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Reduction of muscle activity during repeated reach and retrieval
with gravity compensation in stroke patients
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J.M. Kruitbosch, M.J. IJzerman, H.J. Hermens

Abstract — Active movement of the affected arm is
important in the training of arm function after stroke. By
supporting the weight of the arm during movements, either in
conventional treatment or in other approaches such as robot-
aided therapy, active arm movements can be facilitated. Studies
into the influence of arm support display encouraging results
for its use in post-stroke arm rehabilitation. The objective of
the present study was to investigate the influence of gravity
compensation on muscle activity during reach and retrieval
movements of stroke patients. Eight stroke patients performed
repeated reach and retrieval movements with and without
gravity compensation. Comparison of muscle activity of
shoulder and elbow muscles in both conditions showed that the
level of muscle activity was reduced with gravity compensation,
while movement execution was comparable. This implies that
gravity compensation may facilitate active use of the arm
during post-stroke rehabilitation.

I. INTRODUCTION

Stroke is a sudden disturbance of the blood supply of
brain tissue (either ischemic or hemorrhagic), resulting in
partial loss of brain function. This causes a reduction of the
integration of sensory and motor input in the brain and a
diminished motor output from the brain to the spinal cord,
leading to limitations in the ability to activate muscles
selectively. One of the consequences of a disturbed
generation of neural commands in the sensorimotor cortex is
impaired motor function of the arm and hand [1].
Restoration of motor function of the arm is essential for
stroke patients to be independent during activities of daily
living.

Restoration of arm function after stroke can be stimulated
by an intensive training program of functional exercise
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therapy, in which active movement of the affected arm is an
important aspect [2-4]. The use of robotic devices in
rehabilitation is a way to provide intensive repetitive, task-
specific and interactive treatment of the impaired upper
extremity. A recent systematic review showed that robot-
aided therapy has a positive effect on arm function after
stroke [S5]. A common aspect of many existing robotic
devices is that arm support is incorporated in the design,
along with several potential training modalities, such as
passive, active-assisted, active-resisted and bi-manual
training [6]. However, the individual contribution of the
different training types to the improvement of arm function
is largely unknown [5].

Not only in robotic applications, but also in conventional
rehabilitation approaches, active arm movements are often
facilitated by supporting the weight of the arm during
movements. Studies into the influence of arm support
display encouraging results for its use in post-stroke arm
rehabilitation. Beer et al. showed that the active range of
elbow extension during two-dimensional reaching
movements increased instantaneously when the hemiparetic
arm was supported against gravity [7]. In addition,
preliminary results of Amirabdollahian et al. indicated that
training while de-weighting the arm against gravity can also
improve motor function of the arm [8]. Furthermore,
investigation of the influence of three-dimensional gravity
compensation on muscle activation patterns of healthy
elderly showed a decrease in the level of muscle activity in
predominantly those muscles that counteracted gravity
during forward directed reaching, while the movements in
the two conditions were similar [9].

Although many applications in post-stroke rehabilitation
include arm support during treatment, the explicit effect of
arm support, or gravity compensation, on muscle activation
patterns in stroke patients is largely unknown. If the
influence of gravity compensation on movements of stroke
patients is comparable to that of healthy elderly, gravity
compensation could facilitate arm movements during post-
stroke rehabilitation.

To examine this potential of gravity compensation, the
objective of the present study was to investigate the
influence of gravity compensation on muscle activity during
reach and retrieval movements of stroke patients.



II. METHODS

A. Subjects

Eight stroke patients were recruited from a local
rehabilitation center and included in this study, after
providing written informed consent. The subjects were able
to lift their affected arm against gravity and were not
suffering from shoulder pain. The study was approved by the
local medical-ethical committee.

