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a b s t r a c t
Stroke patients with hemiparesis often exhibit an asymmetrical weight distribution, with the paretic leg
providing less support and less weight-shift activity than the sound leg does. For upper-limb hemiparesis
constraint-induced movement therapy (CIMT), where the sound limb is constrained and the patient is
forced to use the paretic limb, has proven to be one of the most effective rehabilitation methods. However, this method has not been successfully modiﬁed for balance rehabilitation, since hard constraints on
the lower limb are difﬁcult to impose and can increase the risk of patient injuries. Here we introduce a
novel approach that encourages stroke survivors to use the paretic leg for weight-shifting tasks during
balance control training in a virtual reality setting. We recorded motion signals from each leg in real time
and streamed modiﬁed versions of these signals to the Nintendo Wii Fit gaming system. By independently manipulating the inﬂuence of each leg during game play, we successfully forced the stroke survivors to increase the use of the paretic leg. Our preliminary clinical trial, including three patients with
hemiparesis in the chronic phase, found that one-week of training improved patients’ ability to maneuver
their center of pressure (COP) during a tracking task. More encouragingly, patient’s weight distributions
became more symmetrical. These initial results suggest that manipulating control gains during VR rehabilitation may allow the principles of CIMT to be applied during balance training in stroke survivors.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Stroke is associated with a sudden loss of neurological function
due to intracranial vascular problems. The occurrence of stroke is
high in developed countries as well as in developing countries:
the number of stroke occurrences in the United States has increased steadily from 3 million in 1997, to 4.7 million in 2004
and to about 5.8 million in 2009 [1]. Stroke is the leading cause
of disability in China and the reported cases of stroke in China
are larger than any other countries [2,3]. The socio-economical cost
of stroke associated with stroke treatment and rehabilitation is
high across the global. For United States alone the direct and indirect medical cost of stroke is estimated to be $34.3 billion for the
year of 2008, as estimated by The American Heart Association
[1]. By comparison, the estimated cost of all cancers is $219 billion.
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Stroke results in more disability than death. Among the millions of
new stroke survivors each year, more than one half of them experience long lasting disability. This makes long-term management
of stroke an important therapeutic, rehabilitation and social issue.
Many stroke survivors have postural and balance problems,
such as increased body sway and asymmetric weight distribution,
that reduce their mobility and affect their daily life. Conventional
in-hospital therapies and recently developed robot-assisted therapies for improving balance in stroke survivors are costly and often
difﬁcult to implement. Rehabilitation robots can cost up to hundreds of thousands of dollars, and may only provide limited
therapeutic beneﬁts [4]. Moreover, the need for patients to travel
to the hospital limits practice time and compliance. Rehabilitation
researchers have also resorted to simple computer games for
balance training, such as commercially available [5,6] or custom
systems [7–9]. The former systems are limited by their high cost
and the need for trained therapists to constantly supervise the
rehabilitation program. The latter, customized systems are inexpensive but the training tasks they can provide are fairly simplistic,
typically prompting patients to shift a cursor that represents their
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center of pressure (COP) on a computer screen. They are certainly
not as engaging as state of the art games on console systems such
as Microsoft Xbox, Nintendo Wii or Sony PlayStation see a recent
review [10]. Long compliance to a training regime would likely
be much higher, if therapeutic systems could leverage the games
available on console-based systems. There is a small body of studies trying to introduce virtual reality (VR), particularly motion
gaming using the Sony PlayStation EyeToy and Nintendo Wii Fit,
into balance training [11–14]. As compared to dedicated VR systems, these gaming systems are inexpensive, portable and easy
to set up at home. Therapies that utilize current quality motion
games and that are able to improve balance control have the potential to beneﬁt a growing stroke population.
Without rehabilitation, stroke patients tend to stop using the affected, paretic limb after being discouraged by the difﬁculty. Consequently, the cortical area representing the affected limb is
dramatically reduced [15,16]. By constraining the unaffected limb
and forcing the patient to use the affected limb, researchers can
help patients recover the use of their affected limb. This type of
therapy has been named as constraint-induced movement therapy
(CIMT) and it usually requires the patient to wear a mitt or a sling
on the paretic hand or arm to constrain its use. Through repetitive
practice with non-constrained, paretic upper limb, patients can
improve their motor control ability even for patients disabled
for many years after stroke [17]. As a result, the affected cortical
area returns to the normal size [18–20]. This therapy has been
recognized by American Heart Association as ‘‘the forefront of a
revolution’’, and has led to impressive results for upper limb
rehabilitation. Developing effective lower limbs constraints,
however, has been challenging. Several studies have examined
lower limb CIMT by locking the knee joint of the unaffected leg
[21]. However, constraining the lower limbs hinders the patient’s
mobility and makes maintaining postural stability even more difﬁcult. Moreover, coordination across legs is essential to postural
control, in contrast to the upper limbs which are generally much
more independent. The challenge of lower limb CIMT is to encourage the use of the affected leg in balance control without hindering
the unaffected leg.
