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Robot-Assisted Movement Training Compared With
Conventional Therapy Techniques for the Rehabilitation of
Upper-Limb Motor Function After Stroke
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Van der Loos M. Robot-assisted movement training compared
with conventional therapy techniques for the rehabilitation of
upper-limb motor function after stroke. Arch Phys Med
Rehabil 2002;83:952-9.
Objective: To compare the effects of robot-assisted movement training with conventional techniques for the rehabilitation of upper-limb motor function after stroke.
Design: Randomized controlled trial, 6-month follow-up.
Setting: A Department of Veterans Affairs rehabilitation
research and development center.
Participants: Consecutive sample of 27 subjects with
chronic hemiparesis (⬎6mo after cerebrovascular accident)
randomly allocated to group.
Interventions: All subjects received twenty-four 1-hour sessions over 2 months. Subjects in the robot group practiced
shoulder and elbow movements while assisted by a robot
manipulator. Subjects in the control group received neurodevelopmental therapy (targeting proximal upper limb function)
and 5 minutes of exposure to the robot in each session.
Main Outcome Measures: Fugl-Meyer assessment of motor impairment, FIM™ instrument, and biomechanic measures
of strength and reaching kinematics. Clinical evaluations were
performed by a therapist blinded to group assignments.
Results: Compared with the control group, the robot group
had larger improvements in the proximal movement portion of
the Fugl-Meyer test after 1 month of treatment (P⬍.05) and
also after 2 months of treatment (P⬍.05). The robot group had
larger gains in strength (P⬍.02) and larger increases in reach
extent (P⬍.01) after 2 months of treatment. At the 6-month
follow-up, the groups no longer differed in terms of the FuglMeyer test (P⬎.30); however, the robot group had larger
improvements in the FIM (P⬍.04).
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Conclusions: Compared with conventional treatment, robotassisted movements had advantages in terms of clinical and
biomechanical measures. Further research into the use of robotic manipulation for motor rehabilitation is justiﬁed.
Key Words: Arm; Cerebrovascular accident; Movement;
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E REPORT THE RESULTS of a clinical trial comparing
robot-assisted movement training with conventional
W
techniques for motor rehabilitation of the upper limb after
stroke. The robot-assistance is provided by a therapy system
called mirror image movement enabler (MIME), in which a
robot manipulator applies forces to the more affected forearm
during goal-directed movements (ﬁg 1). Efforts toward developing robotic treatments are motivated by the increasing public
health burden associated with stroke-related disability1 and the
current emphasis on cost reduction in health care that has
resulted in shorter inpatient rehabilitation length of stay.2 These
factors emphasize the need for optimal interventions for motor
rehabilitation after stroke. Integration of robotic therapy into
current practice could increase the efﬁciency and effectiveness
of therapists by alleviating the labor-intensive aspects of physical rehabilitation and by enabling novel modes of exercise not
currently available.
A key feature of MIME is that subjects at any impairment
level can repetitively practice and complete stereotyped movement patterns. There is increasing evidence that active repetitive practice of movements can have a profound effect on
recovery from brain injury. In animal models, active retraining
coupled with pharmacologic agents can increase the rate of
recovery from brain injury.3 Active retraining can also positively shape the cortical reorganization associated with motor
recovery following brain injury.4 In chronic stroke subjects,
constraint-induced therapy (CIT) can lead to substantial increases in use of the more affected limb in activities of daily
living (ADLs).5-7 This therapy involves intensive repetitive
exercise of the more affected limb coupled with constraint of
the opposite limb and results in positive cortical reorganization
in the motor cortex.8
In less severely impaired stroke subjects, simple repetitive
exercise may be superior to other types of therapy. CIT has
recently been shown to have advantages relative to neurodevelopmental treatment of equal intensity.9 Other studies have
reported that repetitive practice of hand and ﬁnger movements
against loads resulted in greater improvements in motor performance and functional scales than Bobath-based treatment,10
transcutaneous electric nerve stimulation,10 and suprathreshold
electric stimulation of hand and wrist muscles.11 Parry et al12
reported that additional treatment, in the form of repetitive
practice of movements and functional activities with a trained
assistant, was more effective than additional conventional
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treatment from a physical therapist that focused on teaching
techniques and encouraging self-practice. Although they reported that neither of these additional treatments were effective
in more severely impaired subjects, other studies have shown
that highly repetitive and stereotyped movements can be effective in these subjects if the movements are facilitated by
external forces applied to the limb13 or by neuromuscular
stimulation.14,15
Thus, it appears that unassisted repetitive movement is effective in persons who have the ability to complete at least a
portion of the movements, but external assistance is required in
more severely impaired subjects. These studies support the
concept of a treatment technique that supports and assists
repetitive and stereotyped movements in severely impaired
subjects, progressively reduces assistance as the subject improves, and applies minimal assistance or even resistance to
movement for mildly impaired subjects. Robotic devices can
continuously and precisely provide this technique, potentially
improving the quality of rehabilitative treatment after stroke.
Positive results have been reported from the clinical testing of
MIT-MANUS, a 2 degree-of-freedom robot manipulator that
assists shoulder and elbow movement by moving the hand of
the patient in the horizontal plane.16 Stroke patients interact
actively or passively with MIT-MANUS, as visual, auditory,
and tactile feedback is provided during goal-directed movements. When compared with controls who received only minimal exposure to the robot, subacute stroke patients who received 25 hours of robot exercise had greater gains in proximal
arm strength, reduced motor impairment at the shoulder and
elbow, and greater recovery of ADL function.16
Despite these encouraging results, many questions regarding
robotic manipulation remain unanswered. The MIT-MANUS
results showed that subacute patients who received robotic
therapy in addition to their regular therapy improved more than
patients who did not receive this added robot therapy. However, several meta-analyses have concluded that greater intensity of conventional therapy is also effective, resulting in
decreased levels of impairment, disability,17,18 and reduced
mortality.19 For robotic manipulation to gain clinical acceptance, it must ﬁrst be shown that it offers advantages to conventional therapy or at least is no less effective than conventional therapy. The goal of the MIME study was to measure the
effectiveness of a therapy program of robotic manipulation
compared with an equally intensive program of conventional
therapy techniques. We chose to use chronic subjects to minimize the confounding effects of spontaneous recovery and to
maximize our chances of ﬁnding a signiﬁcant result with a
relatively small sample size. Preliminary reports of this study
have appeared elsewhere.20,21
METHODS
MIME System
Subjects were seated in a wheelchair in front of a heightadjustable table (ﬁg 1). Straps and a contoured seata limited
torso movement, and the affected limb was strapped to a
forearm splint that restricted wrist and hand movement. A
robot manipulatorb was attached to the splint and applied forces
to the limb that would normally be provided by a therapist. The
robot’s 6 degrees of freedom allowed the forearm to be positioned within a large range of positions and orientations in
3-dimensional space. The forces and torques between the robot
and the affected limb were measured by a 6-axis sensorc (at
.25N resolution).
We used 4 modes of robot-assisted movement, all patterned
after exercises currently used in therapy. In passive mode, the
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Fig 1. An individual performing bimanual robot-assisted training.
Reprinted with permission.22

