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Abstract

Gaming technology is a popular application for physical rehabilitation. However, the key problem with a
considerable group of patients is that their muscle function is extensively compromised, which significantly narrows
the population eligible for video game-based rehabilitation. We designed a training system to integrate gaming and
functional electrical stimulation for the lower leg muscles. Such a system is expected to motivate individuals to exercise
more, to assist muscle control, and to promote muscle strengthening. In our previous study, we demonstrated that
the training improved the lower leg muscles’ strength and increased the range of motion of the ankle joints. Here we
discuss some issues associated with a video game-based approach in rehabilitation, which need to be addressed. In
particular, one of the biggest challenges is in maintaining a proper balance between flexibility of the game application
to allow adaptation to the patient’s needs from physiological and functional perspectives, and attractiveness of the
game interface, all while assuring the most efficient and motivating rehabilitation. As the next step, we decided to
design different types of game-based exercises and to expand the variety of game strategies in order to promote
and maintain activity of peripheral and central structures of the neuromuscular system, and to avoid the monotony
of repetitive tasks. Our ultimate goal is to transfer re-training of movement skills practiced during video game-based
interventions to the ability to complete real world tasks and participate in functional activities outside of therapy.

Keywords: Muscle function; Video game-based rehabilitation;
Physical rehabilitation; Rehabilitative interventions

Introduction

Home-based rehabilitation of motor function is becoming a more
commonly suggested solution to the problem of insufficient inpatient
care and one that may facilitate the maintenance and improvement
of a patient’s physical health status [1,2]. It has been suggested that
since interactive computer gaming already plays an important role in
the lives of many people, video game applications may be also used to
enhance motivation during rehabilitation [3,4]. A video game-based
approach is considered appropriate for rehabilitation because of its
well-known assets. These include the opportunity for active learning,
which encourages and motivates the participant. In addition, it includes
the ability to simulate behavior in a challenging but safe environment
while maintaining strict experimental control over stimulus delivery
and measurement [2]. Moreover, video game-based approach can be
implemented when the course of conventional therapy is completed,
thus encouraging patients to further improve function. For instance,
it has been demonstrated that individuals with chronic incomplete
spinal cord injury (SCI) can improve their upright static and dynamic
postural control following video game-based balance training [5].
Several studies have reported that participants experienced high levels
of enjoyment while playing video games developed for rehabilitation
[6,7] and achieved a high number of repetitions [2,8], which are
critically important for successful rehabilitation. This may lead to
greater motivation to exercise more between sessions or at home [6].
Because of the low cost and technical simplicity, the video game-based
approach could be used to sustain a person’s continued level of activity
in his or her own home after being discharged from rehabilitation. As
such, video game-based therapy may be a way to supplement routine
rehabilitative interventions.

Despite the benefits of game-based rehabilitation, one of the main
problems is that the games are often too difficult for individuals whose
motor function is greatly compromised, thus the population eligible

for training seems to be considerably reduced. Novel interventions
which integrate robotic-assisted devices and gaming technology were
implemented recently in rehabilitation after stroke [9]. Although,
the effectiveness and feasibility of this approach in different patient
populations is yet to be explored, the high cost of these devises, their
portability, as well as the requirement for active therapist involvement,
limit their wide application in neuromuscular rehabilitation. As such,
there is a compelling motivation to address the needs of individuals
with disabilities by promoting low-cost, portable, and easy to control
and operate system, which will engage and motivate individuals
to participate in game-driven physical activities and rehabilitation
programs.

As one of the pioneers in this field, we suggest that this task can
be unraveled by means of functional electrical stimulation (FES)-
assisted contractions [10]. FES uses sequences of short electric pulses
to generate muscle contraction [11,12]. By stimulating a specific set of
muscles and employing specific stimulation sequences FES can generate
movements in individuals with impaired neuromuscular function, or
even with paralysis. To date, FES systems have been used extensively as
assistive devices, which patients could use in order to perform specific
motor tasks such as standing [13], walking [14], and grasping [15]. In
addition, FES is known as a countermeasure to musculoskeletal atrophy
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which is associated with many neuromuscular disorders [16]. Finally,
it has been demonstrated that goal-oriented exercises coupled with
electrical stimulation may promote adaptive plasticity of the central
nervous system, and result in greater functional outcomes as well as
clinical/physiological improvements [17].