In the present study, we combined the principle of CIMT with
balance-related motion games for balance rehabilitation in chronic
stroke survivors. Our novel system measures the center-of-pressure (COP) of both legs separately and modiﬁes the signals such
that the patient needs to make more physical effort in the paretic
leg to produce the motion signals (a virtual COP excursion). This
augmented COP signal is then routed to a commercially available
Nintendo Wii Fit gaming system allowing the subject to control
the avatar in ﬁrst-person balance games. We present case study
results from 3 stroke survivors who underwent balance training
with this system. We found that compared to conventional stroke
rehabilitation, one-week training with the modiﬁed Wii Fit system
resulted in substantial improvement in the ability to dynamically
control COP as well as improvement in stance symmetry. The simplicity and affordability of this VR system make this a potentially
useful rehabilitation tool for balance training in stroke patients
both in clinical settings and at home.

2. Methods
2.1. Modiﬁed VR system
We adopted hardware components from the Nintendo Wii Fit
game system (Fig. 1A). Patients stood on two separate balance
boards, one for each foot. Each balance board has load cells on each
of the four corners that measure the vertical force. Using these four
measurements, the center-of-gravity can be estimated. Individual
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Fig. 1. (A) Schematic illustration of the system setup. The participant stands on an
enlarged platform, each foot on an individual Wii Fit balance board. The COP signals
and load cell readings from each board are transmitted to a PC via Bluetooth
adapter. Signals are then fused and modiﬁed to allow the legs to contribute
differentially to the game. These virtual control signals are then sent to a modiﬁed
Wii Fit board, which is connected to a Wii console on which the actual games are
played. Visual feedback is provided on a back-projection screen. (B) A healthy
control standing on double balance boards to play the Wii Fit game ski slalom with
the modiﬁed Wii Fit system. (C) An inside view of modiﬁed Wii balance board. An A/
D card (in the white oval) converts the virtual COP signals received from the
computer to analog signals. It then feeds this signal into the control chip onboard
(in the black circle). This control chip communicates with the Wii console for
gaming.

balance boards have been used previously to assess standing
balance [22]. Here two balance boards were placed side by side
with a center-to-center distance of 31 cm. Rather than communicating with a Wii console, these two balance boards communicated
with a notebook computer via a Bluetooth adapter (Trendnet TBW104UB). The computer would then use the signals from both
boards and combine them in real time into a single ‘‘virtual’’ Wii
Fit signal. This was achieved by weighting the COP readings from
both boards according to:

COPv irtual ¼ a  COPunaffected þ b  COPaffected
where COPunaffected and COPaffected are the COP coordinates from the
unaffected leg and the affected leg, respectively. a and b are their
corresponding weighting gains. COPvirtual, the virtual centerof-gravity, is a weighted average of two COPs from both legs and
it controls the movement of the avatar in game playing. The magnitudes of a and b directly affect the control gains of each leg. For
instance, with a smaller b, the affected leg will need to move more
to exert the same inﬂuence on the combined, virtual COP.
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The four force sensor values associated with COPvirtual were converted into voltage signals (5 to 5 V) by an A/D card (Arduino
Duemilanove) and fed into a third balance board that was modiﬁed
to accept analog inputs from external sources instead of the readings of its own load cells (Fig. 1B). A similar modiﬁcation on the Wii
gaming system has been proposed [23]. Our conﬁguration allowed
participants to play commercial Wii Fit games with each leg
contributing a variable amount of control.
In Wii Fit games, gaming performance is usually determined by
the COP movement, which corresponds to COPvirtual in our system.
Here we can measure the force and COP applied by each individual
leg. Importantly, with our hardware design we can change the
inﬂuence of the signal from each foot separately and adaptively
by varying a and b. To encourage patients to use the paretic leg,
we assign relatively less weighting to its signals to force the participant to load more on the paretic leg. Speciﬁcally, when b is smaller
than a, the avatar will lean to one side unless the participant
applies more load on the paretic leg. This will thus encourage the
patients to make more effort to manipulate weight shifts using
the paretic leg in game playing. Too large of a discrepancy between
a and b should be avoided, however, as it tends to make game play
too challenging. In our experiment, most of the game trials had a
set as 1.2 and b at 1, resulting in a gain ratio of 1.2.