subject relaxed as the robot moved the limb toward a target
with a predetermined trajectory. In active-assisted mode, the
subject triggered initiation of the movement with volitional
force toward the target and worked with the robot as it moved
the limb. In active-constrained mode, the robot provided a
viscous resistance in the direction of the desired movement and
spring-like forces in all other directions as the subject attempted to reach toward the target with maximal effort. In
bimanual mode, the subject attempted bimanual mirror-image
movements while the robot assisted the affected limb by continuously moving the affected forearm to the contralateral
forearm’s mirror-image position and orientation. During bimanual mode, the 2 forearms were kept in mirror-symmetry by
a position digitizerd (accuracy, ⬍0.5mm), which measured the
movement of the contralateral forearm and provided coordinates for the robot motion controller (1kHz update rate). The
digitizer is capable of measuring arbitrary forearm trajectories
with minimal resistance to movement (effective weight, ⬍2N).
Several redundant safety features were incorporated into the
system. The software cut power to the robot if the error
between the commanded and measured angles of the robot’s
joints exceeded a critical value. This would occur if the robot
had encountered unexpectedly large resistance. A commercially available pneumatic devicee cut power to the robot when
the torque applied to the forearm exceeded a critical value
(20Nm). Straps limited the robot to a safe range of motion
Arch Phys Med Rehabil Vol 83, July 2002
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(ROM). The experimenter always kept an emergency stop
button nearby.
Participants
Subjects were included in the study if they had a diagnosis
of a single cerebrovascular accident (CVA), were more than 6
months post-CVA, and had an obvious deﬁcit in upper-limb
motor function as a result of this CVA. Subjects had completed
all formal outpatient therapy but continued with any homebased exercise regimen or community-based stroke programs
they were enrolled in at the time of intake into the study.
Subjects were excluded from the study if they exhibited any
upper-extremity joint pain or ROM limitations that would limit
their ability to complete the protocols. Subjects with any unstable cardiovascular, orthopedic, or neurologic conditions
were also excluded. Cognitive impairments were screened with
the Cognistat instrument,23 and subjects were excluded if they
were unable to cooperate with the study tasks. Thirty subjects
were enrolled in the study.
Procedures
Once accepted into the study, subjects were randomly assigned to the robot or control group based on a list of random
numbers. Over a 2-month period, both groups received twentyfour 1-hour treatment sessions held in the same treatment area
and supervised by a single occupational therapist. Thus the 2
groups received equal intensity and duration of treatment. In
each treatment session, robot group subjects received 50 minutes of robot-assisted movement, whereas control group subjects received 50 minutes of conventional treatment that
targeted proximal upper-limb function that was based on neurodevelopmental therapy24 (NDT). All subjects received 5 minutes of tone normalization and limb positioning at the beginning and end of each session. Subjects were not informed of the
explicit goals of the clinical trial, only that the effectiveness of
2 treatments was being tested. All protocols were approved by
the local institutional review committee and informed consent
was obtained from all subjects.
Robot group protocol. In the robot group, emphasis was
placed on targeted reaching movements that started close to the
body and ended further away. Therefore, elbow extension was
a component of all of these movements. Four point-to-point
reaching directions were trained: forward medial (shoulder
ﬂexion, adduction), directly forward (shoulder ﬂexion), forward lateral (shoulder ﬂexion, abduction, external rotation),
and directly lateral (abduction, external rotation). For each of
these 4 directions, targets could be located at tabletop, shoulder, or eye level. These 12 targeted reaching movements
formed a core set of movements. Subjects practiced some or all
of these movements in each session (the eye level movements
were usually only used for mildly impaired subjects). Each
movement progressed from the easiest exercise modes (passive
and bimanual) to the most challenging (active constrained).
During active-constrained movements, feedback of the fraction
of the movement completed or the time to complete 3 repetitions was used to track and motivate performance. Time permitting, tracing of circles and polygons and isolated elbow
extension movements were practiced, all assisted by the robot.
Movements were kept well within each subject’s passive
ROM. All subjects spent approximately 12 minutes in bimanual mode and 5 minutes in passive mode. A total of 20 minutes
were spent in the active-assisted and active-constrained modes,
with the ratio varying depending on the level of the subject.
Lower-level subjects spent as much as 7 to 8 minutes in
active-assisted mode, while higher-level subjects skipped directly to active-constrained mode.
Arch Phys Med Rehabil Vol 83, July 2002

