












closed, whereas other subjects (S1, S4, S5, S9) perform better with eyes open. The 
remaining subjects have similar performance with both sensory modalities. 

We found a negative correlation (r= -0.27) between the initial vision/no vision 
performance difference and the difference in the vision/no vision improvement. This 
means that subjects with an initially more severe impairment with eyes closed resulted 
in a greater improvement in eyes closed trials, and vice versa. Improved performance is 
also reflected in the increased FMA score (from 23±14 to 27±15, corresponding to an 
average 3.4±1.9 increase). The level of assistance was reduced on average by 28%. 

As in the previous experiment, subjects consistently improve their performance. 
Moreover, proprioceptive problems - revealed by a discrepancy between initial 
performance with eyes open and closed - tend to reduce over training.  

2.3. Bi-manual training 

Upper limb robot therapies for stroke hemiparesis primarily focus on the paretic limb, 
with unilateral exercises to improve motor control of the shoulder and elbow [1]. 
Actually, many daily tasks require the coordination of both hands. This points to a 
possible benefit of protocols for upper limb robotic rehabilitation that involve the 
cooperation of both hands. Few studies have examined the efficacy of bilateral training 
in the recovery of paretic limb movements post-stroke [3, 4, 41]. These studies showed 
a positive effect on joint power of the affected shoulder and elbow muscles, although 
motor control improved to a lesser extent. In these cases, however, the two arms were 
not required to cooperate but, rather, to interact in a master-slave fashion. 

Here we propose a robot-mediated cooperative exercise, in which subjects make 
forward and backward movements with both hands, while grasping the handles of an 
horizontal bar. Subjects are required to keep the horizontal orientation of the bar. In this 
way, the plegic and non plegic limbs are required to coordinate and balance their action 
in order to achieve the movement goal. Bi-manual cooperation may be seen as a form 
of self-regulated assistance. The non-plegic limb contributes to the forward and 
backward translation of the bar, but the contributions of both arms must be balanced in 

     
Figure 6. The bi-manual task. Left: experimental apparatus. Right: assistive force fields. 



order to keep the bar horizontal. 
For the purpose of this study, an horizontal bar (Figure 6, left) was connected to 

the end effector of the robot. Subjects grasped the two handles of the bar, 
symmetrically positioned with respect to the central hinge. The distance between the 
handles was adjusted to match the distance between the shoulders of the subject. Bar 
rotation was not actuated, but bar orientation was measured by a potentiometer. 

Subjects sat in front of a computer screen, which displayed a target (a circle with a 
2 cm diameter) and a green bar, indicating position and orientation of the bar; see 
Figure 6 (right). The task consisted of forward and backward movements (nominal path 
length: 20 cm), to be performed by maintaining the bar perpendicular to movement 
direction. If bar orientation exceeded a threshold angle (4°), the bar became red. 

The robot generated four types of forces (Figure 6, right): 1) an assistive field, 
pulling the end effector toward the target. Its magnitude was set as the minimum value 
sufficient to promote active movement. This value was gradually decreased while 
subjects’ performance improved; 2) a strong resistive elastic field, only active when the 
orientation error was greater than 4°; 3) two vertical ‘walls’, that prevented horizontal 
movements; 4) a viscous field, which introduced a friction component for the 
stabilization of patients’ arms. The task was carried out in two conditions: with eyes 
open or eyes closed. In the latter case, subjects had no visual feedback, but the robot 
provided the necessary proprioceptive information: target direction and bar unbalance 
were denoted by the attractive and resistive fields, respectively. Each block of trials 
consisted of 10 repetitions of forward and backward movements, under one of the two 
conditions (open and closed eyes). Each session lasted about 30 minutes. The therapy 
cycle included up to 5 sessions (2-3 sessions/week). Movement trajectories were then 
analyzed. 

Six patients with chronic stroke (3 M, 3 F) participated at this study. Subjects 
ranged in age from 32 to 74 years (58±16y), with an average post-stroke time of 
3.5±1.4y. Their Fugl-Meyer score - arm part (FMA) was 14.3±8.6, and their Ashworth 
score was 2.2±1.4. 

2.3.1. Results 

Over sessions, the number of blocks of trials performed by the subjects increased, 
while the minimum level of assistive force decreased. Even though the difficulty of the 
exercise increased, subjects’ performance improved. Movement duration (Figure 7) and 
balance error (defined as the number of times bar orientation exceeded the threshold; 
Figure 7) decreased throughout the sessions. At the end of the training sessions, the 
task was carried out faster and with better coordination between the two limbs. Figure 7 
suggests that backward movements are faster than forward movements, possibly 
because the flexion pattern that characterize this pathology has a more negative 
influence and is more difficult to control in backward movements. This is consistent 
with the findings in the Hitting task (see above). An improvement was found in both 
the vision and non vision conditions. In the closed eyes condition, performance tends to 
be worse in all subjects, except S5. In this situation subjects must rely solely on 
proprioception to estimate 1) the position of each arm in the workspace, 2) the position 
of one arm with respect to the other, and 3) the effect of one arm movement on the 
other arm. 



These preliminary results suggest that bi-manual cooperative training may be 
beneficial to stroke survivors. Moreover, the results help to justify a full clinical trial 
with a control group and greater number of subjects, as well as more rehabilitation 
sessions. 

3. Discussion 

We have presented three examples of active-assisted training protocols, aimed at the 
rehabilitation of chronic stroke survivors. These exercises have a number of common 
features: (i) problem-solving aspects and a sensory-rich experience; (ii) a mechanism 
that regulates the degree of assistance such that it is kept to a minimum; (iii) different 
blocks of trials are performed with and without vision, in alternation. 

In all three experiments, analysis of performance suggests that, all patients 
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Figure 7. Performance of a typical stroke subject in the bi-manual task, at the beginning (left) and end 
(right) of the training protocol. Top: time course of vertical movements. Middle: bar orientation. Bottom: 
Attractive (assistive) and resistive forces. 



exhibited an increase in the amount of voluntary control, even though some of them 
could not achieve complete recovery of autonomous movements.. In particular, we 
found that proprioceptive training (i.e., training with closed eyes) is beneficial to 
patients with abnormal proprioception. Moreover, training different sensory modalities 
separately may improve overall recovery. 

These results highlight a number of key points, which will need to be accounted 
for when trying to improve the efficacy of robots as therapeutic devices. First, robot 
therapy should rely on a better understanding of the mechanisms underlying motor 
learning and re-learning. In particular, it is crucial to identify ‘optimal’ ways to provide 
assistance and to regulate it. Second, robots may be beneficial to neuromotor 
rehabilitation not only for their potential for improving motor control, but also because 
they may help to train multi-sensory and sensorimotor integration. Robots are capable 
of delivering interactive and repeatable sensorimotor exercises and continuously 
monitoring the actual motor performance. They can also be used to simulate new and 
‘controlled’ haptic environments. Third, therapy robots should ideally possess an 
ability to continuously estimate subjects’ amount of voluntary control and to regulate 
assistance accordingly. Ultimately, during recovery subjects would learn from robots, 
and robots would learn from patients. 
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