
  

  

Abstract —Recent research has suggested that enhanced re-
training for stroke patients using haptics (robotic forces) and 
graphics (visual display) to generate a practice environment 
that can artificially enhance error rather than reducing it, can  
stimulate new learning and foster accelerated recovery. We 
present an evaluation of early results of this novel post-stroke 
robotic-aided therapy trial that incorporates these ideas in a 
large VR system and simultaneously employs the patient, the 
therapist, and the technology to accomplish effective therapy.  

I. INTRODUCTION 
OBOT-APPLIED forces and sophisticated virtual reality 

feedback displays have already demonstrated promise 
of restoring function to several patient populations in 
rehabilitation training experiences [1-6]. In these early 
stages of exploration of how these technologies might be 
used, researchers have realized that the novel application of 
forces and feedback is full of limitless new possibilities, 
some which are not realizable combination of visualization 
and haptic technology. In the past few years the field has 
exploded with promising prospects in therapeutic robotics; 
most notably are the recent studies on adaptive training. 
Prolonged training in the presence of appropriately designed 
visual distortions [7-9] or mechanical distortions[10-13] is a 
novel way to use this technology to provide a beneficial 
change in movement ability. 

One promising form of robotic training that leverages the 
knowledge of the central nervous system (CNS) and  neuro-
plasticity is error augmentation [11, 12, 14]. In this 
paradigm the computer singles out and magnifies the 
subject’s movement errors from a desired trajectory. . The 
presentation of this error in the visual and haptic systems 
used by the subject forces the subjects to strengthen their 
control as they counteract the error driven disturbance to 
their movements. This feedback is sometimes 
counterintuitive and differs greatly from the standard 
approach to treatment.  However, such error-driven learning 
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processes are believed to be central to the neuroplasticity 
and acquisition of skill in human movement [15, 16]. One 
concern is how to practically apply error augmentation, 
because it requires knowledge of the desired (or intended) 
movement, which is difficult to presume during complicated 
functional 3-dimensional (3D) activities. One solution is an 
adaptation of a current rehabilitation training where a 
therapist specifies the trajectory in real time.  This technique 
also allows the expert therapist to customize their approach 
to therapy, focusing on what is critical for a particular 
patient’s recovery. For example, if a subject is having 
difficulty moving in a certain part of the workspace, the 
therapist can direct all practiced movements to that region.  

Recent research points to intensive therapy, or “massed 
practice,” which appears to have a dramatic effect on 
recovery [17-19].  Even several years after a stroke, the 
potential for motor recovery is not lost. The question is not 
whether patients can improve their motor abilities after 
stroke, but to what extent and how meaningful is the 
rehabilitation to the patient. Research also supports “Task-
specific” retraining, in which activities of daily living should 
be practiced [19-21]. Training on a variety of tasks provides 
better improvement in overall function than repetitions of 
the same task [22, 23].  

 
Fig. 1.  Both therapist and patient were correctly positioned in front of the 
apparatus before performing simple reaching tasks. 
 
In order to facilitate the repetitive practice of a variety of 
functional or pre-functional movements within a virtual 
reality interface, a large workspace is needed.  A wide field 
of view that allows both the therapist and the patient to work 
side by side while undergoing treatment is optimal.  Recent 
and unique developments in our lab using a state-of-the-art 
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display system interfaced with a haptic robot make this 
possible, and enable us to know the patients’ desired 
trajectory and amplify movement errors in real-time [24].  
Here, we present data from five initial subjects.  