Control group protocol. A typical control group session
involved approximately 10 minutes of establishing a physical
postural base of support coupled with assessing and facilitating
the alignment of the shoulder. Approximately 35 minutes were
devoted to graded application of the arm’s use in functional
leisure and self-care tasks. Emphasis was placed on the reeducation of muscles using a sensorimotor approach to control
motor output. Subjects needed to show ability to independently
perform basic mass functional movements before progressing
to more isolated advanced functional patterns. Progression
within each movement was facilitated by increasing the number of repetitions, weight of item being handled, height at
which tasks were done, and so on. The last 10 minutes were
used for practice of the highest level task that was completed,
with review, and additional assessment of the shoulder. Control
subjects received exposure to the robot for 5 minutes within
each session. The robot provided a moving target and subjects
attempted to track the target with their hand or to stack cones
on top of the robot end effector as it moved. Therapy was
provided by an NDT-certiﬁed therapist with 9 years of experience in treating neurologically injured patients. Consultations
regarding the subjects were held with another equally experienced therapist as needed.
Evaluations
Function. An occupational therapist blinded to group assignment tested all subjects with a battery of clinical evaluations immediately before the start of treatment, after 1 month of
treatment, immediately posttreatment (at 2mo), and 6 months
after the end of treatment. Motor and sensory impairment were
assessed with the upper-limb portion of the Fugl-Meyer assessment.25 Compared with the motor Fugl-Meyer, the sensory
portion of the Fugl-Meyer is less commonly reported and
involves assessment of light touch and proprioception at the
arm, hand, and wrist. The validity and reliability of the FuglMeyer have been established.25,26 The Barthel Index27,28 and
the self-care and transfers sections of the FIM™ instrument29,30
were used to measure improvements in basic ADLs. Both of
these assessments have been used extensively in stroke studies,
and both have been proven to be valid and reliable measures.
Strength. Evaluation of strength in the more affected limb
was performed on 2 occasions within the week preceding the
start of treatment, and again on 2 occasions within the week
immediately after the treatment period. Subjects were seated in
a wheelchair in front of a table, and straps restrained torso
movement. To measure shoulder and elbow strength, the forearm was strapped to a custom-reinforced splint that restricted
wrist and hand movement. This splint was attached to the table
through a 6-axis force/torque sensor (described previously).
The elbow was ﬂexed to 90°, and the shoulder was placed in
30° abduction, neutral ﬂexion, and neutral rotation. Length
measurements of the upper-limb segments were taken and used
to estimate the location of the elbow and glenohumeral joint
centers relative to the sensor. A simple algorithm based on
these measurements converted the sensor data to the following
joint torque values: elbow ﬂexion and extension, shoulder
ﬂexion and extension, shoulder abduction and adduction, and
shoulder internal and external rotation. These joint torques
were continuously presented to the subject on a computer
screen with bar graphs. For each of these 8 joint actions, 2
maximum voluntary contractions (MVCs) were performed.
The experimenter ﬁrst demonstrated the required torque by
manually resisting the less affected limb and instructing the
subject to “push against my hands.” The hands were placed in
standard positions, and the experimenter applied force in directions to encourage the activation of the target muscle
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groups. The following instruction was given to the subject.
“Now do the same action with your other arm. Push against the
splint and move the line on the screen as high as possible. Hold
for 2 seconds and relax.” Verbal encouragement of the form
“go, go, go” was given during the effort, but no additional
instructions were given until the 20-second trial was over. No
practice trials were given.
Reach. The extent of each subject’s reach in the more
affected arm was evaluated twice within the week preceding
start of treatment, and again on 2 occasions within the week
immediately after the treatment period. To measure reaching
ability, the arm was strapped to a lightweight forearm splint.
The stylus of the digitizer (described previously) was attached
to the splint to measure the position and orientation of the hand
in 3 dimensions. The subject started at a standard position and
reached toward standardized targets. Targets were placed at
locations that corresponded to the tabletop and shoulder level
reaching directions used in the robot training. Targets were
positioned far enough away from the subjects so that they could
be touched only with nearly full extension of the limb in that
direction. The repeatability of the target and start locations was
made possible by a pegboard with a grid of holes, which was
placed over the surface of the table. Subjects were given the
following instruction: “Try to move your hand as close to the
target as possible. Move at your own pace. When you feel you
have gotten as close as you can, return to the start position.” No
further instructions were given. Two trials were performed for
each target location. Data were collected at 200Hz and stored
on computer for later analysis.
Data Reduction
To analyze the MVC data, the peak torque level achieved in
each trial was calculated after a 0.5-second moving average
ﬁlter was passed across the data. For each joint action, a
subject’s pretreatment strength level was taken to be the peak
torque level achieved during all MVC trials for that joint action
(trials from the 2 pretreatment evaluation sessions were
grouped together). The same procedure was applied to get
posttreatment strength levels. To compare strength gains across
subjects of vastly different body types, a percentage gain in
strength was obtained by normalizing each subject’s raw
strength gain with normative strength values. An estimate of
normative strength for each subject was obtained from regressions on age, sex, and weight found in the literature.31,32 We
chose to use normative data reported in the literature instead of
measuring strength in the contralateral limb because of the
possibility of strength losses ipsilateral to the CVA.33
The reaching data were reduced in the following manner.
For all reaching trials toward a particular target location, the
minimum distance between the hand and the target was calculated. The smallest value (best performance) from all posttreatment trials was subtracted from the smallest value obtained
from all pretreatment trials. This parameter was called the
increase in reach extent toward that target for that subject.
Statistical Analysis
Baseline differences between groups were evaluated with
Mann-Whitney U (continuous and ordinal data) and chi-square
tests (categoric data). The motor Fugl-Meyer data were divided
into proximal (shoulder and elbow movement, 36 points) and
distal (hand and wrist movement, 24 points) portions for statistical analysis. All the clinical outcome data sets (proximal
Fugl-Meyer, distal Fugl-Meyer, Barthel Index, FIM) passed the
Kolmogorov-Smirnov test for normality. However, the gains in
proximal Fugl-Meyer and FIM scores had large between-group
differences in variance; both data sets failed the Levene test of