Based on these considerations, we proposed a video game-based
training system that is designed to combine and augment the advantages
of both rehabilitation techniques. Consequently, by combining two key
technologies, namely video gaming and FES, we believe that we can
provide a training method that will motivate individuals with impaired
motor function to exercise more during clinically based rehabilitation
or at home, to assist in performing motor tasks, and to promote muscle
strengthening. To the best of our knowledge, the efficacy and feasibility
of combined FES and video game-based rehabilitation have not been
investigated yet.

Previous Study

In our recent pilot study [10], conducted with a participant
who had chronic complete SCI, we tested the feasibility of the video
game-based FES training system and its efficacy with respect to
the strength and endurance of the lower leg muscles, as well as to
the range of motion (ROM) of the ankle joints. The participant was
actively involved in the training procedure by operating the video
game controls via FES-induced ankle joint motions. The participant
adjusted the level of electrical stimulation delivered to his plantarflexors
or dorsiflexors using a joystick, which was connected to a Compex
Motion programmable 4-channel neuromuscular electrical stimulator
(Compex SA, Switzerland) [11,12]. The applied electrical stimulation
evoked corresponding muscle contractions that resulted in changes in
ankle joint angular displacement. This ankle joint angle was used as the
control input for the video game. Real-time data acquisition, processing,
visualization, and storage were performed using the LabVIEW 8.5
software package (National Instruments, USA).

During the training, the participant was seated on a padded bench
with a backrest support, and the feet were firmly strapped to the foot
platform (Figure 1). The platform was attached to the main shaft of

Figure 1: Schematic diagram of the main components and sequence of action
of the training system: (a) joystick, (b) neuromuscular electrical stimulator
(Compex Motion, Compex SA, Switzerland), and (c) foot platform.
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Figure 2: Interface of game-based exercise: (a) “snake”, (b) targets, (c) score,
and (d) adjustable parameters which include: speed of snake, number of
targets, adjustment of neutral position of ankle joints, and range of motion (i.e.,
peak plantarflexion and dorsiflexion).

the training device, which was inserted in the side bearings allowing
for smooth rotation. The axis of rotation of the main shaft was aligned
with that of the ankle joints. The main shaft was composed of two
sections, one of which supported the footplate, and the other which
held the inverted pendulum. The inverted pendulum was 1m in length
and was held in the upright position by the notch in the main shaft.
The system allowed the participant to perform isotonic and isometric
plantarflexions and dorsiflexions against exterior resistance provided
by the inverted pendulum and weight.

The goal of our game was to navigate a moving “snake” around
the screen in an attempt to hit as many randomly appearing targets
as possible without colliding with the wall (Figure 2). The turning
radius of the “snake” was controlled by the position of the ankle joints
detected by the tilt sensor (Kionix KXM52- 1050, Kionix Inc. Ithaca,
NY, USA). Although only one type of ankle joint motion was used
(i.e., plantarflexion and dorsiflexion), resulting in only one rotational
degree of freedom, the multidirectional displacement of the “snake”
was controlled utilizing three types of motion: with the joints in neutral
position, the “snake” moved in a straight line; in order to produce
clockwise or counterclockwise turns of the “snake’, the participant had
to elicit plantarflexions (forward inclination of joystick) or dorsiflexions
(backward inclination of joystick), respectively. Visual feedback was
provided by a large LCD monitor placed at eye level about 1.5 m in
front of the participant. To motivate the participant to improve his
performance, a score representing the number of collected targets was
displayed. The game parameters were adjustable, namely, the speed of
the snake and the number of targets, as well as the neutral position
in the ankle joints and the sensitivity of the tilt sensor to the angular
displacement of the foot platform. The size of the snake increased as
the participant progressed in the game, thus making navigation more
difficult, although in this version of the game colliding with the body
of the “snake” does not cause the player to lose. The training was
performed 3 days per week for a total of 48 sessions. Each session lasted
up to 60 minutes with a total FES time of at least 45 minutes. The overall
torque representing resultant torque exerted by the stimulated muscles
and passive torque produced by the training device, as well as the
angular displacement of the foot platform (corresponding to ankle joint
position) were recorded during the 1%, 25", and 48" training sessions.
In addition, an open-question interview was carried out to assess
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motivational aspects of the training and to capture the participant’s
opinion on how the training system could be improved [1,7,18].

