
 
 

 

 
 

Abstract — After stroke, arm function can be limited by a 
reduction in the selectivity of movements, due to involuntary 
coupling of shoulder abduction and elbow flexion, limiting 
the ability to reach. Gravity compensation of the arm 
reduces the required active shoulder abduction torques, 
which results in a larger range of motion instantaneously. 
Integration of a motivating rehabilitation game in the 
training program stimulates motor relearning processes 
during training. During 6 weeks, 8 chronic stroke survivors 
received 3 sessions of 30 minutes gravity compensated reach 
training per week using a rehabilitation game, which was 
evaluated by assessing motor status and a circle drawing 
task before and after training. After gravity compensation 
training, Fugl Meyer scores and the range of motion 
obtained from the circle drawing task had improved in a 
seven of the eight chronic stroke survivors. The present 
findings indicate that gravity compensation in combination 
with rehab games can be a valuable training modality for 
stroke rehabilitation. 

I. INTRODUCTION 

After a stroke, a range of sensory and motor symptoms 
can be displayed, besides cognitive and emotional 
changes. Disturbance of the integration and generation of 
sensorimotor information can lead to muscle weakness, 
co-contraction and disturbed timing of muscle 
activity[1,2] This may also contribute to an impaired 
coordination between muscles, resulting in a limitation of 
selective movement control. Such stereotypical patterns 
of involuntary coupling of movements (i.e. synergies in 
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flexion or extension patterns) are often observed in 
clinical practice[3-5]  

Recent research has quantified abnormal coupling of 
the shoulder and elbow in chronic stroke survivors. An 
abnormal coupling of predominantly shoulder abduction 
and elbow flexion was found (in accordance with the 
flexion synergy), which means that with isometric 
shoulder abduction a certain amount of elbow flexion 
torque is generated simultaneously[6-8] In the case of 
reaching movements a similar abnormal coupling has 
been observed[9,10] During reach, shoulder abduction is 
required to lift the upper arm, which induces 
simultaneous elbow flexion torques. This limits the ability 
for elbow extension, reducing the extent of reach.  

Arm support, or gravity compensation, has shown to 
reduce the influence of such involuntary coupling 
between the shoulder and elbow in cross-sectional 
studies. When the arm is supported, a smaller shoulder 
abduction torque is required, which reduces the extent to 
which elbow flexion torques are generated. This results in 
increases in planar range of motion of the arm[9-13]. 

During training, motor relearning processes can be 
stimulated by providing a motivating and challenging 
environment, including additional feedback on 
performance[14]. To this end, we implemented a rehab 
game (FurballHunt) in the gravity compensation training 
program [15] . 

The objective of the present study is to examine 
changes in the range of motion and motor status after 
training with the Freebal[12], a dedicated device that 
reduces abnormal synergies by supporting the weight of 
the arm, integrated with a rehab game FurballHunt in 
chronic stroke survivors. 

II. METHODS 

A. Subjects 
Nine chronic stroke survivors (time post-stroke at least 6 
months) were recruited from the local rehabilitation 
center and included in the study if they could move the 
shoulder and elbow joint partly against gravity without 
shoulder pain, could understand and follow instructions, 
and had provided written informed consent. The study 
was approved by the local medical ethics committee. 
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B. Study design 
Subjects received a total of 18 sessions of gravity 

compensation training during 6 weeks, with 3 sessions of 
30 minutes per week, supervised by a physical therapist, 
who was not involved in the evaluation assessments. 
Changes in arm function due to gravity compensation 
were evaluated in 2 pre and 1 post training measurements, 
during two weeks before and within one week after the 
training period. 

C. Gravity compensation training 
Gravity compensation was implemented by a passive 

device (Freebal) using spring mechanisms[12] The 
amount of gravity compensation was reduced when 
performance increased, to ensure a challenging and 
motivating training. 