The data acquisition programs running on the PC were written
in Matlab and the A/D conversion performed by the Arduino card
were controlled by an on-board processing program. The actual
COP displacement of each leg and the vertical forces from individual load cells of the Wii balance boards were sampled at a frequency of 100 Hz.
2.2. Experiment protocol
Three individuals with chronic hemiparesis subsequent to
stroke participated in our study. The study protocol was approved
by the Ethnics Committee of Peking University First Hospital, and
written, informed consent was obtained from each participant before the study. The participants were 55-, 71- and 78-years old
with 25, 78 and 8 months since stroke, respectively. Patient 1
had high blood pressure for 6 years and type-II diabetes for
15 years; patient 2 had high blood cholesterol for 10 years; patient
3 (control) had high blood pressure for 21 years and rheumatic
heart disease for 12 years. However, they did not have any motor
disorder that prevents them from participation in VR training. They
could perform single leg standing and walk independently. Their
10-m walking test was ﬁnished within 14, 9 and 8 s, respectively.
All participants could comprehend our experimental tasks. The
ﬁrst two participants (test group) took part in our balance training
and had left and right hemiparesis, respectively. The third participant had right hemiparesis and served as a control, only receiving
conventional rehabilitation (see below).
The study consisted of 3 weeks of training. In the ﬁrst and the
third week, the two test participants received a 3-h conventional
rehabilitation program on each working day. The program included
aerobic exercise, muscle strength training, as well as upper-limb
and lower-limb functional training. In the second week, the test
participants received 30–40 min of Wii training in addition to
conventional training on each working day. The total training time
remained the same at 3 h by reducing the duration of conventional
training. During the Wii training, a therapist and two graduate
students accompanied the participants and supervised game play
at all times. The control participant received one-week of conventional rehabilitation only.
To facilitate comparisons between trials and between days, we
selected the game ‘‘ski slalom’’ as the primary training game. This
game requires participants to shift their COP laterally to navigate
an avatar through a series of gates, simulating a real ski slalom.
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It is appropriate for our therapeutic purposes, since it prompts patients to overcome lateral asymmetry. Medio-lateral COP excursions control direction, while anterior–posterior excursion of COP
controls the speed of downhill skiing. We found that the two test
participants tended to lean forward, resulting in uncontrollable,
high speed in the ski game. To correct this bias, we modiﬁed COPvirtual
during A/D conversion by assigning higher weights to the virtual
load cells in the back. This produced a slightly backward shift in
actual COP used in game playing, similar what would occur with
leaning the body backward. With this small modiﬁcation,
participants could play the ski slalom game ﬂuently despite their
abnormal posture.
During the ﬁrst and the second days of VR-training, we randomly selected 9 trials and assigned an a:b ratio of (0.8, 1, 1.05,
1.08, 1.4, 1.5, 1.6, 1.8, 2.0) to examine the systematic effect of control gain on the actual activity of legs. These trials, together with
the standard trials (1.2 gain ratio), were analyzed to examine the
relationship between gain ratio and the resulting COP movements.
2.3. Performance assessment
To independently evaluate participants’ ability to steer their
COP, we designed a task that required the participants to track a
moving visual stimulus with a COP-controlled cursor. A red target
cursor moved left and right on a projection screen, driven by a
sinusoidal waveform with a frequency of 0.5 Hz. Participants were
required to track the target with a small blue cursor that was driven by their lateral COP excursion. The amplitude of the desired
oscillation was 24 cm, and the tests consisted of 1-min long trials.
The integral of the distance between the target and the actual COP
(called tracking error) was calculated for each trial. The ﬁrst 5 s of
each trial were excluded from the analysis to eliminate the inﬂuence of initial transients that occurred as the participants acquired
the target.
To assess the symmetry of participant’s weight distributions,
we also measured the weight bearing on each foot. Participants
stood still on the same two Wii balance boards that were used
for their VR training. They were required to ﬁxate at the center
of the projection screen and remained relaxed for a minute. The
vertical loading of each leg was averaged during the period of
the trial and the relative ratio between two legs (left versus right,
called load ratio) served as a symmetry measure.
