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Abstract This investigation is one in a series of studies
that address the possibility of stroke rehabilitation using
robotic devices to facilitate ‘‘adaptive training.’’ Healthy
subjects, after training in the presence of systematically
applied forces, typically exhibit a predictable ‘‘after-ef-
fect.’’ A critical question is whether this adaptive char-
acteristic is preserved following stroke so that it might be
exploited for restoring function. Another important
question is whether subjects benefit more from training
forces that enhance their errors than from forces that
reduce their errors. We exposed hemiparetic stroke
survivors and healthy age-matched controls to a pattern
of disturbing forces that have been found by previous
studies to induce a dramatic adaptation in healthy
individuals. Eighteen stroke survivors made 834 move-
ments in the presence of a robot-generated force field
that pushed their hands proportional to its speed and
perpendicular to its direction of motion — either
clockwise or counterclockwise. We found that subjects

could adapt, as evidenced by significant after-effects.
After-effects were not correlated with the clinical scores
that we used for measuring motor impairment. Further
examination revealed that significant improvements oc-
curred only when the training forces magnified the ori-
ginal errors, and not when the training forces reduced
the errors or were zero. Within this constrained experi-
mental task we found that error-enhancing therapy (as
opposed to guiding the limb closer to the correct path)
to be more effective than therapy that assisted the sub-
ject.
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Introduction

It is appealing to consider using machines for the reha-
bilitation of brain-injured patients. Machine-assisted
training can be highly accurate, can be sustained for very
long periods of time, can measure progress automati-
cally, and can produce a wide range of forces or mo-
tions. Repetitive practice of the impaired limb has been
shown to be beneficial in improving functional ability
(Wolf et al. 1989; Taub et al. 1993, 1999; Taub 2000).
Beyond the recommended therapy that strengthens and
stretches (Delisa and Gans 1993) lies the possibility of
neurofacilitation, or neuromuscular re-education
through techniques that incorporate our knowledge of
the neural circuitry. An important question is which
method, among the repertoire of possibilities, is best for
motor recovery? Encouraging research (Patton et al.
2001a, b; Dancausea et al. 2002; Patton and Mussa-
Ivaldi 2003; Takahashi and Reinkensmeyer 2003) sug-
gests one method may be adaptive training, in which the
natural adaptive tendencies of the nervous system are
used to facilitate motor recovery. This paper investigates
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a critical question of the feasibility of adaptive training:
Do stroke survivors preserve their ability to adapt? We
also address the question of which type of training forces
are best and whether the effects of adaptation last after
the forces are removed.

There have been a few promising preliminary studies
on neurorehabilitation using mechatronic and robotic
devices. A two-degree-of-freedom (DOF) robot manip-
ulator (similar to the one used in this study) was used to
train stroke survivors in shoulder and elbow movement
by moving the hand and forearm of the patient in the
horizontal plane (Krebs et al. 1998b, 2000; Volpe et al.
2000, 2001). This is an assistive form of therapy that
guides the arm along the desired path and is different
from the strategy presented in this paper. Clinical testing
of assistive training has been underway for several years,
and results have shown improved patient performance
(Krebs et al. 1998b) with benefits lasting more than
3 years (Krebs et al. 1999b). This training has led to
increased clinical scores and greater gains in proximal
arm strength and greater recovery of functional inde-
pendence (Volpe et al. 2000).

An industrial robot (Puma 560) was also used to
apply forces to the paretic limbs of stroke survivors
through a customized forearm attachment (Burgar et al.
2000; Lum et al. 2002). The robot could move the limb
to a target, applying spring-like forces toward the target
or mirror the contralateral limb movements. These re-
sults provide convincing evidence that supplemental
robotic therapy can improve recovery. They do not,
however, indicate which type of robotic treatment offers
the greatest advantage. Previous approaches have at-
tempted to mimic the actions of the therapist by using a
robot to apply error-decreasing, assisting forces. In fact,
Kahn and colleagues (Kahn et al. 2001) suggested that
reducing errors during reaching training with a robotic
device does not provide any added benefit compared to
repetitive reaching training where errors were allowed.
This paper tests an alternative approach that enhances
error and can only be implemented by a computer-
controlled device.

Interestingly, several theories have been proposed
for clinical treatment. Some sources suggest that pro-
viding manual guidance during reaching may facilitate
rehabilitation (Bobath 1978). Other theories advocate
using a component of resistance in a direction oppo-
site to movement during diagonal reaching patterns
(Voss et al. 1985). Although these approaches are in
some ways mutually exclusive, their efficacy has not
been tested objectively, and the most effective reha-
bilitation algorithm(s) have yet to be determined. New
techniques are currently being explored. For example,
one possible technique is to provide assistance by
guiding (pulling) the hand toward the desired trajec-
tory (Volpe et al. 1999; Lum et al. 2002). Another
possible technique is to provide resistance by either
opposing the hand as it moves (Stein et al. 2004), or
by imposing forces that amplify the error. The latter
method is justified by the observation that movement

error is likely to be a driving signal for adaptation and
learning (Rumelhart et al. 1986; Lisberger 1988; Ka-
wato 1990; Dancausea et al. 2002). In a walking study,
subjects significantly reduced the time required to
predict the applied force field by approximately 26%
when the field was transiently amplified (Emken and
Reinkensmeyer 2005). Others have also emphasized
augmented or amplified error in the therapeutic pro-
cess. (Winstein et al. 1999; Brewer et al. 2004; Emken
and Reinkensmeyer 2005). However, for such an er-
ror-enhancing, adaptive technique to work, the pa-
tient’s ability to adapt must be preserved following the
injury.