955

homogeneity of variance, which is an assumption of parametric
analysis. The proximal Fugl-Meyer scores passed the Levene
test after the variances were stabilized with a square-root
transformation of the data. Analysis of transformed proximal
Fugl-Meyer, distal Fugl-Meyer, and Barthel scores was done
with a repeated-measures analysis of variance (ANOVA), with
group (robot, control) entered as the between-subjects factor,
and time of evaluation (pre-Tx, mid-Tx, post-Tx, follow-up)
entered as the within-subjects factor. Signiﬁcant effects in the
repeated-measures ANOVA were further investigated with univariate analysis of covariance (ANCOVA) tests at each evaluation time, with pretreatment scores entered as a covariate.
Entering the pretreatment scores as a covariate removed the
data variance inherent in the subject pool’s large range of
pretreatment impairment and disability levels. Even after a
square-root transformation, FIM scores failed the Levene test;
therefore, nonparametric methods were used to analyze these
data. The robust rank-order test34 was used to detect differences
between groups at each evaluation time. This test is similar to
the more commonly used Mann-Whitney U test but does not
make the assumption of homogeneity of variance.
Analysis of strength changes was performed with a multivariate analysis of variance (MANOVA) using treatment group
(robot, control) as the between-subjects factor, and joint action
(8 unique actions) as the within-subjects factor. The Wilks 
statistic was used to test the null hypothesis that there was no
difference between groups in terms of strength gains when
considering all 8 joint actions together. The Wilks  is analogous to the F statistic used to test the null hypothesis in
univariate ANOVA. The MANOVA method was used because
the 8 strength measurements were likely to correlate. Several
muscles of the shoulder and elbow contribute to more than 1 of
the tested joint actions (ie, biceps contributes to both shoulder
ﬂexion and elbow ﬂexion strength). Similarly, performance
improvements in the 8 reaching movements are also likely to
correlate (ie, elbow extension is a component of all 8 movements). Therefore, analysis of increases in reach extent paralleled the analysis of strength data with movement type (8
unique types) replacing joint action as the within-subjects
factor. Data from high-level subjects who touched all targets
during the pretreatment evaluations were not included in the
analysis because no measurable improvement in reach extent
was possible. On a few occasions, subjects could touch some
targets, but not others during the pretreatment evaluation. To
include data from these subjects in the MANOVA analysis,
data for targets that were touched were handled with the
Expectation Maximization method.35 Follow-up testing of between-group differences in each of the dependent variables was
performed with univariate ANOVA.
RESULTS
Thirty subjects were enrolled into the study. Two subjects
dropped out during the intervention period because of medical
complications unrelated to the study, and 1 subject’s data were
not included in the analysis when it was learned that her
hemiparesis was not caused by a CVA. Thus, data from 27
subjects were analyzed. One subject could not be located for
the 6-month follow-up. There were no signiﬁcant baseline
differences between groups in terms of age, months post-CVA,
sensory impairment, cognitive level, side of lesion, or any of
the clinical outcome measures (table 1). Signiﬁcantly more
men were randomized to the robot group (P⫽.04), but we have
no reason to believe that this biased the results. To further
investigate balance between groups in terms of impairment
level, subjects were categorized as severe (Fugl-Meyer ⬍20),
moderate (20ⱕ Fugl-Meyer ⬍40), or mildly impaired (FuglArch Phys Med Rehabil Vol 83, July 2002
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Table 1: Baseline Characteristics
Robot (n⫽13)

Control (n⫽14)

Test

63.2⫾3.6
30.2⫾6.2

65.9⫾2.4
28.8⫾6.3

U
U

.45
.73

12
1

8
6

2

.04*

9
4
8.9⫾1.1
74.9⫾2.2
24.8⫾4.5
90.8⫾2.6
54.5⫾2.1

10
4
9.5⫾1.0
76.6⫾2.1
26.6⫾4.7
84.8⫾3.3
52.0⫾2.2

2

.90

U
U
U
U
U

.98
.53
.73
.23
.37

Age
Months post-CVA
Sex
Male
Female
Side of Lesion
Right
Left
Sensation (max score, 12)
Cognistat (max score, 84)
Fugl-Meyer (max score, 66)
Barthel Index (max score, 100)
FIM (max score, 63)

P

NOTE. Values are mean ⫾ standard error of the mean (SEM) or n.
Abbreviations: U, Mann-Whitney U test for 2 independent samples; FIM, FIM self-care and transfers sections.
* P⬍.05.

