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Abstract It is known that the type of the soil can affect balance. Here we report a
serious game designed for training users at maintaining balance over five types of
soil (broken stone, stone dust, sand, concrete and wood). By using an augmented
shoe and proposed navigation metaphor, in this game, the user is invited to browse a
maze with standing balance over the physical grounds. During the exploration, exer-
cises targeting assessment balance control are suggested. To insure the effectiveness
of this training program, four exercises based on the Berg Balance Scale and the
Tinetti Balance Assessment Tool are incorporated in the game.

1 Introduction

Falls represent a major factor in the frail elderly. In developed countries, we ob-
served that nearly half of falls among elderly caused minor injury while 5 to 25%
sustained serious damages such as fracture of the proximal femur [9]. Beyond the
physical injuries, in many cases, falls leave a psychological impact due to the fear
of falling. As a consequence, even without an injury, a fall can cause a loss in confi-
dence and a reduction of mobility. This can lead to a decline in health and function
and contribute to future falls with more serious outcomes [5]. These observations
have promoted the development of multiple programs dedicated to prevention of
accidental falls. Given the multifactorial aspect of falls, these programs have to tar-
get several factors that can constitute a certain risk of fall [3]. In this way, several
programs have coupled the practice of physical exercises to analysis of balance and
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gait. Others have been focused on control of vision, hearing and blood pressure. Our
research project aims at taking all these factors and even several others into account.
Here, we consider training balance control via exercise programs.

Balance control via exercises has been an active research topic in the last decade,
multiples approaches have been proposed. However, to the best of our knowledge,
no research has yet integrated the type of soil in training programs targeting im-
provement of balance control. Given that the type of soil, that a person walks on,
may affect his balance [17], our work aims at helping users at maintaining their
balance over several types of soil by using a serious game.

Fig. 1 A user is playing the game while standing on one leg.

By playing this game, we want to bring the user to experiment balance control
over several types of soil: broken stone, stone dust, sand, concrete and wood. To
insure the ecological validity of the system, it combines elements of the real world,
to an interactive virtual environment. The game is designed in order to be usable
for the realization of home exercises. In the proposed game, the user is invited to
browse a virtual maze having five types of ground (see Fig. 1). During the explo-
ration, fitted with an augmented shoe, the user has to face several distracting stimuli
designed in order to bring him at realizing movements similar to those that occur
at the beginning of a spontaneous loss of balance. Delivered stimuli are based on
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exercises targeting balance assessment (Berg Balance Scale and the Tinetti Balance
Assessment Tool). During this process, various measures relative to the user’s pos-
ture and its heart rate are measured in order to check how the situation affects the
user.

The paper is organized as follows: related work are presented at section II, the
developed serious game is detailed in section III and the conclusion in section IV.

2 Related work

Various studies have proved that balance control plays an important role in fall pre-
vention. As a result, it has been incorporated into multiple programs aiming at fall
prevention. Previous researches show that practice of exercises can reduce the risk of
fractures. By helping to maintain bone mass, it allows to improve notably the stabil-
ity posture. Madureira et al. have shown that balance training program is effective in
reducing the risk of falling in elderly [16]. Traditionally exercise programs were de-
livered in a class situation or individually by professional physical therapist [18,19].

To alleviate several constraints regarding such an approach (cost of transporta-
tion, schedule management, etc.) new methods that use some technological devices
have emerged. Exploited approaches range from pure visual system (like the Nin-
tendo Wii-Fit) to vibrotactile feedback embedded in a cell phone [8, 10, 14]. In [8],
a 6-week home-based balance training program using Nintendo Wii Fit and balance
board is presented. In the same way, Grosjean et al. have combined the Nintendo
Wii Fit platform to traditional physical therapy interventions [10]. Also, Lee et al.
have described a cell phone based vibrotactile feedback system dedicated to balance
rehabilitation training [14]. Realized experiment shows that real-time feedback pro-
vided via a cell phone can be used to reduce body sway.

Looking at the literature, we observed that physical characteristics of the soil
have not been considered for training of balance control. For person with gait dis-
order or losing autonomy, it appears that walking on different type of soil could be
a challenge and may represent a risk of falling. Moreover, it has been demonstrated
that the type of soil may affect the gait [17]. As result, it seems quite important
to help users at maintaining their balance over different types of soil. Considering
the promising results of cited studies, we have developed an interactive game for
balance training over different types of soil.

The proposed game combines elements of the real world, to an interactive virtual
maze. By exposing the user to various destabilizing events (perturbations) the game
aims at helping users strengthen their lower limbs while learning facing perturba-
tions that can occur in daily activities. Moreover, by using an interactive shoe, the
dynamic of the users and his ability to maintaining postural stability after a pertur-
bation are logged in real time. In the following, we describe the game.
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3 Proposed Game

With this game, we want to design an environment that can help users at training
their balance over several types of soil. Given that successful previous balance train-
ing programs have usually run over a long period [16], we designed the game in a
way so that a user can experiment it over a long period. Among several other re-
quirements, it has been designed to be fun, interactive, safe, ease to use and usable
at home.

