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Abstract—Feedback is an important element in motor learn-
ing during rehabilitation therapy following stroke. The objec-
tive of this pilot study was to better understand the effect of
position feedback during task-oriented reach training of the
upper limb in people with chronic stroke. Five subjects partici-
pated in the training for 30 minutes three times a week for
6 weeks. During training, subjects performed reaching move-
ments over a predefined path. When deviation from this path
occurred, shoulder and elbow joints received position feedback
using restraining forces. We recorded the amount of position
feedback used by each subject. During pre- and posttraining
assessments, we collected data from clinical scales, isometric
strength, and workspace of the arm. All subjects showed
improvement on one or several kinematic variables during a
circular motion task after training. One subject showed
improvement on all clinical scales. Subjects required position
feedback between 7.4% and 14.7% of training time. Although
augmented feedback use was limited, kinematic outcome
measures and movement performance during training
increased in all subjects, which was comparable with other
studies. Emphasis on movement errors at the moment they
occur may possibly stimulate motor learning when movement
tasks with sufficiently high levels of difficulty are applied.

Key words: arm, augmented feedback, cerebrovascular acci-
dent, force feedback, resistive, robot, sensory, stroke, therapy,
training.
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INTRODUCTION

Restoring upper-limb function is a major aim in
stroke rehabilitation. Of the people who experienced a
stroke, 30 to 66 percent do not have proper arm-hand
function after six months [1]. Restoration of arm-hand
function is crucial to improving independence. Improv-
ing lost function is stimulated through motor relearning
during stroke rehabilitation. The literature shows that
several elements of training contribute to motor relearn-
ing [2]. Repetitive, active training of functional tasks in a
meaningful environment is known to improve motor con-
trol, functional recovery, and strength in upper-limb
stroke rehabilitation [2—8]. Using appropriate feedback to
enhance motor learning and motivate the patient is an
essential part of the training [9-10].

Abbreviations: AR = axial rotation, ARAT = Action Research
Arm Test, CCW = counterclockwise, CW = clockwise, EA = ele-
vation angle, EE = elbow excursion, EF = elbow flexion, EP =
plane of elevation, FMA-UL = Fugl-Meyer Assessment Upper-
Limb (subscale), M1 = Motricity Index, MVT = maximal volun-
tary torque.
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Feedback refers to a person’s sensory-perceptual
awareness regarding their interaction with the environ-
ment. This information can be available as sound, vision,
or sensation during or after the movement is performed.
Since intrinsic feedback mechanisms are often impaired
after stroke, providing augmented feedback is thought to
be beneficial. Augmented feedback by sound, vision, or
touch may be provided to enhance task performance or
goal achievement [11-12]. Using forces applied to the
upper limb during movement as augmented feedback
might activate the internal proprioceptive system more
than during normal movement. Using a robotic device,
augmented feedback regarding the position of the arm dur-
ing movement can be provided by resistance forces when
the patient deviates from a predefined path [13].

The goal of this pilot study is to better understand the
effect of position feedback use during task-oriented reach
training of the upper limb in people with chronic stroke.
We expect to find improvements in arm movement
ability on both kinematic outcome measures and clinical
scales. We also expect more position feedback use when
the difficulty level of training increases.

METHODS

This pilot study comprised a 6-week training period.
Prior to training, we performed two measurement sessions
(spaced 1 week apart) on subjects to identify a possible
baseline trend. After the training period, we performed a
posttraining evaluation measurement session.

Subjects

This study included five people with chronic stroke.
Inclusion criteria were left hemispheric stroke and the
ability to move the upper limb slightly against gravity. We
excluded subjects if they had shoulder pain or were
<6 months poststroke. Table 1 presents the subjects’ ages,
affected sides, hand dominance, and time poststroke.

Training

Training sessions took place three times a week for
30 minutes supervised by a trained physical therapist.
The training program consisted of three active reaching
tasks: task 1, sliding the hand over the table; task 2, lift-
ing and moving the hand above the table; and task 3, lift-
ing and moving the hand to a shelf. Figure 1 illustrates
the different tasks. Subjects performed these reaching

Table 1.
Subject characteristics.

. Age Hand Time Poststroke
Subject  Sex .
(yr) Dominance (mo)
1 Female 50.8 Right 30
2 Male 53.4 Right 44
3 Female 68.7 Right 51
4 Male 59.8 Right 20

5 Male 57.5 Left 32
Note: Right affected side in all subjects.

N

Figure 1.