Recent studies of motor adaptation in healthy
individuals have demonstrated the excellent potential
of the natural adaptive process in altering motor
patterns. When people are repeatedly exposed to a
robot-generated force field applied to the hand (forces
as a function of hand position and/or hand velocity)
that systematically disturbs limb motion, they are able
to recover their original kinematic patterns over a short
period of practice (Shadmehr and Mussa-Ivaldi 1994).
Subjects do this by cancelling the disturbance with an
appropriate preplanned pattern of forces. This is a
form of feedforward control that is revealed by char-
acteristic after-effects: when the disturbing force field is
unexpectedly removed, subjects make erroneous
movements in directions opposite to the perturbing
forces. Adaptation and its related after-effects have
been demonstrated for different types of force fields,
ranging from simple position-, velocity-, and accelera-
tion-dependent force fields (Bock 1990; Flash and
Gurevitch 1992; Shadmehr and Mussa-Ivaldi 1994;
Gandolfo et al. 1996; Conditt et al. 1997) to Coriolis
forces caused by moving in a rotating room (Lackner
and DiZio 1994) to skew-symmetric ‘‘curl’’ fields that
produce forces in a direction perpendicular to the
velocity of the hand (Gandolfo et al. 1996). Similar
results have also been observed after manipulations of
visual perception that altered the visual feedback of
movement (Held and Freedman 1963; Miall et al. 1993;
Pine et al. 1996; Krakauer et al. 1999).

More recent studies support the view that subjects
adapt by learning the appropriate internal model of the
perturbing force field rather than learning an appropri-
ate temporal sequence of muscle activations (Gandolfo
et al. 1996; Conditt et al. 1997). Using this internal
model, subjects are able to predict the effects of the
external field along a desired movement and use a
feedforward control strategy (also called anticipatory
control) (Hemami and Stokes 1982; Ghez 1991). Mod-
eling techniques have been successful in predicting both
how the arm is disturbed by a force field and the after-
effects of training (Shadmehr and Mussa-Ivaldi 1994;
Kawato and Wolpert 1998; Bhushan and Shadmehr
1999). If this is true, one possible method for rehabili-
tation may be to use models to design the appropriate
force field that will result in beneficial after-effects.
Again, this would only work if stroke survivors can
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adapt. Furthermore, after-effects would also have to be
permanently retained for this approach to have reha-
bilitative significance.

There are several recent studies providing encourag-
ing evidence that the ability to adapt and exhibit after-

effects is preserved following cortical stroke. Reaching in
individuals with stroke is characterized by errors that
reflect their poor ability to manage the interaction tor-
ques (Beer et al. 2000). Aspects of reaching in cortical
stroke survivors resembles that of cerebellar patients

Table 1 Subject characteristicsVertical bars on the left side indicate the subjects that made repeat visits to the lab and participated in zero-
force experiments
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(Bastian et al. 1996). Adaptation and after-effects in
stroke survivors can be observed in the oculomotor
(Weiner et al. 1983) and limb-motor systems (Raasch
et al. 1997; Dancausea et al. 2002). In fact, prism
adaptation has been shown to trigger the recovery from
hemispatial neglect following stroke (Rossetti et al.
1998). Stroke-related damage in the sensorimotor areas
appears to effect the processes underlying the control
and execution of motor skills but not the learning of
those skills (Winstein et al. 1999). Recently, stroke sur-
vivors showed the ability to adapt to small elbow mo-
tions that were disturbed by a spring-like force
disturbance (Dancausea et al. 2002). However, severely
affected individuals used atypical correction strategies.
Another recent study evaluated the ability to adapt to a
sideways force during forward motions and found that
the after-effects were less evident in stroke survivors with
more severe impairment (Takahashi and Reinkensmeyer
2003). Furthermore, preliminary studies in our labora-
tory on stroke survivors have revealed that the after-
effects may persist longer when the after-effects resemble
healthy unperturbed movements (Raasch et al. 1997;
Patton et al. 2001a, b).

While conventional skill learning, such as learning to
play a musical instrument, requires more conscious
attention in order to achieve a goal, neuromotor adap-
tation has been argued to be closely related to proce-
dural learning and thus to be a form of implicit learning
(Krebs et al. 2001). Hence, these learning mechanisms
may offer an effective alternative to conventional
methods of rehabilitation. Implicit learning takes place
without awareness of what has been taught (Squire
1986), and often does not require complete conscious
attention. One example is procedural motor learning of
a motor sequence that is embedded in a seemingly ran-
dom set of movements (Fitts 1964; Squire 1986; Gomez
Beldarrain et al. 1999; Seidler et al. 2002). Another
example is sensory-motor adaptation observed in force
field paradigms (Krebs et al. 2001). Following unilateral
stroke, recent evidence suggests that learning is facili-
tated by providing explicit information about the task
that can enhance implicit motor learning (Boyd and
Winstein 2001, 2003). If one could demonstrate that
stroke subjects readily adapt to force training, and that
beneficial after-effects persist, a new family of rehabili-
tation strategies would emerge.