Gravity compensation training consisted of reach 
exercises performed within a custom designed game 
environment of FurballHunt (figure 1), based on motion 
capturing using a webcam[15] In the game, birds had to 
be chased away by movements of the arm. The faster the 
birds are chased, the more points are awarded. Game 
difficulty can be adjusted by the physical therapist by 
changing the positions of the reach targets, game speed, 
and predictability.  

 
Figure 1. Gravity compensation device 'Freebal' (on the right) in 

combination with rehabilitation game ‘FurballHunt’ (table display) 

D. Evaluation task 
To examine changes in arm function due to gravity 

compensation training, motor status and movement 
performance of a circle drawing task were evaluated 
before and after training. Motor status of the arm was 
evaluated using the upper extremity part of the Fugl-
Meyer (FM) assessment (66 points is the maximal score, 
indicating fully selective movement control).[5]. 
Researchers (GP + TK) were blinded to the training 
results. The FM was taken by TK. The evaluation task 

consisted of a circle drawing task. During the circle 
drawing task subjects drew five consecutive circles. 
Although the subjects were strapped in the Dampace[16], 
some movement of the trunk was possible, mainly 
because of loosening of the safety belt due to the great 
effort some subjects had to make to perform the 
movements. Since hand positions were calculated relative 
to the shoulder position, the recorded hand position were 
not affected by these compensatory trunk movements. 
The area of each circle was defined as the area enclosed 
by the projection of the hand path onto the table surface. 
Begin and end positions of the circle were connected. 

E. Data recording 
Kinematic data were recorded with the use of a robotic 

device (Dampace)[16] The Dampace is an exoskeleton 
(two splints along the upper and lower arms with hinges 
at the location of the shoulder and elbow joints) which is 
attached to the upper and lower arm by soft straps. The 
length of the upper and lower arm parts of the 
exoskeleton can be adjusted to the person’s arm length. It 
has three movement axes at the shoulder (enabling ante-
/retroflexion, ab-/adduction and endo-/exorotation) and 
one movement axis at the elbow (enabling 
flexion/extension) with integrated potentiometers and 
rotational optical encoders. The recorded data were 
translated to changes in joint angles and positions of arm 
segments during movement, using each person’s arm 
segment lengths. 

Shoulder movements were described using two angles: 
the plane of elevation (SP; angle of humerus with a 
virtual line through the shoulders – upper arm pointing 
laterally represents -90°) and the angle of elevation (SE; 
angle between humerus and trunk – humerus aligned with 
trunk represents 0°). The elbow angle was defined as the 
angle between the humerus and forearm (extension 
represents 180°).  

F. Data analysis 
The FM scores the enclosed area of a circl drawing 

taks were used as outcome measures. All outcome 
measures were compared between the evaluation sessions 
before (average of the two sessions) and after training 
within each stroke survivor.  

III. RESULTS 

A. Subject characteristics 
One subject (s3) did not complete the training, because of 
a too high physical burden, mainly caused by the distance 
he had to cover, travelling from his house to the 
rehabilitation center. Of the remaining 8 stroke survivors 
(3 male, 5 female), mean time post-stroke was 30 months 
(range 8-58 months). All but one patients suffered from a 
first-ever ischemic stroke in  the cerebral arteries. 
Subject 6 had a cerebellar infarction. Only subject 1 and 2 
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received conventional occupational therapy besides 
gravity compensation training. The chronic stroke 
survivors in the present study included a wide range of 
stroke severity, according to initial FM scores ranging 
from 7 to 61 points. 

B. Changes in motor status 
After training, FM scores had increased in 7 of 8 stroke 

survivors (table 1). In 3 of those 7 survivors, the increase 
was at least 6.5 (up to 8) points, achieving a clinically 
relevant increase of 10%[17] The average change on 
group level was an increase of 3.3 points. 