Virtual representation of movement exercises and corresponding vir-
tual tabletop in three-dimensional views. Starting point of task is close
to body and in front of trunk. Hand is then moved farther from body in
same column. (a) Moving hand (task 1). (b) Moving hand to another
field by making curve (task 2). (c) Lifting hand to shelf (task 3).

exercises on a tabletop divided into nine squares (three in
each row) of 15 x 15 cm. For task 3, subjects used two
additional shelves, each with three squares of 15 x 15 cm,
at 25 and 45 cm above the table.

The physical therapist determined the succession of
the tasks, difficulty level (ascending from tasks 1 to 3),
and diameter of the predefined path (as represented by a
virtual tunnel). Subjects started the reaching task with
their hand in front of the midline and as close as possible
to their trunk. This position corresponded with placing
the hand on the front row in the middle square.

Feedback

A virtual tunnel, a zone in which the subject is free to
move, represented the predefined path. Each time sub-
jects moved outside the virtual tunnel, they received posi-
tion feedback. Position feedback provided resistance on
the shoulder and elbow joints, preventing movements, to
make subjects aware that they deviated from the pre-
defined path. To have the feedback forces removed,
subjects needed to actively correct their path by moving
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back toward the virtual tunnel. At this point, the reach
movement could continue within the virtual tunnel
toward the target. During the exercises, subjects could
see their own arm and the table with its movement goals.
The virtual tunnel was visible on a computer monitor
only to the therapist. Subjects experienced the feedback
solely as resistance on their arm without any additional
visual or auditory cues.

Exoskeleton

A robotic exoskeleton device (Dampace [Figure 2])
provided the resistive forces. It has been used in previous
experiments [14-15].

This device has three degrees of freedom at the
shoulder: shoulder plane of elevation (EP, corresponding
with clinical terms of shoulder horizontal abduction and/
or adduction), shoulder elevation angle (EA, correspond-
ing with shoulder anteflexion or shoulder abduction), and
axial rotation (AR, corresponding with endorotation and/
or exorotation). It also has one degree of freedom at the
elbow: elbow flexion (EF) and elbow extension. These
joint angles (Figure 3) are defined according to the rec-
ommendations of Wu et al. and the International Society
of Biomechanics [16]. The device applied resistive forces
to each of these four axes individually [14].

We attached the device to the subject’s upper arm and
forearm using soft straps. A flexible wrist attachment
allowed pronation and supination of the forearm without
force control. The device was attached to a rigid frame,
situated behind the subject, in such a way that the shoul-

Figure 2.

(a) Subject in exoskeleton™ performing reaching movements on table-
top. (b) Close-up of exoskeleton arm, with upper arm and forearm in
soft straps. *Stienen AH, Hekman EE, Prange GB, Jannink MJ,
Aalsma AM, Van der Helm FC, Van der Kooij H. Dampace: Design of
an exoskeleton for force-coordination training in upper-extremity
rehabilitation. ASME J Med Dev. 2009;3(3):1-10.

Figure 3.

Graphical representation of joint angles: (a) shoulder plane of eleva-
tion (EP), (b) shoulder elevation angle (EA), (c) axial rotation (AR),
and (d) elbow excursion (EE).

der could move freely. To minimize the effect of compen-
sating trunk movements, we strapped the subject to the
seat with a four-point safety belt.

Integrated potentiometers measured shoulder rota-
tion, and linear optical encoders measured shoulder trans-
lations. A rotational optical encoder measured the EE.
The digital values were sampled with a rate of 1 kHz,
low-pass filtered with a first-order Butterworth filter with
a cutoff frequency of 40 Hz, and stored on a computer
with a sample frequency of 20 Hz. Before analysis, all
measured signals were off-line filtered with a first-order,
zero phase-shift, low-pass Butterworth filter with a cutoff
frequency of 5 Hz.

Data Collection

During pre- and posttraining evaluations, we meas-
ured arm-movement ability changes using the Fugl-Meyer
Assessment Upper-Limb (FMA-UL) subscale, the Mot-
ricity Index (M), the Action Research Arm Test (ARAT),
circular arm movements, and isometric strength.

Clinical Assessments

For the FMA-UL (maximum score: 66 points), sub-
jects perform upper-limb movements ranging from gross
movements of the shoulder and elbow to detailed finger
movements. The upper-limb portion of the MI (maximum
score: 100 points) measures maximal isometric muscular
strength. During the ARAT (maximum score: 57 points),
subjects manipulate various objects. Higher scores on all
scales represent better performance. The same investiga-
tor performed all tests during each evaluation.

Circular Arm Movements
Subjects made two sets of five consecutive circular
motions above a tabletop: one set clockwise (CW) and
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one set counterclockwise (CCW). Subjects started the
circular motion task with their hand in front of the mid-
line and as close as possible to their trunk. They per-
formed movements at a self-selected speed. The tabletop
showed templates of circles of different radii to motivate
subjects to make the circles as large and round as possi-
ble. We randomized the order of direction of the circular
motion task (CW or CCW) across subjects and sessions.