B. Apparatus

A mechanical, passive device (Freebal) was used to
counteract the influence of gravity on the upper extremity
(figure 1). The device consisted of two independent springs,
connected to pliable joint braces at the elbow and wrist via
ropes and pulleys overhead. This system provided a constant
amount of gravity compensation throughout the entire
workspace (of approximately 1 m’), irrespective of the
position and orientation of the arm and without restricting
movements to two dimensions. In other words, subjects felt
like their arm was ‘floating in the air’ in each arm position.
Furthermore, the amount of gravity compensation was
individually adaptable. A more detailed description of the
Freebal is published elsewhere [10,11].
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Figure 1. Freebal: device providing gravity compensation
of the upper extremity; elbow and wrist are attached to
pliable braces of Freebal via wires running overhead
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C. Procedure

Subjects were seated at a table and strapped to the chair to
minimize compensation by additional trunk movements.
They were asked to perform repeated multi-joint reach and
retrieval movements with their affected arm at a self-
selected speed. This was done in two sets of repeated reach
and retrieval movements; once with and once without
gravity compensation.

D. Measurements and data recording

The upper extremity portion of the Fugl-Meyer
assessment (maximal score of 66) was performed prior to the
movement task as a clinical measure of the current arm
function [12]. Bi-polar surface electromyography (EMG)
was recorded of 6 superficial muscles of the upper extremity
(biceps (BIC), triceps (TRI), anterior (DA), middle (DM)
and posterior (DP) parts of deltoid and upper trapezius
(TRA)) according to guidelines of the SENIAM project [13].
Per subject, smooth rectified EMG (SRE) was calculated for
each muscle. Elbow and shoulder angles were derived from
positions of arm segments, recorded using an infrared 3D-
motion analysis system, with reflective markers on 10 bony
landmarks of the trunk, upper and lower arm [14]. In
addition, movement execution was quantified by calculating
movement time (movement cycle duration averaged over all
movement cycles per subject, in ms) and joint excursions of
elbow and shoulder angles (difference between minimal and
maximal joint angles averaged over all movement cycles, in
degrees).

E. Data analysis

Linear mixed modeling techniques were applied to test
differences in SRE-values due to gravity compensation (two-
level factor ‘fz-comp’) in each muscle (six-level factor
‘muscle’), for reach and retrieval separately. The data are
correlated within-subjects, since repeated measures are
performed. The statistical model takes the intra-subject
correlation of the data into account.

Furthermore, paired-samples t-tests (or the non-parametric
equivalent, the Wilcoxon signed ranks test, for parameters
deviating from the normal distribution) were used to
examine differences in movement execution parameters. For
all statistical tests the significance level was 0.05.

III. RESULTS

A. Subjects

The time post-stroke ranged from 1 to 42 months across the
8 subjects, with a median time post-stroke of 3.5 months.
The median Fugl-Meyer score was 43.5 out of 66, with a
range of 33 to 60.

B. Movement execution

Comparison of movement execution with and without
gravity compensation revealed that joint excursions were
comparable for both conditions. Movement times were



larger (p=0.017) with gravity compensation than during
unsupported movements, but when the movement times
were converted into movement velocities, the difference was
very small (0.03 m/s). Therefore, movement execution was
regarded to be comparable for both conditions.

C. Influence of gravity compensation

In figure 2 mean SRE-values per muscle for movements
with and without gravity compensation are displayed.
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Figure 2. Comparison of mean (+ standard deviation) SRE-
values per muscle between movements without (light bars) and
with (dark bars) gravity compensation for reach (top panel) and
retrieval (bottom panel).

Asterisks (*) represent significant differences (p<0.05)
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This comparison shows a reduction in the level of muscle
activity with gravity compensation in all muscles, during
both reach and retrieval. This difference in SRE-values was
smallest in TRI.

Statistical analyses supported the observed reduction in
muscle activity with gravity compensation by a significant
effect of ‘fzcomp’ for both reach and retrieval (p=0.000).
This reduction was significant in all muscles (p<0.001),
except in TRI during reach.