II. PROCEDURE 

A. Apparatus 
The experiment used a haptics/graphics display presented 

previously [24], which  combines a projected stereo, head-
tracked rendering on a semi-silvered mirror overlay display 
with a robotic system that can record wrist position,  track 
movements and generate force feedback (Fig. 1). H3D 
software provided haptics and graphics display. A cinema-
quality digital projector (Christie Mirage 3000 DLP) 
displayed the images that span a five-foot-wide 1280x1024 
pixel display, resulting in a 110º wide viewing angle. Stereo 
glasses were used with a field sequential stereo presentation 
of the images where Infra-red emitters synchronized 
separate left and right eye images through the LCD shutter 
glasses (Stereographics, Inc). Ascension Flock of BirdsTM 
magnetic elements tracked motion of the head so that the 
visual display was rendered with the appropriate head-
centered perspective. A 6-degree of freedom PHANTOM 
Premium 3.0 robot (SensAble Technologies), capable of 
generating 3 Newtons (N) with transient peaks of 22 N, 
provided a workspace measuring approximately 
0.9x0.9x0.3m.  

Since it is debatable that training while holding a handle 
generalizes well to free hand motion [25, 26], and since a 
large percentage of stroke patients have difficulty raising the 
arm against gravity and opening and closing the hand, we 
provided appropriate supports.  The weight of the entire 
upper limb was reduced with the WREX gravity-balanced 
orthosis and the robot handle was clamped directly to the 
forearm instead of being held in the hand.  In addition, an 
exotendon glove was utilized to assist in hand opening. The 
center of the robot handle attached to the forearm was 
adjacent to epicondyle of the wrist so that its forces acted at 
the wrist but allowed the hand to be free (Fig. 2).  

 

B. Participants 
Five patients to date (4 male and 1 female subject) were 

recruited and consented using approved IRB and university 
guidelines for protection of human subjects and 
confidentiality protection of personal health information. 
Subjects were aged 36 to 69 (mean age 55 ± 12.07). 
Participants’ characteristics are summarized in Table I.  
Control data was collected from five young (ages 19-27) 
healthy volunteers who were not subjected to the treatment 
Averaged data from the control subjects is plotted in Figure 
4.   

Inclusion criteria were the following: Adults (age 18-80) 
who survived a single cortical stroke at least 6 months 
previously and demonstrated the presence of some active 

shoulder and elbow movement (characterized by Arm Motor 
Fugl-Meyer scores ≥25≤50).  Exclusion criteria included 
diffuse or multiple lesion sites or multiple stroke events, 
bilateral paresis, severe spasticity, severe concurrent medical 
problems, severe sensory deficits or severe ataxia, 
significant shoulder pain, botox injection to the hemiparetic 
upper extremity within the previous three months, aphasia, 
cognitive impairment or affective dysfunction that would 
influence the ability to perform the experiment, visual field 
cut or severe inattention that would influence the ability to 
perform the experiment, participation in other skilled upper 
extremity rehabilitation in a clinical or research setting, and 
the inability to provide informed consent. 

  

 
 Fig. 2.  The WREX arm support counterbalances the weight of the arm 
against gravity while the exotendon glove assists in hand opening.  The 
robot handle is clamped directly at the wrist the wrist, allowing the hand to 
be free. 

C. Protocol 
We tested two experimental treatments in a crossover 

design: each subject received, in randomized order, a control 
treatment of repetitive practice with no error augmentation, 
and an error augmentation treatment with the same amount 
of practice but with combined visual and haptic error 
augmentation. We hypothesized that combined haptic and 
visual error augmentation would lead to the best functional 
recovery.  

The treatment protocol consisted of two phases (error 
augmentation or control).  Each phase consisted of two 
weeks of training, with subjects receiving three 40-minute 
treatment sessions per week (6 sessions per phase). Between 
the two phases of treatment subjects received a one week 
rest.   During error augmentation or control treatment 
phases, subjects were seated on a chair with the hemiparetic 
arm supported by the WREX gravity-balanced orthosis.  The 
hand was placed into an exotendon glove which assisted 
with hand opening, and the glove was mounted on the 
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WREX wrist support.  The wrist support swivels with 
forearm movement, which allowed the practice of forearm 
pronation and supination during training.  The PHANTOM 
robot was attached to the forearm to provide augmentation 
forces (see Fig. 2).  Forces were only applied during the 
error augmentation phase, however the robot was attached 
during both phases to assist in blinding the subjects and 
treatment therapist.   
 