The device recorded joint excursions of shoulder and
elbow in “free mode” without applying any forces during
circular arm movements. To calculate the hand position,
we transformed joint angles into joint positions using
segment lengths of the upper arm (defined as the distance
between the acromion and the lateral epicondyle of the
humerus) and forearm (defined as the distance between
the lateral epicondyle of the humerus and the third meta-
carpophalangeal joint). Joint positions were expressed
relative to the shoulder position by defining the position
of the shoulder joint as the origin to exclude contribu-
tions of compensatory trunk movements.

From the hand position data, we deduced the circular
movement made by the subject. We extracted individual
circles from the data between two minima of the Euclid-
ian distance in the horizontal plane between the hand and
the shoulder joint. We connected start and end positions
of the circle to ensure a closed curve. We selected the
three largest circles for each subject after a visual inspec-
tion for completeness and correctness.

To represent workspace, we calculated the active
range of motion as the area enclosed by the projection of
the hand path onto the tabletop. Corresponding joint
excursions (EP, EA, AR, and EE) during each circular
movement represented movement coordination. We aver-
aged these parameters over the three selected circles. We
pooled data from the CW and CCW circular motions
using a paired-samples Student t-test (p > 0.05) after con-
firming that no significant differences existed.

Isometric Strength

Subjects performed three maximal contractions of
isometric elbow extensions. The contractions were
spaced 1 min apart to minimize fatigue. We used the
maximum value sustained for 0.25 s of the three per-
formed extensions as the maximal voluntary torque
(MVT). The subjects started with their upper limb in 80°
of shoulder abduction and 90° of elbow flexion. The
investigator provided verbal encouragement during
elbow extensions.

A custom-built six degrees of freedom force-torque
sensor based on strain gauges measured the MVT. These
sensors measured forces and torques simultaneously in
three directions and were real-time filtered with a fourth-
order Butterworth low-pass filter with a cutoff frequency
of 10 Hz. We stored the data with a sample rate of 100 Hz
on a computer.

Feedback

In addition to these evaluations, we collected data
during training about the frequency of position feedback
(as described in the earlier “Feedback” section) to study
the actual contribution of position feedback to the train-
ing. We recorded the total number of collisions with the
virtual wall within each training session along with the
total number of movements in that session. We calculated
the average use of position feedback during the entire
training period as the percentage of collisions with
respect to the total number of movements for each ses-
sion, averaged over all training sessions. To indicate
changes in difficulty level during the training, we
recorded additional information about the height and
diameter of the virtual tunnel.

Data Analysis

Initial analysis of the data obtained during baseline
measurements revealed some variations in motor perfor-
mance (in clinical tests, circular motion, and strength
tasks), but we saw no clear trend in one direction. There-
fore, we averaged the data of the baseline measurements
and compared them per subject with the data obtained
during the posttraining evaluation measurements. We cal-
culated the differences between pre- and posttraining
evaluations. In addition, we used scatter plots for each
subject to study the relationship between changes in dif-
ferent outcome measures.

RESULTS

Clinical Assessment

Figure 4 presents individual baseline scores of the
FMA-UL, ARAT, and MI together with the absolute dif-
ference of the scores posttraining. Four subjects
improved on the FMA-UL by between 1.0 and 9.5 points.
On the MI, two subjects improved by 8 and 13 points
each. Four subjects improved on the ARAT by between
0.5 and 5.0 points.
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(a) Fugl-Meyer Assessment upper-limb subscale (FMA-UL), (b) Action Research Arm Test (ARAT), (c) Motricity Index (MI), and (d) maximal
voluntary torque (MVT) values with absolute values before (pre) and after (post) training.

Circular Arm Movements

Three subjects showed improvement on increasing
their workspace by between 20.2 and 63.4 percent. Three
subjects improved their range of EP by between 5.2° and
10.6° (8.0%-12.6%). Two subjects decreased their range
of EP with 3.5° and 18.2° (4.8% and 23.8%) each. All
subjects showed shoulder EA improvement by between
0.9° and 6.5° (9.5%-97.0%). The EE range improved for
all subjects by between 1.5° and 17.3° (2.7%-57.5%).

Isometric Strength

Figure 4 displays the MVT of all subjects together
with the absolute difference of the score posttraining.
Three subjects showed improvement on their MVT by
between 5.4 and 16.5 Nm (9.9%-52.2%).

Feedback

In general, subjects performed around 100 move-
ments per training session. Every subject participated in
at least 15 sessions. Figure 5 displays the percentage
errors, tunnel diameter, and movement height per session
for all five subjects for the entire training period.