We demonstrated the feasibility of our system in an individual with
motor complete paraplegia. The system provided a progressive overload
for the trained muscles, which is a prerequisite for successful muscle
training. The training resulted in a significant improvement of the
strength and endurance of the paralyzed lower leg muscles:

- During the 1st training session, the maximal torque values
reached 11.0 + 1.7 Nm and -5.1 + 0.8 Nm during plantarflexion
and dorsiflexion, respectively. Whereas during the 48th session,
the torque values increased up to 27.0 + 4.0 Nm and -16.0 + 2.0
Nm during plantarflexion and dorsiflexion, respectively (Figure
3A).

- The range of motion of the ankle joints also increased from
17.7 £ 2.1° and -2.9 + 0.8° (1st session) to 28.7 + 3.4° and -17.9
+ 1.5° (48th session) during plantarflexion and dorsiflexion,
respectively (Figure 3B).

Another key observation was that the interactive gaming FES
intervention can motivate a person with chronic SCI to perform muscle
training exercises. The game score representing the overall number of
collected targets during the 1* session reached 12 points, and increased
throughout the training period, reaching 421 points by the 48"
session. Moreover, during the interview, the participant reported that
he enjoyed controlling the video game-based training. He stated that
the video game was challenging to play, but could be easily adjusted
to meet the needs of the participant. The participant also reported that
the instruction to maximize his score during each trial motivated him
to play and to keep his attention on the game throughout the whole
session. The participant was encouraged to participate in this training
program on a regular basis.

Torque (Nm)

1st 25th 48th
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B Plantarflexion ® Dorsiflexion

Angle (deg)
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EPlantarflexion ™ Dorsiflexion

Figure 3: Data showing the maximal torque values (A) and the range of motion
of the ankle joints (B) during the 1st, 25th, and 48th training sessions. Positive
values represent parameters during plantarflexion; negative values represent
parameters during dorsiflexion.

Considerations from Previous Study

We have demonstrated that video game-based FES training resulted
in improvement in the lower leg muscle strength and endurance for
one participant, as well as in the range of motion of the ankle joints.
We also documented that our participant enjoyed the training process.
However, despite the benefits of our training, we discovered a number
of issues associated with video game-based rehabilitation, which need
to be addressed. First, the entertainment component of the system
should be tied to the exercise challenge and guide the user through
the protocol to minimize the need for therapist intervention. Secondly,
the system must be easily customizable to meet each patient’s need and
condition. Thirdly, the games for rehabilitation have to be as enjoyable
as possible. Video games are not “intrinsically” fun, and playing a
poorly designed or monotonous game for an hour will not necessarily
be more engaging than other forms of training.

Given the emphasis in our first game application on repetitive tasks
and adjustable parameters, our game interface in terms of its design
and presentation was not as appealing as that of commercially-available
games. Therefore, although our participant indicated that he enjoyed
the video game-based tool, and that he would like to continue the
treatment, there is still a need to improve the game interface, and make
it suitable and engaging for other users of different age or gender.

