Hogan 1985;
Feldman et al. 1998) is not supported. Our findings
instead indicate that although the viscoelastic properties
of the peripheral neuromuscular system may well ensure
movement stability, the central controller nevertheless
does not increase mechanical impedance to circumvent
learning small disturbance dynamics. Our results are
consistent with both models in which learning of the
dynamic field is primarily in terms of forces (Shadmehr
and Mussa-Ivaldi 1994; Wolpert et al. 1995; Thorough-
man and Shadmehr 1999), and those in which the
representation is primarily kinematic (Gribble and Ostry
2000).

Endpoint accuracy

Our experimental findings indicate that subjects were able
to maintain baseline endpoint accuracies when exposed to
changes in reaching environment. Reaching accuracy was
maintained when subjects were exposed to perturbation
fields as well as when these fields were unexpectedly
removed. This was true even for the first movements
made within and after exposure to fields of sizeable
perturbation strength (more than 7 N). Previous studies of
adaptation to force fields in point-to-point movements
provided subjects with visual feedback of endpoint
position (Shadmehr and Mussa-Ivaldi 1994; Goodbody
and Wolpert 1998; Thoroughman and Shadmehr 1999).
Our results demonstrate that tactile and proprioceptive
feedback alone are sufficient to evoke error correction
and adaptation.

Persistence of accurate reaches despite exposure to
perturbations in the absence of visual feedback is not
consistent with the findings of Lackner and Dizio (1994),
who exposed subjects to Coriolis fields ranging in
maximum perturbation strength from 3 to 13 N. They
found significant endpoint displacements from baseline
accuracies when perturbations were introduced. One
notable difference between their study and ours, which
may account for this discrepancy, is the type of sensory
feedback available to subjects. In the experiments of
Lackner and Dizio, the Coriolis force would only have
been sensed through its effects on muscle and joint
mechanoreceptors. Our subjects would have received
similar sensory feedback, but because they moved an
inertial load they would have felt its resistance, as well as
any perturbation forces, through tactile input from the
force applied by the joystick handle to the hand. This

additional source of sensory feedback may have been
sufficient to make the central nervous system aware of
endpoint position errors.

In summary, we have found that subjects demonstrate
adaptation, consistent with formation of an internal
model, for even small perturbation magnitudes (~1 N).
These findings do not support the existence of a tolerance
threshold for perturbations below which central motor
commands are not modified. We also found that subjects
are able to maintain baseline pointing accuracies of
normal-speed reaching movements using only tactile and
proprioceptive sensory feedback when moving through
position-dependent perturbation fields of sizeable magni-
tude.
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