 
TABLE 1 Clinical Scores (WFMT – Wolf Motor Function Test, FAS – 
Functional Ability Scale, F/U – Follow-up, Pre – Evaluated before initial 
treatment session, Post – Evaluated following final treatment session). 
Subject data is color coded similar to that used in Fig. 4 for easy reference. 

Sub 1 Sub 2 Sub 3 Sub 4 Sub 5
Sex M M M M F
Age 58 36 54 59 69

Week 1 Pre 36 18 43 31 8
Week 2 

Post 29 21 47 31 12

Week 4 Pre 31 23 51 32 7
Week 5 

Post 32 26 52 35 8

Week 6 F/U 28 22 49 32 9

Week 1 Pre 42 39 45 41 26
Week 2 

Post 43 38 43 43 25

Week 4 Pre 39 40 46 44 25
Week 5 

Post 42 45 47 43 25

Week 6 F/U 41 46 45 43 25

Week 1 Pre 3.521 5.29 3.203 5.2 48.39
Week 2 

Post 3.57 4.16 2.734 4 34.06

Week 4 Pre 4.395 4.8 2.405 4.42 37.8
Week 5 

Post 3.017 4.01 2.657 3.74 34.97

Week 6 F/U 3.207 4.16 2.21 4.8 36.49

Week 1 Pre 3.8 3.67 3.8 3.47 2.4
Week 2 

Post 4 3.67 3.867 3.33 2.733

Week 4 Pre 4 3.67 4.067 3.4 2.467
Week 5 

Post 4.267 3.8 3.733 3.4 2.667

Week 6 F/U 4.2 4 3.867 3.47 2.867W
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During training, subjects viewed two cursors on the stereo 

display.  One cursor was manipulated by the treating 
therapist while the other was controlled by the subject.  

Participants were instructed to follow the exact path of the 
therapist’s cursor as it moved throughout the workspace.   

Error-augmentation was provided both visually and by 
subtle forces generated by the robot. When subjects erred 
from therapist’s cursor, the error vector e was established as 
the instantaneous difference the position between the 
therapist’s cursor and the subject’s hand. Error was visually 
magnified by a factor of 1.5e (m) as part of the error-
augmentation. Additionally we applied an error augmenting 
force of 100e (N/m), but saturating at 4 N.  

The treatment protocol included the practice of specific 
movements for all subjects, including forward reach, side 
reach, shoulder-elbow coupling, and diagonal reaching 
across the body.  The protocol also included customized 
training for each subject that was targeted at specific areas 
of weakness.  Subjects alternated five-minute blocks of 
movement training with two-minute rest periods throughout 
each 40 minute treatment session. 

 
 

Figure 3: Schematic of the directions and layers of the functional workspace 
determined in the workspace parts of the experiment.  Each color represents 
the reachable workspace of a separate subject. 
 

D. Analysis 
Subjects were tested immediately prior to the start of a 

treatment regime and again at the end of a treatment phase.  
Follow-up testing was also performed one week after each 
treatment phase ended. Effectively, follow-up to phase 1 and 
the pre-treatment before phase 2 represent the same data 
points in Fig. 4.   

A single blinded rater performed the following clinical 
assessments.  Manual dexterity was assessed with the Box 
and Blocks Test. The arm motor section of the Fugl-Meyer 
(AMFM) assessed arm movement ability outside of synergy 
patterns.  Functional use of the arm was evaluated with the 
Wolf Motor Function Test (WMFT).  Subtests of the 
WMFT include speed of movement and the Functional 
Ability Scale (FAS).  A characterization of free reaching 
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ability which requires subjects to reach the impaired hand to 
nine set targets throughout the workspace was assessed with 
the Flock of Birds 3D electromagnetic motion capture 
system and a Phantom robot set-up described earlier.  
Reaching range of motion (ROM) error was calculated as 
the linear distance between the position of the target and the 
final position of the cursor representing the subject’s 
maximum reach in the direction of the target. 