Given the variety of existing commercially available games and
gaming platforms, it seems very logical and attractive to implement
them in clinical population. Unfortunately, commercially available
games, although often having very appealing user interfaces, are
currently not suitable for rehabilitation purposes [19-22]. Their
non-rehabilitative focus leads to a number of issues: games mainly
target upper-body gross motor functions, games lack support for
task customization, grading, and proper quantitative measures of
performance, and gameplay is typically complex, requiring multiple
degrees of freedom and multi-button controls. It is possible that the
addition of more controls not directly linked to a rehabilitative action
would lessen the amount of muscle exercise the patient receives in a
training session of a given length. This trade-off between enjoyment
of the game and therapeutic benefits must be carefully weighed when
designing both hardware and software for rehabilitation. Additionally,
the lack of feedback to users or medical supervisors on the functional
improvements of patients throughout their training limits the ultimate
conclusions that could be drawn following long-term studies. Besides,
ensuring that proper training principles are followed generally requires
the continuous participation and supervision of skilled medical or
technical staff. Furthermore, some games require the user to have a base
level of reaction time and input dexterity to play in the way the game
designers intended. In addition, progression through the storyline of a
game might not require any long term improvement above that initial
level of skill. Many patients using games for rehabilitative purposes
would not have such ability at the outset of the training, and focusing on
those goals can even sometimes be harmful to the therapeutic patient
outcomes. Parameters such as range of motion, motor control, strength,
and endurance, which are prerequisites for successful rehabilitation, are
not systematically targeted.

Further, when combining FES with video-gaming, one should
take into consideration that the electrically stimulated contraction of
large muscles such as those in the lower legs introduces a large input
delay to the game control and feedback system on the order of 500 ms.
Games requiring quick fine adjustment of some parameter do not lend
themselves well to this kind of control and can be very frustrating to
play. We suggest that games that require long deliberate input action
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are better suited as rehabilitation games. One example might be a flying
game with insensitive or “high inertia” turning controls.

As the next step, we determined to design different types of video
game-based exercises with the goal to encourage participants to use
multiple repetitions of purposeful movements, and to avoid monotony
of repetitive tasks and complement the software interface with
functions that allow for monitoring and recording of training sessions.
Finally, algorithms for calibration and automatic on-line modification
of the game parameters according to participants performance will be
developed and added to the training protocol.

Future Development

Calibration

During calibration, the sensitivity of the system, resistance, range of
motion, and the intensity level of FES, will be adapted to the participant’s
capabilities (Figure 4). The participant will be instructed to perform
FES driven non-isometric concentric plantarflexion and dorsiflexion by
moving the joystick fully forward and fully backward. The resistance
will be adjusted to ensure the sufficient range of motion of the footplate
to control the game. If the participant is not be able to move the
footplate successfully, the resistance will be decreased by either the
participant or the therapist, and/or the stimulation intensity of FES will
be automatically increased should the participant choose this option.
The calibration will be performed separately for plantarflexion and
dorsiflexion. The established range of motion will be further used to
ensure that the participant is able to manipulate objects or interact with
the game environment and its objects within the limits of the screen.

Start calibration

Joystick:
1. Max forward
2. Max backward

Electrical stimulation

.

Muscle contractions

Foot plate motion?

YES

Adjust resistance

Tilt sensor

Range of motion:
1. Plantaflexion
2. dorsiflexion

Done calibrating?.

YES
End calibretion

Figure 4: Schematic diagram of the main components and sequence of action
during calibration.
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decreased?
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Figure 5: Schematic diagram of the main components and sequence of action
during video game-based training.

| Dorsiflexion Plantarflexion

Calibration

Training

Video game-based exercises will be designed to encourage
participants to perform multiple repetitions of purposeful movements
(plantarflexions and dorsiflexions). The games may vary but the
principles of the gameplay will remain common (Figure 5). First, the
difficulty level (e.g., speed, number of targets) will be selected. An
interface will be used so that the continuous real-time position of the
ankle joint will be expressed in the form of different moving objects
(e.g., “car’, “boat etc.) that are displayed on a large digital screen placed
in front of the participant. The multidirectional displacements of the
objects, triggered by plantarflexion and dorsiflexion, will control the
goal-directed video games utilizing three types of motion: with the
joints in neutral position, the objects will move in a straight line; in
order to produce clockwise or counterclockwise turns of the objects,
the participant will have to elicit plantarflexions or dorsiflexions,
respectively. In case if muscle fatigue will occur, which will be evidenced
by a decrease of the range of motion of the footplate, the participant will
be prompted to repeat the calibration procedure as detailed above.