IV. DISCUSSION

Although many applications in post-stroke rehabilitation
include arm support during treatment, the explicit effect of
arm support, or gravity compensation, on movement control
and execution in stroke patients is largely unknown.
Therefore, the objective of the present study was to
investigate the influence of gravity compensation on muscle
activity during reach and retrieval movements of stroke
patients.

A. Muscle activity

The current findings on stroke patients show that
movement execution is comparable for reach and retrieval
movements with and without gravity compensation. At the
same time, the level of muscle activity is reduced during
movements with gravity compensation when compared to
movements without gravity compensation in all muscles,
with TRI to a lesser extent. These results are in line with the
influence of gravity compensation we found in healthy
elderly in a previous study [9]. In healthy elderly, the level
of activity was lower with gravity compensation in BIC, DA
and TRA, while movement execution was comparable. In
both healthy elderly and stroke patients, gravity
compensation reduced the muscle activity needed to
maintain the arm in a certain orientation during reach and
retrieval movements.

B. Movement performance

When regarding movement performance instead of muscle
activity, several studies reported differences when
comparing supported and unsupported movements. Beer et
al. reported that the range of motion of active elbow
extension increased instantaneously when the upper arm was
supported during two-dimensional, maximal reaching
movements [7]. This increase was related to an abnormal
coupling of movements over several joints, which occurred
during unsupported movements; generation of shoulder
torques was inappropriately coupled to simultaneous
generation of elbow torques [15,16]. An especially strong
coupling was found between shoulder abduction and elbow
flexion in a static situation [15], which translated to
limitations in elbow extension during unsupported reaching,
when a certain degree of shoulder abduction was required
[7].

A previous study of our group, using the same application
of gravity compensation as the present study, found similar
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findings during multi-joint, three-dimensional, maximal
reaching movements; the active range of motion increased
instantaneously with gravity compensation when compared
to movements without gravity compensation [10].

C. Role of gravity compensation

shoulder
with the
extremity
in which

The observed abnormal coupling between
abduction and elbow flexion is consistent
pathological flexion synergy of the upper
described by Brunnstrom several decades ago,
elbow flexion, supination of the forearm, shoulder
abduction, shoulder exorotation and shoulder
retraction/elevation are coupled [17]. This information
integrated with contemporary research indicates that gravity
compensation might provide a means to suppress this
pathological synergy, by reducing the abnormal coupling
between shoulder abduction and elbow flexion, as reported
by Beer et al. [15], via a decrease in muscle activity needed
to lift and move the arm, as found in the present study.

D. Implications

The present findings imply that gravity compensation can
facilitate active use of the arm during post-stroke
rehabilitation, by reducing the need to generate postural
muscle activity to maintain a certain upper arm orientation
during movements. This would allow an early start of arm
training and a high intensity (i.e., longer duration or higher
frequency) of training, which is beneficial in stroke
rehabilitation [2,18]. The reduction of muscle activity due to
gravity compensation might also suppress the restrictive
influence of a pathological flexion synergy, enabling more
functional reaching movements.

With respect to the individual contribution of different
training modalities applied in robot-aided therapy, the
current findings suggest that just the application of gravity
compensation alone can influence the level of muscle
activity generated during reaching movements.

Taken together, these findings imply that gravity
compensation would be a valuable modality to be
incorporated in post-stroke arm rehabilitation, either in
conventional therapy or in new approaches such as robot-
aided therapy, so that active generation of movements can be
facilitated.

E. Conclusion

Comparison of muscle activity of shoulder and elbow
muscles during reach and retrieval movements with and
without gravity compensation showed that the level of
muscle activity was reduced with gravity compensation in
BIC, DA, DM, DP and TRA during both reach and retrieval
and in TRI only during retrieval, while movement execution
was comparable. These findings indicate that gravity
compensation reduced the muscle activity needed to
maintain the arm in a certain orientation during reach and
retrieval movements. In this way, gravity compensation can
facilitate active arm movements during post-stroke
rehabilitation, enabling an early start of training and training
at a high intensity.
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