For the test group, the COP tracking test and the quiet standing
test were conducted on Monday and Friday in the ﬁrst week to
establish a baseline performance level before the VR training week
(see Fig. 2C). They were then tested on every working day in the
second week (VR training week) and third week (retention week,
with conventional therapy only). For the control participant, the
tests were conducted every working day of his only training week.
These two tests were conducted twice, one before and one immediately after the rehabilitation session on each day and their
average were reported. We also gave participants 5 familiarization
trials when they ﬁrst learned the COP tracking test. The inclusion of
a control participant for a single week was to test how his COP
tracking performance improved without Wii training. The daily
averages were reported.
The COP excursion and the weight bearing were also measured
during actual game play. In the ski slalom game, the gates, i.e., the
intermediate movement goals, are constant across game trials. The
COP movements that participants produced would thus follow a
similar path with certain trial-to-trial variance. We quantiﬁed each
leg’s involvement in game playing by calculating the range,
standard deviation, and total distance of COP excursions within a
trial. Similarly, the ratio of weight bearing between the two legs
was calculated to assess their symmetry of body weight distribution during active play.
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Fig. 2. The visual tracking task designed to evaluate participant’s ability to
maneuver their COP laterally. (A) Screen display of the task. The target marker
moves sinusoidally and continuously between two vertical lines. The black cursor,
representing the lateral displacement of the participant’s COP, is controlled by the
participant to track the target, denoted by the gray disk. (B) A typical COP trajectory
measured from participant 1. The gray curve denotes the target movements and the
black curve is the actual COP movement. (C) The timeline of experiment for the test
group. Each square represents a day of therapy and the ﬁlled black square
represents a day with tests. Week 1 is to establish a performance baseline; week 2 is
for assessing day-by-day learning effect; week 3 is to measure the retention of
learning from week 2.

3. Results
Two patients in the test group successfully ﬁnished the VR
training session without any discomfort or nausea. Depending on
participants’ performance, the number of game playing trials that
each participant could ﬁnish within a day varied. On average
participants ﬁnished 22.2 ± 3.7 trials per day with the number of
trials performed on each day varying slightly. We evaluated their
performance measures over trials and across days.
Without control gain manipulations the COP movements measured from two feet clearly indicated that the paretic leg has less
activity and less weight bearing during normal game (Fig. 3 top).

Participant 1 had left hemiparesis and his right leg on average
had less weight bearing. This asymmetry was reﬂected in the
COP movement during game playing such that the right leg exhibited much less COP excursion than the left leg. However, when we
increased the gain for the affected leg from 1 to 1.2, the weight
supported by the right leg increased while the weight supported
by the left leg decreased. The COP trajectory appeared to increase
its variance slightly.
By quantifying the COP excursions, we conﬁrmed that our
manipulation of control gains on individual legs were effective in
biasing the relative contribution of the paretic leg in the task
(Fig. 4). Using participant 2 as an example, when the gain increased
for the left (unaffected) leg, the participant put more body weight
on the right (paretic) side such that the overall weight bearing on
the right board was higher. Furthermore, the range, distance and
standard deviation of the COP movements were reduced for the
paretic leg when the gain increased. This might be due to the difﬁculty subjects encountered in maneuvering the affected leg when
it was more loaded. Each of these gain-dependences were approximately linear (linear regression, p < 0.05, 0.0005 and 0.01 for load,
COP distance, standard deviation of COP, respectively) except for
the COP range (p = 0.11). These simple linear relationships thus enabled us to quantitatively manipulate the relative activity of each
of the participant’s legs.
We evaluated the participants’ ability to maneuver their COP
during three weeks of training (Fig. 5). In the ﬁrst week of conventional therapy, their performance appeared to remain the same
when tested on Monday and Friday. However, during the second
week there was a clear tendency of reduction in tracking error over
days. This improvement happened mostly at the beginning two
days. During the third week, the participants were tested again
to examine the retention of learning. Both participants exhibited
a rebound in performance (spontaneous recovery) but learning
retention was still visible at the end of the third week. For the control participant his tracking error only showed slight improvement
over the week of conventional therapy. The average improvements
in tracking error (normalized by participants’ initial performance)
were 27.8%, 46.2% and 8.2% for the two test participants and the
control participant, respectively.
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Fig. 3. The COP trajectory and the average loading of two legs during a single trial of game playing. Two trials from participant 1 are shown with gain ratio set at 1 and 1.2,
respectively. The trajectory is down-sampled to 20 Hz for clarity with gray level denoting increasing time within the trial. Participant 1 has left hemiparesis; thus, his right
side is the affected side.