To begin exploring the possibility of exploiting im-
plicit learning mechanisms for poststroke rehabilitation,
this paper explores the features of motor adaptation in
chronic stroke survivors during the execution of planar
multijoint movements that are disturbed by a force field.
We studied six movement directions using a two-joint
planar robotic device, exposing hemiparetic stroke sur-
vivors and healthy age-matched controls to a force field
that is commonly known to induce unequivocal adap-
tation in healthy individuals. We found that stroke
survivors do adapt, albeit at a diminished level com-
pared to healthy controls, and this capacity to adapt was
not related to clinical scores of motor impairment.

Furthermore, we found that final improvements were
most evident when the training forces magnified rather
than reduced the original error. This study provides
encouraging evidence that adaptive training could pro-
vide an effective supplement to conventional therapy.
This research was presented in preliminary form at the
Society for Neuroscience meeting, 2001 (Patton et al.
2001b).

Methods

Experiments

Research was approved by the Northwestern University
Internal Review Board to conform to ethical standards
laid down in the 1964 Declaration of Helsinki and fed-
eral mandates that protect research subjects. Before
beginning, each subject signed a consent form that
conformed to these Northwestern University guidelines.
Twenty-seven stroke survivors, aged 30–72 years (mean
age 51), and four healthy controls, aged 32–61 years
(mean age 47) volunteered to participate (Table 1). All
stroke participants were in the chronic stage, having
suffered a stroke 16–173 months prior to the experiment.
Our exclusion criteria were: 1) bilateral impairment, 2)
severe sensory deficits in the limb, 3) aphasia, cognitive
impairment or affective dysfunction that would influence
the ability to comprehend or to perform the experiment,
4) inability to provide an informed consent, and 5) other
current severe medical problems.

Eight additional subjects were recruited whose data
did not reach final analysis (not shown in Table 1). Of
these, one chose to abort the experiment due to his own
frustration (SA15); one healthy subject chose to quit
because of time constraints (SA23); two healthy controls
and three stroke patients had lost data due to technical
problems with the robotic device or data collection
(SA26, SA30, SA31, SA39, and SA 44); one stroke
subject had such a poor elbow movement that she was
not capable of completing the experiment (SA41).

Subjects held the free-extremity (here referred to as
the ‘‘endpoint’’) of a DOF robot (Fig. 1) described
elsewhere (Conditt et al. 1997; Scheidt et al. 2000).
Endpoint forces and torques were monitored with a six-
degree-of-freedom load cell fixed to the handle of the
robot (Assurance Technologies Inc., model F/T Gamma
30/100). The robot was equipped with position encoders
that were used to record the angular position of the two
robotic joints with a resolution exceeding 20 arc/s of
rotation (Teledyne Gurley, model 25/045-NB17-TA-
PPA-QAR1S). The position, velocity and acceleration of
the handle were derived from these two signals. Two
torque motors were used to apply programmed forces to
the hands of the subjects (PMI Motor Technologies,
model JR24M4CH).

Subjects were seated so that the center of the range of
targets — lying approximately at the center of their
reachable workspace — was aligned with the shoulder,
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in the proximal-distal direction (y-axis) (Fig. 1, right).
The experiment involved only the hemiparetic limbs of
the stroke subjects, and this corresponded to nondomi-
nant limbs in 17 of the 27 subjects (See Table 1). Sub-
jects were asked to reach visual targets so that they made
a series of random 10 cm movements to the vertices of a
triangle. If subjects had difficulty in reaching the vertices
of the triangle, we adjusted their chair position. To avoid
fatigue, their elbow and forearm rested on a lightweight
frictionless linkage (Fig. 1, left), and they could choose
to rest between movements (subjects rarely rested longer
than a few seconds every hundred movements). We
controlled for a peak speed of 0.288 m/s by giving sub-
jects feedback at the end of each movement using col-
ored dots and auditory tones to let subjects know if they
were going too fast, too slow, or within a range of
±0.05 m/s. Consequently, subjects’ speeds remained
roughly constant throughout the entire experiment.

All subjects performed a total of 834 movements
(trials), broken down into the following experimental
phases:

– Unperturbed familiarization: 60 movements (approxi-
mately 5 min) to become familiar with the system and
with the task of moving the manipulandum.

– Unperturbed baseline: 30 movements (approximately
2 min) to establish a baseline pattern of reaching
movements.

– Learning: 372 movements (approximately 25 min)
with constant exposure to the ‘‘curl’’ force field,
governed by:

F ¼ 0 k
�k 0

� �
_x

where F is the vector of forces, _x is the vector of
instantaneous velocity, and k is the gain. With this type
of field, the forces are always orthogonal to the velocity
of the hand and form either a clockwise or counter-
clockwise circulating pattern in the space of hand
velocities. This phase of 372 trials was subdivided into a
block of 30 trials (five in each direction) at the beginning
and end of training for statistical analyses. After a sec-
ond series of 240 trials, there was a rest period of
approximately 1 min while data collection equipment
was reset, followed by a block of 72 trials and then the
final 30 trials (see Figs. 3 and 4).

During the learning phase, half of the subjects expe-
rienced k = 20 NÆs/m (corresponding to clockwise for-
ces), and half experienced k = �20 NÆs/m
(corresponding to counterclockwise forces) (c.f. Ta-
ble 1).

Some of these subjects also served as their own con-
trols as subjects in the zero-force group (Table 1). Prior
to experiencing any force field, some visited the lab and
performed the same experiment without any forces ap-
plied. These subjects were used to determine if practicing
the motion alone (without any forces) led to a beneficial
outcome.