The difficulty of the exercises increased during train-
ing, characterized by the increased height of the move-
ment and decreased tunnel diameter (Figure 5). This
indicates improved movement performance during the
training period for all subjects.

Average use of position feedback during the training
period was between 7.4 percent and 14.7 percent (Table 2).
During training, position feedback use changed independ-
ent of changes in difficulty of the exercises.
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Table 2.
Average use of position feedback (% errors) per subject over all sessions.
Subject Average % Error
1 74
2 9.3
3 12.8
4 14.7
5 12.2

Overall Effect
Subject 1 showed improvement on all outcomes
measures. Subjects 2 and 5 showed improvement on both
MVT and kinematic outcome measures. Subjects 3 and 4
showed varying results over all outcome measures.
Improvement in workspace seems to coincide with
improved MVT and improved shoulder EA excursions

and elbow joint excursions. This is illustrated in scatter
plots of the relative improvement percentage with respect
to the baseline score per subject of circle area versus
MVT, circle area versus shoulder EA, and circle area ver-
sus elbow excursion (Figure 6).

DISCUSSION

Our objective was to better understand the effect of
position feedback during task-oriented reach training of
the upper limb in people with chronic stroke. We
observed improvement in kinematic outcome measures
for all subjects, but only one subject showed improve-
ment on clinical scales. Other studies using forces for
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Circle Area (% change)

Circle Area (% change)

Relative improvement in percentage of baseline score per subject. (a) Circle area versus maximal voluntary torque (MVT). (b) Circle area versus

shoulder elevation angle. (c) Circle area versus elbow flexion.

emphasizing errors during reach training found similar
improvement on kinematic outcome measures [17-19].

In our study, feedback made subjects aware of their
errors at the moment the error was made. Subjects needed
to actively correct their movement before the feedback
forces were removed and the movement could be contin-
ued. Several studies have suggested that this type of aug-
mented feedback, provided by placing emphasis on errors
during rehabilitation therapy, is potentially beneficial for
motor learning [20-21]. Also, the direct response of the
movement error by means of augmented feedback is
thought to contain components that stimulate motor
learning. Shabbott and Sainburg tested the timing effect
of augmented feedback in nondisabled subjects during a
visuomotor task [22]. The group receiving feedback after
the completed movement showed less improvement on
the learned task than the group receiving feedback during
movement execution. In the same study, Shabbott and
Sainburg tested whether this observed difference in learn-
ing could be caused by the (in)ability to correct for move-
ments during reaching. They observed no difference in
reaching performance between the group that corrected
their errors during the movement and the group that did
not [22]. This might indicate that availability of knowl-
edge of movement errors at the moment they occur seems
to be more important for motor learning than the ability
to correct movement errors.

In the present study, we provided augmented feed-
back in addition to the available intrinsic feedback. This
resulted in the actual use of augmented feedback in 7.4 to

14.7 percent of movements. Despite this limited use of
augmented feedback, subjects showed improved move-
ment ability during and after training, which was also
reflected in the increasing difficulty level during training.
Other studies that showed similar improvement used aug-
mented feedback 20 percent or more of the time during
training, but provided no data on how many subjects
actually used it [23-25]. A possible explanation for
improvement in training results, together with limited
augmented feedback use, could be that this augmented
feedback does not substantially activate the internal pro-
prioceptive system. The tasks used in this study may not
have been that demanding, so they could have largely
been executed solely using the present intrinsic feedback
mechanisms. More complex movement tasks could con-
tribute to a higher use of augmented feedback. This could
be achieved by applying a visual distortion task, creating
a mismatch between the intrinsic and augmented feed-
back systems. This would enable specific testing of the
effect of augmented feedback on motor learning in both
nondisabled subjects and people with stroke.

In all, we observed improvement on kinematic out-
come measures and movement performance during train-
ing for all subjects and improvement on clinical scales for
one subject, even though augmented feedback use was
limited. Since these changes are in line with comparable
studies, it seems that the available augmented feedback
may have contributed to this, although direct comparison
with a control group is needed for confirmation. Findings
from the present study and available literature further
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suggest that emphasis on movement errors at the moment
they occur can potentially stimulate motor learning, but
applying sufficiently high difficulty levels during move-
ment tasks is important.

CONCLUSIONS

Although the augmented feedback was used in a limi-
ted amount of movements, kinematic outcome measures
and movement performance during training increased in
all subjects. These changes are comparable with other
studies applying error feedback. We suggest that emphasis
on errors at the moment they occur may possibly stimulate
motor learning when patients perform movement tasks
with sufficiently high difficulty levels.
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