  
Table 1. The two baseline and post-training FM scores 

per subject 
Subject Age 

(yrs) 
Time post 

stroke(months) 
B1 
FM 

B2 
FM 

Post 
FM 

change 
in FM 

1 53.3 58 9 15 20 +8.0 
2 72.2 13 43 48 53 +7.5 
4 55.4 27  10 10 11 +1.0 
5 53.0 24 42 47 51 +6.5 
6 62.4 30 60 62 64 +3.0 
7 64.2 39 45 46 47 +1.5 
8 69.1 39 7 7 10 +3.0 
9 55.3 8 25 26 21 -4.5 

C. Changes in Range of Motion 
All subjects except subject 9 increased their active range 
of motion during a circle drawing task (Fig. 2). The 
enclosed handpaths  corresponded well with the initial 
Fugl Meyer scores. Baseline values of both the Fugl 
Meyer scores and the active range of motion were no 
good indicators for the training effect. 
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Figure 2. The enclosed area while drawing a circle in clock wise 

(top panel) and counter clockwise direction (bottom panel) before 
and after training for subject 1 to 9 (from left to right). 

IV. DISCUSSION 
Although the results have to be interpreted carefully, 
since data of only 8 survivors are available, the present 
study does indicate that a combination of gravity 

compensation and virtual reality can be a promising and 
valuable training modality for stroke rehabilitation, 
especially because the training intensity was not very 
high. This is supported by positive results of a few other 
studies examining the effect of training using arm support 
as separate training modality. A study applying gravity 
compensation training using a passive exoskeleton during 
virtual functional exercises resulted in an improved motor 
status and reaching distance of the arm[24]. Another 
study using the same gravity compensation device in a 
larger group of stroke survivors also showed improved 
arm movement ability[25]. In addition, reach training by 
de-weighting the arm via sling suspension resulted in 
modest improvements of motor status of proximal arm 
function[26].  
The present findings were slightly more pronounced than 
in the study applying sling suspension, with respect to 
motor status[26] However, that study had only half as 
much training sessions as the present study (9 sessions of 
30 minutes during 3 weeks), which greatly reduces the 
total amount of training. Also, the exercises performed 
with sling suspension involved separate or combined 
shoulder flexion and extension and elbow flexion and 
extension, which does not involve highly task-specific 
and meaningful exercises. In contrast, the improvements 
in motor status and reach distance in the present study 
were somewhat smaller than those in the study by 
Sanchez et al[24] This may be related to a higher training 
intensity (3 sessions per week of 45 minutes during 8 
weeks). Another factor can be the functional nature of the 
exercises. In the study by Sanchez et al., arm training 
involved 2D functional exercises in a virtual 
environment, including a grip sensor to incorporate hand 
function exercises. Although the present study did 
involve a virtual environment, our training program 
focused on the proximal arm, and did not include specific 
exercises for the hand. The increase in motor status of the 
arm in the study by Housman et al., with a larger training 
intensity (3 sessions per week of 1 hour during 8 weeks), 
was also slightly higher than in the present study. These 
discrepancies highlight the potential benefit of a higher 
training intensity and implementation of functional 
exercises, including the hand, to increase task-specificity. 
Although the preliminary results are encouraging, follow 
up measurements are needed to investigate whether the 
gains are sustainable. The finding that one out of eight of 
the subjects presented a decrement in the FM score and 
enclosed area stresses the need for more and better 
assessments of motor impairments like spastiscity and 
increased muscle tone. We can not exclude the possibility 
that for this subject the great effort required by the 
exercise produced a worsening of the subject’s arm 
functioning. In this study the amount of weight support 
was adjusted by the therapist based on the judgment of 
the performance of the stroke survivor. An improvement 
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would be to automatically adjust the amount of support 
based on standardized metrics of the performance 
associated with the exercise. 

V. CONCLUSION 
Despite the small number of participants, the present 

explorative study suggests that training with gravity 
compensation in combination with a rehab game has the 
potential to improve unsupported arm movement of 
chronic stroke survivors with a variety of impairments, 
ranging from mild to severe hemiparesis. 
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