– After-effects: 240 movements (approximately 16 min),
with random, intermittent removal of the force field
for one in eight of the trials (catch trials) to determine
the after-effects.

– Training refresher: Twelve movements (approxi-
mately 1 min), identical to the learning Phase.

– Washout: 120 movements (approximately 8 minutes),
all without forces.

Fig. 1 Subjects positioning and
the experimental apparatus.
Two brushed DC torque
motors (PMI model
JR24M4CH, Kolmorgen
Motion Technologies, NY,
USA) control forces at a handle
via a 4-bar linkage. Rotational
digital encoders (model 25/045-
NB17-TA-PPA-QAR1S,
Teledyne-Gurley, Troy, NY,
USA) report absolute angular
position, and a 6-axis force/
torque sensor reports the
interface kinetics (Assurance
Technologies, Inc., TI F/T
Gamma 30/10, NC, USA). A
PC acquires the signals and
controls torque
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Subjects were also required to take breaks (approxi-
mately 1–2 min) after movements 307 and 650 so that
our data collection equipment could be reset. The
movements in each direction were divided equally in
each phase. At all times during the experiment, an
additional set of ‘‘background’’ torques was generated
to remove the inertial effects of the robot arm linkage,
resulting in the feeling of movement on a slippery sur-
face when the force field was not present. Motion and
force data were collected at 100 Hz.

Analysis

We restricted our focus in this study to the earliest parts
of movements for two reasons. First, stroke survivors

often make excessively large corrections later in their
movements that may depend on earlier errors (Krebs
et al. 1999a; Beer et al. 2000). Second, we were primarily
interested in the early phase of the movement that best
reflects the operation of a feedforward controller based
on an internal model of the arm/environment dynamics.
Our measure, the initial direction error, reflected this
early phase of movement by forming a vector from the
start point to 25% of the distance to the target (2.5 cm).
This corresponded to approximately the first 200–
300 ms of movement that, if there were no error cor-
rections at the end of the movement, would last about
1.1 s. Positive error corresponded to a counterclockwise
rotation from the actual trajectory to the desired tra-
jectory, and zero corresponded to a straight-line to the
target. Initial direction error was used for testing our

a. Unperturbed baseline b. Early training c. Final training

d. After-effects e. Final washout 

(Stroke subject sa38)

Fig. 2 Movement paths for a mildly impaired stroke subject in
successive phase of the experiment. For clarity, the starting points
of the triangle pattern in Fig. 1 were shifted to display all starting
points at the center. The ideal trajectories are the bold dotted lines,
the average trajectories are represented as bold solid lines, and
individual trajectories are thin lines. The subject first performs
without force disturbances (a), and then experiences a prolonged
training (b and c). The training forces are then turned off

intermittently in catch trials to test for after-effects (d). Finally,
subject moves for 120 movements without forces, and the after-
effects ‘‘wash out.’’ Results from the final 15 movements of the
washout phase are shown in (e). Arrows indicate the movement
direction that showed the largest error in the baseline trials. This
movement error was amplified by the force field during training,
but resulted in a reduction of error following training (d) that was
sustained until the end of the experiment (e)
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hypotheses on the feedforward controller and also was
found to be highly correlated with the perpendicular
distance measure used in other adaptation studies
(Conditt et al. 1997; Scheidt and Rymer 2000; Thor-
oughman and Shadmehr 2000).

To quantify adaptation, we established the Adapta-
tion capacity, defined as the average shift in initial
direction from unperturbed baseline trials to the after-
effects catch trials. All hypotheses were tested using an
alpha level of 0.05. We tested for a shift in initial

direction from baseline to after-effects and for the ten-
dency of the after-effects to disappear in the washout
phase.

Results

We found that both the healthy and the stroke subjects
demonstrated a clear ability to adapt when these subjects
moved their hands in the force field. The force field

Fig. 3 Group results for stroke survivors showing error between
the actual trajectory and a straight-line movement. Each block of
data along the horizontal axis represents a successive phases of the
experiment. The training phase in which the force field was applied
to the subject are indicated by the light shading in the background.
Baseline is compared to after-effects to test our hypothesis that the
method shifts trajectories toward the desired, resulting in a
significant reduction in error. Dashed lines shaded areas and dashed

lines represent 95% confidence intervals and means, respectively,
for the group. Small symbols and vertical thin lines show the
individual subject means and 95% confidence intervals. All phases
of the experiment that underwent statistical analyses contained 30
trials (5 in each direction). A rest period (approximately 1–2 min)
occurred during the learning phase after a second series of 240 trials
while data collection equipment was reset
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significantly disturbed hand movement (Fig. 2b). Initial
direction error did not significantly decrease after 330
movements of practice (Fig. 2; compare b to c). After-
effects were evident when the forces were removed
(Fig. 2d). These results were evident as a group as well
(Fig. 3), with a significant shift in initial direction error
from baseline to after-effects. As anticipated, we de-
tected no significant change in any subjects’ movement
speeds across the phases of the experiment, although
peak speeds were slightly but significantly below target
for stroke subjects (average of 0.218 m/s, P<0.05) but
not for healthy subjects (average of 0.279 m/s). Speeds
for some movements were as high as twice the target,
resulting in peak forces in these extreme cases as high as
10 N. The maximum speeds 5th, 50th, 95th, and 99th
percentiles for stroke patients were: 0.101, 0.201, 0.361,
and 0.469 m/s, respectively, and for healthy they were
0.091, 0.255, 0.437, and 0.469 m/s, respectively.