Meyer ⱖ40). The severe:moderate:mild distribution was 7:3:3
in the robot group and 7:3:4 in the control group. These 2
distributions were not signiﬁcantly different (P⫽.95, 2 test).
Evaluations
Function. Table 2 summarizes the clinical outcomes. Repeated-measures ANOVA revealed that, in general, subjects
improved signiﬁcantly in both the proximal (P⬍.001) and
distal (P⬍.001) portions of the Fugl-Meyer test as a result of
the interventions (time effect). Trend analysis on the proximal
Fugl-Meyer test revealed a signiﬁcant group-by-time quadratic
interaction (P⬍.03), indicating a different pattern of improvement between groups. The plot of average gains in the proximal Fugl-Meyer test for each group at each time point reveals
the nature of this quadratic interaction (ﬁg 2). Univariate ANCOVA tests showed that the robot group had signiﬁcantly
greater improvements compared with the control group after 1
month of treatment (P⬍.05) and after 2 months of treatment

Table 2: Average Gains in Scores From Clinical Outcomes

Fugl-Meyer (proximal)
After 1mo of Tx
After 2mo of Tx
6-mo follow-up
Fugl-Meyer (distal)
After 1mo of Tx
After 2mo of Tx
6-mo follow-up
Barthel Index
After 1mo of Tx
After 2mo of Tx
6-mo follow-up
FIM
After 1mo of Tx
After 2mo of Tx
6-mo follow-up

Robot (n⫽13)

Control (n⫽14)

P†

2.2⫾0.8
3.3⫾0.7
3.6⫾1.0

0.5⫾0.2
1.6⫾0.3
2.8⫾0.8

.043*
.044*
.379

1.2⫾0.4
1.4⫾0.5
1.3⫾0.4

1.1⫾0.4
1.5⫾0.5
2.0⫾0.6

—
—
—

0.0⫾0.0
1.2⫾1.2
2.1⫾1.3

0.0⫾0.0
0.0⫾0.0
0.4⫾0.4

—
—
—

0.0⫾0.0
0.2⫾0.2
2.5⫾1.2

0.0⫾0.0
0.0⫾0.0
0.1⫾0.1

.999
.215
.039*

NOTE. Values are mean ⫾ SEM.
* P⬍.05.
† Univariate ANCOVA test used on proximal Fugl-Meyer data (after
the square-root transformation). Robust rank-order test used on the
FIM data.
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(P⬍.05), but there was no difference between groups at the
6-month follow-up (P⬎.30). The group by time interaction was
not signiﬁcant in the distal Fugl-Meyer test (P⬎.50). No signiﬁcant effects were present in the Barthel Index. Nonparametric analysis of FIM scores with the robust rank-order test
resulted in no group differences after 1 month (P⬎.999) or
after 2 months of treatment (P⬎.20). However, the robot group
had signiﬁcantly greater gains in FIM scores at the 6-month
follow-up (P⬍.04).
Strength. Strength data from 25 subjects were available for
analysis (data from 2 subjects were lost due to technical difﬁculties). In this reduced subject pool, there were no baseline
group differences in age, months since CVA, side of lesion,
impairment, or disability (P⬎.16). The MANOVA on strength
changes found that the robot group had signiﬁcantly greater
improvements in proximal arm strength than the control group
after 2 months of treatment (P⬍.02, Wilks ). Univariate
ANOVA tests of individual joint actions showed that robot
group strength gains were signiﬁcantly greater than control
group gains in elbow extension, abduction, adduction, and
shoulder ﬂexion (P⬍.05) (ﬁg 3). There were trends in favor of
the robot group in external rotation, internal rotation, and
shoulder extension.
Reach. Reaching data from 19 subjects were available for
analysis (data from 5 subjects were lost due to technical difﬁculties, 3 subjects touched all targets during the pretreatment
evaluations). In this reduced subject pool, there were no baseline group differences in age, months post-CVA, side of lesion,
impairment, or disability (P⬎.21). The MANOVA showed that
the robot group had signiﬁcantly greater improvements in reach
extent compared with the control group after 2 months of
treatment (P⬍.01, Wilks ). Univariate ANOVA tests of individual movements showed that robot group improvements
were signiﬁcantly greater than control group improvements in
6 of 8 movements (P⬍.05), with trends in favor of the robot
group in the other 2 movements (ﬁg 4).
Analysis
Pearson correlation coefﬁcients were calculated between
improvement in the main outcome measures and several factors
that could inﬂuence the effectiveness of the treatments (pre-Tx
sensation level, Cognistat, months since CVA, pre-Tx FuglMeyer score). In both groups, pre-Tx Fugl-Meyer scores positively correlated with strength gains (averaged over the 8 joint
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Fig 2. Average change in proximal Fugl-Meyer (FM) score for the
robot and control groups. After a signiﬁcant group-by-time effect
was found in the repeated-measures ANOVA, univariate ANCOVA
at each time point revealed signiﬁcant differences between groups
at 1 and 2 months after the start of treatment but no group difference at the 6-month follow-up. Error bars are SEM.

actions, P⬍.02 for the control group, P⬍.01 for the robot
group). In the control group, subjects with better sensory and
cognitive function appeared to be more responsive to the treatment. In controls, sensation level positively correlated with
gains in strength (P⬍.05) and reach extent (averaged over the
8 movements, P⬍.01); Cognistat scores correlated with
strength gain (P⬍.03).
DISCUSSION
Compared with conventional treatment of equal intensity
and duration, a program of robot-assisted movements had advantages after 2 months of treatment in terms of decreasing
impairment, improving strength, and increasing reach extent.
However, it remains to be determined if robot-assisted movement has unique therapeutic aspects that cannot be provided by

Fig 3. Average strength gains in 8 shoulder and elbow joint actions
after 2 months of treatment. After a signiﬁcant group effect was
found in the MANOVA (all actions considered together), ANOVA of
each joint action revealed signiﬁcant differences between groups in
4 of 8 joint actions. Error bars are SEM.