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(B), standard deviation (C), and range (D) of lateral COP displacement. The data is from participant 2 whose right leg is paretic. The general trend is similar for participant 2
(not shown). The linear regression equations and their corresponding p-values are also shown for each measure. These results indicate that with increasing gain on the
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curves within one week for each participant; the dotted lines denote the exponential-learning targets.

To assess learning extent and learning rates we ﬁtted an
exponential learning function to each participant’s data (Fig. 5),
according to y = et/s + b, where y is the tracking error, t is the
number of the day, s signiﬁes the learning rate, and b is the learning target. For the test participants, the average performance from
the ﬁrst week was used as the initial performance. Hence, together
with data from the VR-training week, the learning curves were derived from performances in 6 days. For the control participant,
only data from 5 days could be used. Data from each participant
were normalized by dividing their ﬁrst-day performance. We
found that the learning rates varied substantially across participants with s = 7.1, 3.0 and 5.0 days for two test and the control
participants, respectively. On the other hand, the two test participants had much lower learning targets (41.4% and 38.9%, respectively) than the control participant (82.7%). The improvement in
COP tracking appears to be substantially larger with VR-training
than without.

To evaluate stance symmetry, we examined the relative weight
bearing between the legs over the course of training (Fig. 6). On the
ﬁrst day of training, participants 1 and 2 had load ratios smaller
and larger than 1, respectively. This was expected as they had left
and right hemiparesis and the unaffected leg had higher weight
bearing in both cases. Over the course of VR-training the load ratio
trended towards 1, indicating that more weight was being put on
the paretic leg. This improvement in weight distribution was still
visible during the third week (after the VR training). In contrast,
the control participant did not show a similar improvement during
the week of conventional rehabilitation. We performed linear
regression on the load ratio against the number of days (Fig. 6)
to assess the trend of change. Both test participants have signiﬁcant linear trends (p < 0.05) towards 1, while the control participant did not show the same trend (p = 0.11). These results
suggest that, in addition to improving dynamic tracking accuracy,
VR-training can improve stance symmetry.
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Fig. 6. The ratio of loading between the left versus the right leg during quiet standing. Each bar denotes an average load ratio of two 1-min long trials collected on a single day.
Data from different participants are shown in separate plots. The dash horizontal line denotes a load ratio of 1, which is typically observed in the healthy. The right-most
panel shows the linear regression of the load ratio over the course of one week. Note that the test participants trend towards a symmetric stance.

4. Discussion
The present study applied the principles of CIMT to lower-limb
balance rehabilitation by using a modiﬁed off-the-shelf motion
gaming system. Our preliminary results from three chronic stroke
patients with hemiparesis demonstrated that a virtual reality system with augmented control gains can increase weight bearing on
the paretic leg. Compared to a conventional stroke rehabilitation
program, one week of training with this modiﬁed CIMT rehabilitation improved participants’ performance in COP tracking and
stance symmetry. Although our study is a small-sample clinic
study, our results suggest that the principles of CIMT therapy
may be applied to balance training in stroke survivors with a
low-cost, customizable VR system.
One of the goals of constraint induced movement therapy is to
encourage stroke survivors to make use of their paretic limb. Without correction, functional limitations on one side of the body can
cause stroke survivors to use their unaffected side more frequently,
leading to further physical deteriorations on the paretic side.
Although most off-the-shelf gaming systems lack the capacity to
control the inﬂuence of different limbs [11–13], our VR system
can modulate the control gains of individual legs during game play.
Our manipulation increases weight bearing on the paretic leg and
reduces COP excursion, since participants had difﬁculty maneuvering the leg under higher load. By manipulating the COP signals in
different ways we may be able to encourage greater excursions
as well. Here we have simply shown that our modiﬁed system
can apply CIMT principles to encourage participants to make use
of their paretic limb.
With our VR training, participants exhibited substantial
reductions in tracking error during a COP tracking task and increases in stance symmetry. These results suggest that both
dynamic and static stability may be improved by a modiﬁed
balance game therapy. Although it is difﬁcult to draw strong conclusions from the limited patient sample in our study, our initial
results are encouraging.
In the tracking task a portion of the observed improvement is
likely to be contaminated by practice effects. However, we attempted to minimize the effects of practice by providing ﬁve familiarization trials before formal tests on the two testing days in the
ﬁrst week. Since most improvement happened during the second
week with VR training and the control participant did not exhibit
the same dramatic improvement, most of the improvement cannot
be attributed to practice. Moreover, on the third week when subjects had only conventional rehabilitation, both test participants
exhibited spontaneous recovery (e.g., [24]). That is, performance

did not improve despite having patients having more practice. This
recovery may suggest that improvement in dynamic stability was
directly related to VR training during the second week. On the
other hand, stance symmetry, as assessed by the quiet standing
task, appears to be free of practice effects and the lack of spontaneous recovery may suggest that it is possible to retain improvements in symmetry induced by VR training.