After training, the disturbance was unexpectedly re-
moved and the initial direction error shifted signifi-
cantly, exhibiting a clear after-effect of adaptation
(Fig. 2d). Both stroke and healthy subjects showed a
marked shift in their initial direction that was opposite
to the direction seen when they were initially exposed to
the force field (compare Figs. 3 and 4; compare phases
2–6). On average, the stroke survivors’ limb movements
were initially perturbed by the same amount (Fig. 3,
Phase 2) as the healthy controls (Fig. 4, Phase 2). In
contrast, the after-effect of the stroke subjects was sig-
nificant (Fig. 3, Phase 6) but it was also significantly
smaller than the healthy subjects by about 26% (Fig. 4,
Phase 6). All of the healthy subjects’ after-effects were
significantly shifted from baseline, and while stroke
subjects’ shifts were all in the direction one would expect
as an after-effect, only 10 of the 18 had shifts that were
statistically significant (P<0.05 in individual t tests).

Fig. 4 Group results for the same experimental conditions as in Fig. 3 but performed on a group of healthy subjects
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Stroke subjects as a group, however, showed a signifi-
cant shift (P<0.05 in a paired t test of subject averages).

Note that stroke survivors’ errors during baseline
appear similar to those of the healthy subjects (compare
Figs. 3 and 4, Phase 1) because these figures display the
average overall movement directions. Stroke survivors’
larger errors are revealed only by the larger error bars.
Stroke subjects were also more variable within move-
ment directions. Trial-to-trial standard deviations of the
initial direction error during the baseline phases was
nearly three times higher for the stroke subjects (the
average of the stroke subject’s standard deviations was
16.2� compared to 5.8� for healthy; P<0.001). It is im-
portant to stress that the goal of this study was to merely
test for adaptation and not to correct the trajectories
with a specially designed force field. Therefore, some
after-effects were in the wrong direction (i.e., the errors
were amplified), and some were shifted beyond a straight
path to the target.

The observed shift in direction from baseline
(unperturbed) to after-effects (also unperturbed) is an
excellent indication of motor adaptation. Absence of
adaptation would result in a zero shift. In contrast,
adaptation capacity, as quantified by the amount of this
shift, was well above and significantly greater than zero
for stroke survivors (in Fig. 5, the wings indicate a 95%
confidence interval). Nevertheless, adaptation capacity
was slightly but significantly larger for healthy subjects
(Fig. 5, wings). We detected no difference in adaptation
capacity between the subjects that received clockwise
and the subjects that received counterclockwise forces.
Stroke survivors’ changes in performance were not as
large as that of the healthy subjects for the same amount
of practice (compare Figs. 3 and 4), suggesting that
longer training might also result in more persistent
adaptation in patients.

To further explore the possibility that individuals
with stroke might have a decreased learning rate, we fit
each subject’s learning phase data to a simple expo-
nential model,

Aþ Be�t=C

where A is an offset, B the amount of learning (the
change of the trajectory errors), C the time constant for
the error to decrease (inversely related to rate of learn-
ing), and t is the movement number. However, we found
no significant differences in either the time constant or
the amount of learning between the healthy subjects and
individuals with stroke.

Adaptation capacity was not found to correlate well
with the clinical measures of Elbow Modified Ashworth
(r2=0.0013876, P>0.8), Chedoke (r2=2.7943e-006,
P>0.9), and the upper extremity portion of the Fugl–
Meyer (r2=0.0040592, P>0.8) (Fig. 5b). Hence, it may
be difficult to predict a person’s ability to adapt based on
these clinical scores. They also fail to show any evidence
that the severely impaired individuals lack the ability to
adapt.

While Figs. 3 and 5 indicate a clear and positive an-
swer to the question about whether stroke survivors can
adapt, these data do not reveal how the training forces
might restore function. In an initial attempt to shed
some light on this question, our analysis program
identified each subject’s directions of largest error — the
directions that could be improved upon the most. Dur-
ing training, these movement errors were either magni-
fied or reduced by the forces (depending on how the
force field happened to be pushing for each subject and
each direction). Movement directions of largest errors
(e.g., movements indicated by the arrows in Fig. 2) were
only selected if they had significant error to begin with.
For each subject, our software selected and analyzed up
to two movement directions. The first was the direction
that showed the largest initial error that was reduced by
the forces, while the second was the direction that
showed the largest initial error that was amplified by the
forces. If no significant error was present to begin with,
the movement was not considered. To determine the
amount of error amplification/reduction, we calculated
the dot product between the average training force
direction and the average movement error direction
(horizontal axis on Fig. 6). Positive values of this dot
product indicated that the training forces tended to
magnify the error, while negative values indicated that
the training forces tended to reduce the error.

By the end of the experiment (five final movements in
each direction), after the forces had been turned off for
120 movements (final washout phase), we found that the
relationship between error magnification and the
improvement was significant (vertical axis on Fig. 6).
Significant improvements occurred only when the
training forces magnified the original errors, and not
when the training forces reduced the errors or they were
zero [F(1,13)=4.29, P<0.001]. Because three of the
points were further than two standard deviations from
the mean and appeared as outliers (Fig. 6, indicated by
small horizontal arrows), we reran the analysis without
them, but obtained the same results — error-amplifica-
tion training resulted in significant improvement and
error-reduction training resulted in significant detriment
by the end of the experiment. In summary, by restricting
our attention only to trials that had significant error to
begin with, and then by separating movement directions
into error-reducing or error-enhancing training, the
evidence suggests that the error-enhancing forces may be
more effective than the error-reducing forces for cor-
recting the initial movement direction of the hand.