It has been demonstrated that different brain structures are involved
during either feed forward or feedback game-based training [23]. For
instance, the motor cortex might be involved in feedback control
whereas the cerebellum might play a role in feed forward control by
acquiring internal models in new movement tasks [24,25]. One of our
goals is to promote and maintain activity of those structures during the
training. That will be especially in need in case of translating our game-
based training into other clinical populations, such as incomplete SCI,
stroke, etc. Finally, different types of exercises will be used with the goal
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to expend a variety of movement strategies, and to avoid the monotony
of repetitive tasks.

Stereotyped exercise (“Car”)

A given pre-planned target-directed pattern of movement will
have to be generated. For instance, the participant will be instructed
to navigate a “car” around a predetermined track in the shortest time
possible (Figure 6). If the “car” leaves the track (moving from the gray
“pavement” on to the green “grass” area), the turning speed and forward
speed of the “car” will be greatly reduced, which will increase the total
time to navigate the track. The curvature of the track will stay the
same throughout the training period. As a participant gains familiarity
with the exercise, they will begin to approach the minimum time per
lap, which will require them to perform a series of high precision
movements.

A therapist through the training protocol as a training plan can
set the intensity and duration of the exercise, and then that can be
translated into a track shape in the game since the car’s turning radius
is fixed. For instance, 1s of dorsiflexion or plantarflexion might be a 45°
on the track. So, if the therapist intends to provide the FES protocol
as a sequence of 5s of plantarflexion, 3s of dorsiflexion, 2s pause, 5s of
dorsiflexion, etc., the track then will look like 225° right turn, 135° left
turn, 2s straight line, 225° right turn, etc.

In order to increase the value of the exercise, the participant will
make additional laps around the track.

Random patterned exercise (“Boat”)

The participants will need to apply a general strategy of control that
includes attention, decision-making, and performance of the task using
different movement patterns. For instance, the participant will have

Figure 6: Interface of game-based stereotyped exercise “Car”: (a) car, (b)
track, (c) grass area.

Figure 7: Interface of game-based random patterned exercise “Boat”: (a) boat,
(b) buoy, (c) iceberg. Arrows indicate the direction of oncoming icebergs.

a task of navigating a “boat” to a life preserver, while simultaneously
having to avoid oncoming icebergs moving in random directions and
at different speeds around the play area (Figure 7). Each time the buoy
is captured, it disappears and then re-appears in a random location in
the play area. As well, each time the participant captures 10 buoys, they
advance a level and an additional iceberg is added. However, whenever
the “boat” collides with the iceberg, the game score is reduced by one.
Hence, the level of the game will increase automatically with participant
proficiency. The long term goal of the game for each participant is to
reach a level higher than ever before.

It is preferable to have a larger variety of entertaining video games
targeted to different populations (i.e., dependent on disorder, age, and/
or interest). Moreover, it seems attractive to develop video games that
emphasize performance of legs (e.g., skiing or roller skating), such
that participants can “employ” the information from both cortical and
muscle memory to enhance the effects of motor training.

Conclusions

We believe that there is much room for improvement for the
technology and that game-based rehabilitation has tremendous
prospects for a wide variety of patients and the senior population.
Current neurorehabilitation approaches such as FES and video game-
based training suggest tremendous prospects for rehabilitation of
individuals with neuromuscular and orthopedic disorders. They could
lessen musculoskeletal atrophy, as well as promote functional recovery,
and enhance compliance to routine exercise programs. Prior to our
work, however, the aforementioned approaches were typically applied
separately. By coupling FES with a video game we intend to combine
and augment the advantages of both rehabilitation techniques. In
the future, we propose to collaborate with game developers to design
different types of rehab oriented video game-based exercises with
the goal of making them as enjoyable and appealing as possible. We
believe that in this day and age, it is time to create the whole niche for
rehabilitation games which can be used by millions of needed users.
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