Although our ﬁndings suggest that VR-based rehabilitation may
be an effective approach to lower-limb hemiparesis, our performance metrics may only be capturing very speciﬁc learning effects.
The Wii Fit games require players to coordinate the trunk and leg
muscles to swiftly and accurately shift body weight. The Wii training is, thus, very similar to the COP tracking assessment task. Similarly, the augmented control gain forces participants to load their
paretic leg during VR training and encourages a more symmetrical
stance. Since a direct transfer of learning may be inﬂating participants’ performance during our evaluation, additional measures
are necessary to examine more general improvement in participant’s balance. A full-scale clinical trial using balance-related clinic
scales such as Berg Balance Scale, Timed-up and Go test and
Dynamic Gait Index [12] is necessary to draw any concrete conclusions about the effectiveness of this technology in rehabilitation.
In a full-scale clinical trial it would also be valuable to assess
motivation, compliance, and retention. Previous studies on VR
rehabilitation have suggested that learning can be sustained up
to three or six months [5] and that functional recovery can be
transferred to daily activity [25]. Anecdotally, our test participants
were generally very satisﬁed and motivated after playing the Wiibased games, calling the daily session ‘‘happy rehabilitation’’.
Although it may be engaging, it is not clear whether game play will
have beneﬁts that generalize to daily life.
Our novel approach to combine VR rehabilitation with CIMT
overcomes several major drawbacks of previous approaches. A
major concern for dedicated VR systems in rehabilitation (such
as IREX system) is their high cost [26]. Recent studies in utilizing
off-the-shelf motion gaming systems such as Nintendo Wii, Sony
PlayStation EyeToy, and stock games in the rehabilitation settings
clearly circumvent the cost problem [11–14,25,27,28]. However,
these VR systems lack the customization necessary to be useful
for patient populations [12]. Due to diverse disabilities, patients
often have difﬁculties engaging in motion gaming environments
that are designed for the healthy. Game playing or performance
feedback is usually frustrating for the patients, since they can
rarely achieve normal performance and rehabilitation practitioners
cannot easily change the rating system hard-coded in the stock
game. Relative to most dedicated VR systems, our system is
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inexpensive: modiﬁcation of the Wii Fit system and inclusion of
two additional Wii balance boards costs about $200. In contrast
to off-the-shelf gaming systems, our system has the capacity to
modify participants’ motion signals in real time according to their
individual needs. For instance, here we found that the two participants had a tendency to lean forward during game playing, resulting in uncontrollable speeds in the ski slalom game. To correct this
we simply assigned large weights to signals from load cells on the
back of the balance board such that the virtual player leaned backwards and allowed more ﬂuent game play. Similarly, we could
dynamically and adaptively change the control gain of each leg
to continually encourage the use of the paretic leg over the course
of rehabilitation. The VR system presented here allows a high
degree of customization and can balance effort and ease of use during balance rehabilitation.
Our system also has the potential to be a true remote rehabilitation system, such that post-stroke therapy programs can be performed and monitored at home [29,30]. Our system stores all of the
motion signals from VR training on a PC. This rich data set contains
a complete record of training outcomes and can be analyzed by
health practitioners who can then make necessary adjustments
or suggestions according to each individual’s baseline performance
and progress during the rehabilitation program.
5. Conclusion
Here we have presented initial efforts towards a low-cost, customizable, lower-limb VR rehabilitation system. Our study applies
CIMT principles to lower-limb balance rehabilitation in stroke
survivors via a novel modiﬁcation of an off-the-shelf motion game
system. By augmenting the control gain between motion signals to
the movement of virtual avatars in VR, we successfully encouraged
chronic stroke survivors to use the paretic leg with more effort. Our
preliminary clinic trial demonstrated that this VR-based CIMT
training improved dynamic stability and weight symmetry in
two chronic stroke survivors, relative to the control patient who
only received conventional rehabilitation. Although these initial
results are encouraging, our technique requires a full-scale casecontrol clinic trial to test its effectiveness across patients with
varying deﬁcits. Whether and how the beneﬁts observed in the
study can be retained and transferred to daily life call for further
investigation.
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