Discussion

This study provides new evidence that stroke survivors
retain their ability to adapt their arm movements when
they are exposed to an altered mechanical environment
(a force field), although at a somewhat diminished level.
This is evidenced by the Adaptation Capacity measure
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(Fig. 5). Moreover, for movement directions that begin
with significant errors, significant improvement occurred
only when the training forces magnified the original er-
rors (Fig. 6).

With regard to the question of whether stroke sur-
vivors can adapt, this study confirms earlier studies
conducted by others. Raasch and colleagues (Raasch
et al. 1997) performed a preliminary study that provided
encouraging evidence for adaptation in stroke survivors.
In that study, a force was imposed during hand motion
that pushed subjects’ hands away from the desired path
with a magnitude proportional to hand speed, a proto-
col similar to that used in this study. A single-joint study
by Dancausea and colleagues (Dancausea et al. 2002)
demonstrated the ability of stroke survivors to adapt to
a spring-like force. Their results were consistent with

ours in that brain-injured individuals needed more trials
to diminish errors and their movements were more
variable.

Takahashi and Reinkensmeyer have also recently
published new results on adaptation after stroke
(Takahashi and Reinkensmeyer 2003). Although their
study found that the ability to adapt was somewhat
diminished in stroke survivors, they found that the
ability to adapt was loosely correlated to clinical scores
such as the Chedoke Mc-Master score. We found no
such correlation in our group of subjects. Several
important differences between our study and theirs may
account for the discrepancies in our results. (1) Our
study investigated mostly shorter movements. There-
fore, a larger proportion of the movement we observed
was likely controlled by early feedforward (and hence

a

b

Fig. 5 a Adaptation capacity, in degrees, for the healthy and the
stroke survivor groups, determined by calculating each subject’s
average change in initial direction error from the baseline phase
and the after-effects phase. Wings represent 95% confidence

intervals of the group. Stroke survivors show a large capacity to
adapt, but not as strong as the healthy group. b Correlation of the
adaptation capacity (horizontal axes) with three clinical scores that
were measured in this study. Each stroke survivor represents a dot
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internal-model driven) components of control. Takah-
ashi and Reinkensmeyer allowed the movement lengths
to vary from subject to subject. Furthermore, in many
cases the movements were close to the edge of the sub-
jects’ achievable workspace. These longer and more
distal movements may have been effected to a larger

degree by factors such as contractures and spasticity that
are unrelated to the presence or absence of internal
models. We attempted to minimize these factors in our
study by targeting the midregion of the arm’s work-
space. (2) While Takahashi and Reinkensmeyer com-
pared movement adaptation between the paretic and the
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Fig. 6 Cross plot of the performance improvement versus error
magnification caused by the force field for different movement
directions on the stroke survivors. Performance improvement was
calculated by measuring the reduction initial direction error from
the baseline phase to the final phase of the experiment. Positive
represents an improvement in performance. Error magnification
was determined by calculating the dot product between the average
training force direction and the average movement error direction.
Positive values of this dot product indicated that the training forces
tended to magnify the error, while negative values indicated that

the training forces tended to reduce the error. Boxes with horizontal
centerlines represent the mean and 95% confidence intervals of the
three distinct groups: (1) the group in which the error was
magnified during training (right), (2) the control group in which
error was unchanged because no forces were applied (center), and
(3) the group in which error was reduced during training (left).
Vertical whiskers extending from the box plots indicate 2-standard
deviations from the mean. The diagonal line represents linear least-
squares regression fit of the data shown
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nonparetic limb, we compare adaptation in paretic
subjects to adaptation in healthy and age-matched
controls. Indeed, individuals who have suffered a stroke
do not perform as well with their unimpaired arm as
age-matched healthy subjects, but they tend to show the
same abilities to learn (Pohl and Winstein 1999). (3)
Takahashi and Reinkensmeyer also did not support the
arm against gravity. As those authors suggested, the
multiaxis force generation constraints that come into
play when generating large forces (perhaps even if those
large forces are required in only one direction — against
gravity), or the inability to produce force at a high en-
ough rate, may limit adaptation in the most weakened
subjects. Strength has been shown to be dramatically
influenced by elevating the arm against gravity (Beer
et al. 1999). The subjects in the present study did not
have to overcome this large gravitational force require-
ment, and thus were operating in a wholly different re-
gion in force space. (4)Takahashi and Reinkensmeyer
used a maximum force of 3.5 N, while our robotic forces
were typically much stronger, reaching amplitudes as
high as 15 N. (5) While our study used perturbing forces
that depended upon hand velocity, Takahashi and
Reinkensmeyer used a time-dependent force with a
constant direction (to the side). Nevertheless, it is pos-
sible that their forces may have led to a similar adap-
tation as ours because when subjects adapt to a
time-dependent force, they tend to build an internal
representation that is not dependent on time (Conditt
and Mussa-Ivaldi 1999). (6) Finally, the most provoca-
tive difference is that our protocol enabled us to look at
how improvement in performance is influenced by the
direction in which the training forces are acting. Al-
though this study did not specifically intend to reduce or
magnify error, our preliminary evidence suggests that
error-magnifying forces may be most effective.