957

Fig 4. Average increase in reach extent (cm) toward 8 different
targets after 2 months of treatment. After a signiﬁcant group effect
was found in the MANOVA (all 8 movements considered together),
ANOVA of each movement revealed signiﬁcant group differences in
6 of 8 movements. Error bars are SEM.

a human therapist. All of the MIME training modes can be
performed in some fashion with the therapist performing the
functions of the robot, and we have no evidence that the robot
group would have outperformed the control group if the 2
treatments were matched in terms of content (eg, movement
types, modes of assistance, repetitions). In fact, some of the
signiﬁcant differences between groups can be explained by
differences in the content of the 2 treatments. Greater strength
gains in the robot group could have been due to the activeconstrained mode, which is a form of maximal-effort resistance
exercise. This type of exercise was not performed in the control
group. These strength gains could have been the basis for the
robot group’s greater improvements in reach extent and FuglMeyer scores after 2 months of treatment. However, our results
do suggest that the current content of conventional therapy is
not optimal, at least for chronic subjects. More emphasis could
be placed on repetitive practice of movements, and the use of
maximal effort during these movements should be considered.
Moreover, we have shown that these repetitive movements are
effective if facilitated by a robotic system.
When comparing rates of improvement in the proximal
Fugl-Meyer test, the robot group increased at a rate that was 4
times greater than the control group in the ﬁrst month (see ﬁg
2). Improvement continued in the second month, but the rate
was similar in both groups. This suggests that the enhanced
effects of this particular robot therapy protocol were apparent
only in the ﬁrst month of treatment. Again, this ﬁnding might
be explained by the content of the 2 interventions. Subjects had
already received a considerable amount of conventional therapy by the time they were enrolled into the study. Thus the full
beneﬁts of conventional therapy may have already been realized. In fact, the criterion for stopping conventional therapy is
often a plateau in response to that treatment. In contrast,
subjects were not likely to have experienced the type of training delivered in the robot group before entry into the study. It
is possible that some aspects of the lost motor function (eg,
weakness) did not recover to their full potential during the
conventional therapy that subjects received before entry into
the study, but did respond to the robotic therapy during the
study. This hypothesis might explain the greater rate of improvement in the robot group compared with the control group
in the ﬁrst month but not the second month.
Arch Phys Med Rehabil Vol 83, July 2002
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In the 6-month period after the end of treatment, the robot
group maintained the gains made during treatment, whereas the
control group continued to improve to the point that the 2
groups did not differ signiﬁcantly at the 6-month follow-up
(see ﬁg 2). This ﬁnding suggests that conventional techniques
may have a larger impact on individual home-based exercise
programs than robotic treatment. This explanation is all the
more plausible when considering that 1 goal of conventional
treatment is to instruct patients to exercise properly on their
own. Although many of the exercises performed by the control
group could easily be performed at home, it might have been
difﬁcult or impossible for subjects to integrate the exercises
performed during robotic treatment into their home-based programs. Because signiﬁcant improvements occurred as a result
of conventional NDT treatment, future studies should consider
using a control group that receives matched intensity of conventional treatment instead of a control group that receives no
therapy.
The robot group’s improvement in FIM scores in the
6-month period after the end of treatment was unexpected. The
inability to signiﬁcantly affect disability is often reported in the
literature. In a comprehensive review of 165 studies, Wagenaar
and Meijer36 concluded that experimental treatments in persons
with hemiparesis from CVA often have effects on the parameters speciﬁcally trained, but that transfer to ADLs was
minimal. However, our result was consistent with the MITMANUS clinical studies, in which robotic therapy in the subacute poststroke phase was found to positively affect disability
levels.16 Nevertheless, this result should be viewed with caution, especially because the robot group did not show improvements in the proximal Fugl-Meyer test over this same 6-month
period, and the FIM instrument does not penalize subjects who
perform activities using compensation with the less affected
limb. Future studies should consider the Motor Activity Log,5-9
which assesses the actual amount of use of the more affected
limb in ADLs and the quality of movement. It would also have
been useful to determine if the group differences at the 6-month
point were retained 1 year after the treatment.
There was clear evidence of treatment speciﬁcity in the robot
group. The robot treatment focused on the shoulder and elbow
while the wrist and hand were splinted. As a result, the robot
group had signiﬁcantly greater improvements in their proximal
Fugl-Meyer scores relative to the control group, but the change
in distal Fugl-Meyer scores was no different between groups.
There was also evidence of treatment speciﬁcity in the strength
measurements. Relative to the control group, the robot group
had signiﬁcantly greater strength improvements in joint actions
that received focused training (shoulder ﬂexion, abduction,
adduction, elbow extension). In contrast, strength gains in joint
actions that were of secondary focus (elbow ﬂexion, shoulder
extension, internal rotation) were not signiﬁcantly different
between groups.
Our results are encouraging considering that many of the
potential advantages of robot therapy were not implemented in
this study’s protocol. First, because robot-assisted movements
can be performed with minimal or no supervision, higher
intensity of therapy, beyond 3 hours a week, can be provided
without requiring increased amounts of 1-on-1 attention from
therapists. Second, movement trajectories of arbitrary shapes
can be created and customized for each subject. Third, subject
performance during training might be improved by immediate
visual feedback of the forces the affected limb was producing.
Fourth, integration of robot-assisted movement into regular
treatment may further enhance its effectiveness. For example,
the therapist might apply hands-on postural cues while the
subject is performing robot-assisted tasks. Fifth, in the present
Arch Phys Med Rehabil Vol 83, July 2002