 
We choose to measure the improvement in the arm motor 

Fugl-Meyer clinical score and the upper extremity reaching 
ROM test as main outcomes. 

 

 
 

 

 

 
Fig. 4: Change in range of motion error over the weeks of training with different treatments.  

 

III. RESULTS 

A. Range of Motion 
As expected, all stroke subjects demonstrated higher 

errors than healthy controls (Fig. 4, lowest horizontal line) 
on the reaching Range of Motion (ROM) assessment. More 
interestingly, the ROM assessment exhibited a floor effect, 
where subjects that initially demonstrated fairly low 
reaching errors did not significantly improve their accuracy 
in reaching to targets. However, the reaching error on the  
 
ROM test did reduce for three subjects in the error-
augmented and control treatment groups.  It is notable that 
the error for two of the three subjects was significantly 
decreased following error augmentation treatment compared 
to control treatment.   

Subjects provided with error augmentation during the first 
phase of treatment produced greater performance 
improvements. The two subjects given error-augmentation 
in phase two produced a smaller degree of improvement. An 
exception was Subject 5 who worsened during treatment. 
Overall, the improvement in performance gained over both 
treatment phases appear to be retained by three subjects 
(S2,S3,S4).  

B. Correlation with Clinical Measures 
No significant improvement, deterioration, or notable trends 
were demonstrated with the clinical measures. Subjects 
appeared to perform roughly the same on clinical evaluation 
measures over the six week period. The improvements seen 
from the error measures do not appear to correlate with any 
of the clinical measures. One thought is that the two week 
treatment blocks might not be sufficient to provide any 



  

measurable change clinically. Longer treatment trials might 
serve to answer this question better.   
 
 
 

IV. DISCUSSION 
 
Overall the therapist-mediated training along with the 

error-augmented treatment produced improved ROM 
performance in the majority of subjects. Clinical measures 
however showed no correlating trend.  Moreover the small 
number of subjects (five) is not sufficient to draw any 
definitive conclusion.  

Subject 3 (and to a lesser extent subject 1) showed 
significant decrease in error over the course of all treatment, 
despite being put on the control treatment first, suggesting 
that the control treatment, while not providing error-
augmentation, still improved functionality as a result of 
individualized repetitive therapist intervention. The benefits 
of patient specific treatment are intuitive and the data does 
allude to this possibility.  

An exceptional case involves Subject 5 (S5) whose 
performance deteriorated despite being assigned to error-
augmentation in Phase1 and whose error worsened slightly 
before the control treatment, leveled off and decreased 
during the week six follow-up. Some degree of both 
physical and mental fatigue with the task or the treatments 
themselves might have caused the observed result.  

Another explanation for this might simply be that subjects 
unfamiliar with the task initially recorded larger errors and 
merely got better at executing the task at the end of week 
two. This ‘familiarity effect’ could explain why there is no 
significant performance change to either treatment during 
weeks 4-5.  

The duration of training in this study is shorter when 
compared to the studies referenced in this paper. The CIMT 
trial [17] for instance utilized two week training periods 
with hours of intervention each day. This study however had 
six sessions roughly one hour in duration carried over two 
weeks for each phase. The lack of carryover observed when 
subjects are exposed to error-augmentation in Phase 1 might 
be caused by this shorter training period. While it might be 
expected from this discussion that a short training period 
may not provide significant improvement, the observed 
improvements might indicate that therapist-mediated therapy 
was indeed significantly beneficial. This assertion will be 
studied across a larger study population than at present.    

In any case, this treatment modality at the very least did 
no harm to the subject, and feedback obtained from 
individuals on their experience was not negative and 
subjects were willing to return for each session. The error 
augmentation shows some significant improvements during 
the range of motion testing of being superior to simple 
repetitive practice (control treatment), and most importantly 
there appear to be benefits of this adaptive therapist-
mediated training paradigm that accumulate with repeated 
visits to the lab. 
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