Our study also has some important limitations. First,
the apparatus did not allow motion out of the horizontal
plane, and the effects of gravity were minimized at all
times by an arm support (Fig. 1). A key motor deficit
seen in stroke is the inability of the nervous system to
counteract gravity while still making targeted move-
ments (Dewald and Beer 2001). An important extension
of our approach would be to test adaptation in the
context of 3D activities that require supporting the arm
against gravity.

A second limitation is that the size and simplicity of
the movements may not allow us to extend our conclu-
sions to unconstrained and functionally relevant mo-
tions. Larger 3D motions, consistent with the activities
of daily living would likely be more relevant to the
recovery of the most important motor functions. We
expect that these shortcomings will be addressed by
using stronger full-dimensional robotic systems com-
bined with more advanced visual display. The present
study also uses some subjects as their own controls.
While we did not detect any difference in these subjects,
their increased exposure to the device might have biased
the data. Yet another potential problem was that it was

impossible to keep the three groups of subjects fully
balanced in all ways. For example, it is possible that the
clockwise force group had subjects with slightly higher
spasticity (see Table 1).

Another limitation is that we did not control for the
resting time. In order to prevent fatigue, intimidation,
and attentional loss due to boredom, subjects were free
to take rests. It remains to be seen whether rests may
play a critical part in the the adaptive process.

An additional limitation to this study may be that the
focus was limited to straightness of the hand path.
Making straighter and smoother movements need not to
be the only goal or the principal goal of a therapy.
Optimal functional recovery for these individuals may
be something other than healthy-looking movements.

Related to this issue is the breakdown of predictive
feedforward control and corrective feedback control.
While our measure, initial direction error, does a good
job of characterizing the path errors early in each
movement (first 25% of the distance to target), it does
not directly address the time interval typically associated
with human feedforward control and the launching of a
movement. The time that the subjects crossed the 25%
mark was 0.17±0.04 s (average ± standard deviation),
which was significantly different for the healthy subjects
at 0.14±0.03 s (two-tailed t test, P<0.05). While these
values are still within the range of feedforward control
that occurs prior to supraspinal-feedback corrections
(0.12 – 0.18 s) (Schmidt 1988), they do not rule out
elements of spinal reflex feedback that can be as fast as
0.03 s (Dewhurst 1967). Therefore, initial direction error
should not be fully interpreted as a direct measure of
feedforward control error.

The most important limitation of this study is that
only a proper prolonged clinical research study with
separate groups of stroke survivors (one group receiving
prolonged error-enhancing forces, one group receiving
error-reducing forces and one group receiving no forces)
is the only appropriate method for evaluating error-
enhancement. What is presented here is only compelling
preliminary evidence supporting such a strategy.

An issue that was not addressed by this study is the
likely relation between the neural structures damaged by
the stroke and the adaptive performance. Lesion site
information was not available for all subjects (Table 1),
and in this initial study the data are still too sparse to
draw conclusions on the location, extent, and severity of
the strokes and how they may have influenced each
individual’s results. Adaptability may also be influenced
by other factors such as lesion hemisphere, the time since
stroke, and the type and dosage of rehabilitation that the
subjects received. More data are constantly being ac-
quired, but it may take large numbers of subjects before
these factors show any effect. Nevertheless, adaptation
was statistically significant in 10 of the 18 individuals
with stroke that we tested.

While forces that amplified error appeared to benefit,
forces that reduced error led to the opposite — after-
effects that increased the initial direction error (Fig. 6).
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Hence, errors can be decreased or increased with the
right transient perturbation. It could be that the nervous
system is simply less concerned with the movement
straightness following stroke. Indeed, Krebs and (Krebs
et al. 1999a) colleagues have shown that stroke subjects
exhibit jerky and multisegmented movements that tend
to coalesce into smoother, straighter movements as
recovery progresses.

It is also important to speculate on the mechanisms
that might allow a stroke subject to decrease directional
errors with this paradigm that cannot decrease by simple
practice alone. Sensory feedback systems may need to
detect a stimulus with a magnitude that is large enough
to trigger the recovery process. Such distorting inter-
ventions that trigger recovery have been shown to be
promising in individuals with stroke that suffer from
hemispatial neglect (Rossetti et al. 1998). Smaller errors
may be imperceptible or considered less important than
other aspects of the movement such as getting to the
target, conserving energy, or minimizing discomfort.
Another possibility is that the nervous system is trying
to use motor pathways that are no longer intact, and the
learning is a way to trick the nervous system into trying
a new and nonintuitive pathway that it would otherwise
not ever consider. Such questions will require further
study using imaging, transcranial magnetic stimulation,
or implants.

A final question not answered in this study is whether
beneficial after-effects persist beyond the final 120
movements in which the forces were absent. Preliminary
studies in our laboratory on stroke survivors have re-
vealed that after-effects persist when these resemble
normal, unperturbed movements (Raasch et al. 1997). In
fact, after-effects may become permanent if they are
perceived by the subject to be an improvement with re-
spect to the initial behavior. However, not all patients
may benefit from this type of procedure. Subjects who
show poor ability to adapt, such as cerebellar stroke
survivors, may have great difficulty dealing with resistive
techniques (Weiner et al. 1983; Sanes et al. 1990; Bastian
et al. 1996). Moreover, chronic stroke survivors suffering
from long-term changes in their muscle systems (i.e.,
atrophy and tissue shortening) also may not benefit from
such techniques.