study, the robot-assisted movements were well within the subject’s passive ROM. As safety measures improve, subjects will
be allowed to work within their entire passive ROM. Sixth,
several studies have investigated the use of force and kinematic
measures during robotic treatment to quantify motor impairments more precisely,37-39 potentially providing the clinician
with improved ability to assess patient progress.
The bimanual mode of robot-assistance is unique to MIME.
In this mode, subjects attempt bimanual mirror-image movements while the limbs are maintained in mirror-image symmetry by the robot, which assists the affected limb by continuously moving the affected forearm to the contralateral
forearm’s mirror-image position and orientation. Conceptually,
this type of robotic assistance is supported by a recent pilot
study40 with chronic subjects, which used a mirror placed in the
vertical parasagittal plane during bimanual symmetrical movements to provide feedback to the patient in the form of visual
images of a properly moving affected limb. The investigators
found that subjects trained in this way had substantially greater
improvements in limb movement than a control group in which
the mirror was replaced by transparent plastic. They hypothesized that the proper visual input substitutes for lost proprioceptive input and recruits the premotor cortex into the rehabilitation process. They based this hypothesis on the fact that the
premotor cortex is highly responsive to visual input,41 contributes to descending corticospinal tracts, and is involved in
bimanual movements.42 This result supports the use of MIME’s
bimanual mode, which provides both visual and proprioceptive
feedback of a properly moving limb in phase with the attempted movements.
CONCLUSION
Our results and the results from MIT-MANUS offer evidence supporting further research into robotic manipulation for
poststroke therapy. Although MIME has many similarities with
MIT-MANUS, several features distinguish the 2 systems. MITMANUS can be programmed to interact with the patient with
low impedance, giving it a soft, compliant feel during movements in the horizontal plane. On the other hand, MIME can
completely control both the position and orientation of the
forearm in space and can accommodate a large range of complex 3-dimensional movement patterns. MIME’s novel bimanual mode allows subjects at any impairment level to practice
and complete mirror-image bimanual movements. Future research should identify what features are essential to the efﬁcacy
of robotic manipulation. Integration of robotic manipulation
into current practice holds the promise of improving the quality
of physical rehabilitation, alleviating its labor-intensive aspects, and increasing the efﬁciency of therapists.
Acknowledgments: We gratefully acknowledge Doug Schwandt
and Jim Anderson for their invaluable assistance in the design and
fabrication of the MIME system. We thank Deborah Kenney and
Cheryl Pierson-Carey for their assistance in executing the treatment
protocols.
References
1. Gresham GE, Duncan PW, Stason WB, et al. Post-stroke rehabilitation. Clinical Practice Guidelines No. 16. Rockville (MD): US
Dept of Health and Human Services, Public Health Service,
Agency for Health Care Policy and Research; 1995. AHCPR
Publication No. 95-0662.
2. Dobkin BH. The economic impact of stroke. Neurology 1995;45
Suppl 1:S6-9.
3. Feeney DM, Gonzalez A, Law WA. Amphetamine, haloperidol,
and experience interact to affect rate of recovery after motor
cortex injury. Science 1982;217:855-7.

ROBOT-ASSISTED MOTOR REHABILITATION, Lum

4. Nudo RJ, Wise BM, SiFuentes F, Milliken GW. Neural substrates
for the effects of rehabilitative training on motor recovery after
ischemic infarct. Science 1996;272:1791-4.
5. Taub E, Miller NE, Novack TA, et al. Technique to improve
chronic motor deﬁcit after stroke. Arch Phys Med Rehabil 1993;
74:347-54.
6. Miltner WH, Bauder H, Sommer M, Dettmers C, Taub E. Effects
of constraint-induced movement therapy on patients with chronic
motor deﬁcits after stroke: a replication. Stroke 1999;30:586-92.
7. Taub E, Uswatte G, Pidikiti R. Constraint-induced movement
therapy: a new family of techniques with broad application to
physical rehabilitation—a clinical review. J Rehabil Res Dev
1999;36:237-51.
8. Liepert J, Bauder H, Wolfgang HR, Miltner WH, Taub E, Weiller
C. Treatment-induced cortical reorganization after stroke in humans. Stroke 2000;31:1210-6.
9. van der Lee JH, Wagenaar RC, Lankhorst GJ, Vogelaar TW,
Deville WL, Bouter LM. Forced use of the upper extremity in
chronic stroke patients: results from a single-blind randomized
clinical trial. Stroke 1999;30:2369-75.
10. Buteﬁsch C, Hummelsheim H, Denzler P, Mauritz KH. Repetitive
training of isolated movements improves the outcome of motor
rehabilitation of the centrally paretic hand. J Neurol Sci 1995;130:
59-68.
11. Hummelsheim H, Maier-Loth ML, Eickhof C. The functional
value of electrical muscle stimulation for the rehabilitation of the
hand in stroke patients. Scand J Rehabil Med 1997;29:3-10.
12. Parry RH, Lincoln NB, Vass CD. Effect of severity of arm
impairment on response to additional physiotherapy early after
stroke. Clin Rehabil 1999;13:187-98.
13. Feys HM, De Weerdt WJ, Selz BE, et al. Effect of a therapeutic
intervention for the hemiplegic upper limb in the acute phase after
stroke: a single-blind, randomized, controlled multicenter trial.
Stroke 1998;29:785-92.
14. Chae J, Bethoux F, Bohine T, Dobos L, Davis T, Friedl A.
Neuromuscular stimulation for upper extremity motor and functional recovery in acute hemiplegia. Stroke 1998;29:975-9.
15. Powell J, Pandyan AD, Granat M, Cameron M, Stott DJ. Electrical stimulation of wrist extensors in poststroke hemiplegia. Stroke
1999;30:1384-9.
16. Volpe BT, Krebs HI, Hogan N, Edelstein OL, Diels C, Aisen M.
A novel approach to stroke rehabilitation: robot-aided sensorimotor stimulation. Neurology 2000;54:1938-44.
17. Kwakkel G, Wagenaar RC, Koelman TW, Lankhorst GJ, Koetsier
JC. Effects of intensity of rehabilitation after stroke. A research
synthesis. Stroke 1997;28:1550-6.
18. Ottenbacher KJ, Jannell S. The results of clinical trials in stroke
rehabilitation research. Arch Neurol 1993;50:37-44.
19. Langhorne P, Wagenaar R, Partridge C. Physiotherapy after
stroke: more is better? Physiother Res Int 1996;1:75-88.
20. Burgar CG, Lum PS, Shor M, Van der Loos HF. Rehabilitation of
upper limb dysfunction in chronic hemiplegia: robot-assisted
movements vs. conventional therapy [abstract]. Arch Phys Med
Rehabil 1999;80:1121.
21. Burgar CG, Lum PS, Shor P, Van der Loos HF. Development of
robots for rehabilitation therapy: the Palo Alto VA/Stanford experience. J Rehabil Res Dev 2000;37:663-73.
22. Lum PS, Reinkensmeyer DJ, Mahoney R, Rymer WZ, Burgar CG.
Clinical considerations in the use of robotic devices for movement
therapy following stroke. Top Stroke Rehabil 2002;8:40-53.
23. Wiederman MW, Morgan CD. The Neurobehavioral Cognitive
Status Exam (NCSE) with geriatric inpatients. Clin Gerontologist
1995;15(4):35-47.