While our force fields shifted the central tendencies of
the subjects, they did nothing to change motor vari-
ability, which is known to be larger in stroke survivors
(Fisk and Goodale 1988). Our study revealed that stroke
survivors were more variable both within trials, from
movement to movement, and across subjects. It is logical
that the nervous system would naturally reduce its
learning rate when sensory or motor inconsistencies and
uncertainties caused by stroke make it difficult to form
an exact internal model. Such is the case in artificial
systems that learn (Rumelhart and McClelland 1986).
Nevertheless, several studies suggest that increasing
trial-to-trial variability with externally applied forces
does not impair motor learning rate in healthy subjects
(Scheidt et al. 2001; Takahashi et al. 2001; Reinkens-

meyer et al. 2003). It remains to be seen whether stroke
subjects tend to learn more slowly because they are more
variable or for some other reason.

Nevertheless, several other studies agree with our
results that error augmentation leads to enhanced
learning. Learning how to counteract a force distur-
bance in a in a walking study increased by approxi-
mately 26% when the field was transiently amplified
(Emken and Reinkensmeyer 2005). Artificially giving
smaller feedback on force production has caused sub-
jects to apply larger forces to compensate (Brewer et al.
2005). Several studies have shown how the nervous
system can be ‘‘tricked’’ by giving altered sensory feed-
back (Flanagan and Rao 1995; Srinivasan and LaMotte
1995; Robles-De-La-Torre and Hayward 2001; Ernst
and Banks 2002; Sainburg et al. 2003; Brewer et al. 2004;
Kording and Wolpert 2004a). However, augmented
feedback on practice conditions has not always proven
therapeutically beneficial in stroke (Winstein et al. 1999).
It may be that there are limits to the amount of error
augmentation that is useful (Kording and Wolpert
2004b; Wei et al. 2005).

The implications of successful implicit learning are
that one can learn at a nearly subconscious level with
minimal attention and with less motivation than more
explicit types of practice, like pattern tracing. Training
typically requires a balance of repetitive practice,
strengthening, expert guidance, and appropriate feed-
back. We believe that the type of implicit learning
demonstrated in this study — one that augments errors
— may provide an excellent rehabilitation tool to en-
hance performance. In fact, explicit information has
been shown to disrupt the acquisition of motor skills in
participants with stroke but not in healthy controls
(Boyd and Winstein 2003; Boyd and Winstein 2004).

One might suggest that the changes seen in stroke
patients are due to a reduction in tone (spasticity).
Evidence has suggested that repeated muscle stretches
may temporarily reduce spastic hypertonia (Schmit et al.
2000) (although we are not aware of this being shown
during voluntary movement). Even though a reduction
in tone cannot directly explain a benefit from error-
augmenting forces (they would reduce the amount of
stretch to any muscle, not increase it), one possibility
exists where the result of Schmit and colleagues might
apply. Since spasticity is velocity-dependent and higher
velocities occur well after a movement has been laun-
ched, anticipating a spastic muscle action might cause a
person to learn to precompensate with a shift early in the
movement so that the spastic response carries the limb to
the target. For example, a person might launch their
outward movements more laterally in anticipation of a
later biceps spasm. In this case, exposure to error-aug-
menting forces would further stretch and increase the
excitation of the muscle. Repeating such activity might
reduce the spastic hypertonia as was seen in isometric
elbow flexors (Schmit et al. 2000) once the forces stop,
making it easier for the subject to aim more directly at
the target. However, this explanation only works for
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some of the outcomes of our study. Subjects that deviate
in the opposite direction to this example should have
had increased initial direction error as an after-effect,
which was not the case. Furthermore, errors during
planar movements after stroke are believed to be con-
sistent with a lack of feedforward compensation for
interaction torques, not an expression of spastic stretch
reflexes (Beer et al. 2000). Hence a ‘‘stretching expla-
nation’’ appears to be unlikely for our results, although
it remains to be seen whether spastic reflexes can be
reduced for muscle stretches that take place during re-
peated voluntary movements.

The results of this study have possible implications in
rehabilitation because a properly induced adaptive
process might be exploited to assist in the restoration of
function. Robotic devices, combined with sophisticated
and precise computer programs, provide new possibili-
ties for improving and accelerating recovery. One can
envision the possibility to custom-designed subject-spe-
cific force fields generated by a model of the patient’s
biomechanics and motor impairments (Mussa-Ivaldi
and Patton 2000; Patton and Mussa-Ivaldi 2001; Patton
and Mussa-Ivaldi 2003). Preliminary testing of this ap-
proach has proved successful in some stroke survivors
(Patton et al. 2001a). Other objectives such as extending
the range of motion would require other approaches.
What is clear is that opportunities for recovery after
stroke are possible by extending intensive therapy be-
yond present inpatient rehabilitation stays, and robotic
therapy may be one way to economically accomplish this
(Fasoli et al. 2004). While error-enhancing forces are
useful for inducing adaptive responses, they are likely to
be most effective if combined with other rehabilitation
strategies.

Studies using robotics for rehabilitation, assessment,
and training have had some success (Krebs et al. 1998a;
Lum et al. 1999). The many paradigms associated with
adaptive training may add to the repertoire of possible
strategies for rehabilitation. In the search for the most
optimal method of training among the many possibili-
ties, this preliminary encouraging evidence on error-
augmentation points to future studies that exploit the
natural adaptive tendencies in the nervous system for
restoring function.
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