959

24. Bobath B. Adult hemiplegia evaluation and treatment. 2nd ed.
London: Heinemann; 1978.
25. Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, Steglind S. The
post-stroke hemiplegic patient. 1. a method for evaluation of
physical performance. Scand J Rehabil Med 1975;7:13-31.
26. Duncan PW, Propst M, Nelson SG. Reliability of the Fugl-Meyer
assessment of sensorimotor recovery following cerebrovascular
accident. Phys Ther 1983;63:1606-10.
27. Wade DT, Collin C. The Barthel ADL Index: a standard measure
of physical disability? Int Disabil Stud 1988;10(2):64-7.
28. Gresham GE, Phillips TF, Labi ML. ADL status in stroke: relative
merits of three standard indexes. Arch Phys Med Rehabil 1980;
61:355-8.
29. Hamilton BB, Granger CV, Sherwin FS, Zielezny M, Tashman JS.
A uniform national data system for medical rehabilitation. In:
Fuhrer MJ, editor. Rehabilitation outcomes: analysis and measurement. Baltimore: Brookes; 1987. p 137-47.
30. Hamilton BB, Laughlin JA, Fiedler RC, Granger CV. Interrater
reliability of the 7-level functional independence measure. Scand
J Rehabil Med 1994;26:115-9.
31. Hughes RE, Johnson ME, O’Driscoll SW, An KN. Age-related
changes in normal isometricshoulder strength. Am J Sports Med
1999;27:651-7.
32. Andrews AW, Thomas MW, Bohannon RW. Normative values
for isometric muscle force measurements obtained with hand-held
dynamometers. Phys Ther 1996;76:248-59.
33. Andrews AW, Bohannon RW. Distribution of muscle strength
impairments following stroke. Clin Rehabil 2000;14:79-87.
34. Siegel S, Castellan NJ. Nonparametric statistics for the behavioral
sciences. 2nd ed. Boston: McGraw Hill; 1988. p 137-44.
35. Schafer JL. Analysis of incomplete multivariate data. Vol 72.
London: Chapman & Hall; 1997.
36. Wagenaar RC, Meijer OG. Effects of stroke rehabilitation. I: A
critical review of the literature. J Rehabil Sci 1991;4:61-73.
37. Lum PS, Burgar CG, Kenney DE, Van der Loos HF. Quantiﬁcation of force abnormalities during passive and active-assisted
upper-limb reaching movements in post-stroke hemiparesis. IEEE
Trans Biomed Eng 1999;46:652-62.
38. Reinkensmeyer DJ, Dewald JP, Rymer WZ. Guidance-based
quantiﬁcation of arm impairment following brain injury: a pilot
study. IEEE Trans Rehabil Eng 1999;7:1-11.
39. Krebs HI, Aisen ML, Volpe BT, Hogan N. Quantization of continuous arm movements in humans with brain injury. Proc Natl
Acad Sci U S A 1999;96:4645-9.
40. Altschuler EL, Wisdom SB, Stone L, et al. Rehabilitation of
hemiparesis after stroke with a mirror. Lancet 1999;353:2035-6.
41. di Pellegrino G, Fadiga L, Fogassi L, Gallese V, Rizzolatti G.
Understanding motor events: a neurophysiological study. Exp
Brain Res 1992;91:176-80.
42. Rothwell JC. Control of human voluntary movement. Rockville
(MD): Aspen; 1987. p 212.
Suppliers
a. Jay Medical, div of Sunrise Medical, 7477 East Dry Creek Pkwy,
Longmont, CO 80503.
b. Puma 560; Stäubli Corp, PO Box 189, 201 Parkway W, Hillside Pk,
Duncan, SC 29334.
c. Delta 330-30; ATI Industrial Automation, 1031 Goodworth Dr,
Apex, NC 27502.
d. MicroScribe™ 3DL; Immersion Medical, 55 W Watkins Mill Rd,
Gaithersburg, MD 20878.
e. QuickSTOP™; Applied Robotics Inc, 648 Saratoga Rd, Glenville,
NY 12302.
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