In this game, the player is invited to browse a virtual maze as fast as possible
while standing balanced on a specific type of soil. To do so, fitted with an augmented
shoe, to move in the maze and to perform exercices, the player remains physically
at the same position and uses the metaphor presented in subsection 3.1.1.

3.1 System overview

The game presented in this document requires a physical setup and an instrumented
shoe. This section briefly summarizes these two components.

3.1.1 Interactive shoe

Recently, we have developed an intelligent system that aims at prevent acciden-
tal falls related to conditions of the physical environment of the person (slippery
ground, steep slope, etc.), or abnormalities of its gait. This system is centered on
an augmented shoe (right part of Fig. 2). This device counts, on one side, a set of
sensors that serves for characterizing the dynamics of walking, the posture of the
user and the physical properties of the environment. For example, they measure the
velocity and acceleration of the foot, bending of the sole and forces applied at five
points under the foot (as seen in Fig. 3). All these sensors are exploited to compute
the risk level associated to physical characteristics of the environment. On the other
hand, this device brings together several actuators aiming to transmit vibrotactile
signals to the user. These signals intend to attract the attention of the user towards
situations deemed dangerous by the control system running on a Android device
(tablet or smartphone). For more details regarding the interactive shoe, one can re-
fer to models of instrumented shoes like [1], [7] and [20]. As part of this game, for
each soil type, we used these sensors to measure the variation of several parame-
ters (acceleration, sole bending, applied force by the user, etc.) when maintaining or
recovering balance.

Another sensor used in the system is a portable wireless device that helps to
measure the electric activity of the heart. This heart rate monitor is designed for car-
diovascular training - running, jogging, or any kind of strenuous exercise. Its main
component is a heart rate monitor strapped over the chest with bluetooth capabili-
ties. This device reads and transmits the heart rate to the Android device.
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Fig. 2 Setup used for training of balance control (left side). Interactive shoe (right side).

3.1.2 Physical materials

Our work intends to fulfill the gap observed in the literature about balance training
over different types of soil. To ensure the ecological validate of this work, even
though we propose a serious game, we wanted to use physical soils. Moreover,
in order to cover a wide range of soil, three granular (deformable) and two non-
deformable materials were used as type of ground. The three granular materials
are broken stone, sand and dust stone whereas concrete and wood were the non
deformable. These materials have been selected because of their rheological char-
acteristics and their relatively high rate of use in living environments. In the context
of the game, they spread out in a tray as shown in Fig. 2.

3.2 Metaphor used for the displacement in the game

In the proposed game, the user has to browse, as fast as possible, a virtual maze
while standing balanced. Since the goal behind the game is to improve balance
control over different types of soil; it seems appropriate to exploit body interactions
for displacements in the maze. Moreover, it has been showed that such interactions
may enhance the engagement of users in the games [2].

For this, interfaces such a Microsoft KinectT M could be considered. Indeed, a
recent study used the Microsoft KinectT M to assess kinematic strategies of postural
control [4]. However, such a system does not really fit our need since it can not be
used to evaluate all aspect regarding the balance of the user of different types of soil.
We therefore have prefer our device; it includes several sensors that can be used for
evaluate the balance of the user.

The navigation metaphor used is based on the repartition of the forces applied to
the sole of the shoe. To navigate the user just has to swing (see Fig. 4). As shown
in Fig. 3, two types of sensor measure the forces reparation in sole: the FSR force
sensors and the bending sole. Therefore two components let to compute the dis-



6 Bob-Antoine J. Menelas, Martin J. D. Otis

Fig. 3 Instrumented sole exploited for navigation in the game. Arrows in red are the force mea-
surement at each sensor. The sum of these arrows is represented by the black arrow.

placement of the avatar in the scene. The first uses the direction given by the vector
forces computed by the (FSR) force sensors. The second component measures the
angle of the sole bending to produce a proportional movement in linear direction
(forward) (see Fig. 5). These components are determined as follow:

• The total force and moment applied on the sole by the user generate a wrench
ha ∈ ℜ6×1 which is computed by equation (1). The position A is the reference
frame in the game, B is the reference frame of the shoe, AQB ∈ ℜ3×3 is the
rotation matrix between reference frame A and its counterpart B. Also, m is the
number of sensors inserted in the sole at the position qi. B is located at the center
of pressure applied on the sole in a upright posture of the user. The vector hr is
a projection of the vector ha on the plane described by the virtual ground which
gives the direction of avatar’s movement as seen in Fig. 6. The amplitude of
the projected vector gives a proportional movement in the maze. In the current
version, a Hooke constant k is used to compute a variation of displacement as
described by the equation (2). The current position of the avatar is sn

a, at the
discrete time n.

• The sole bending is evaluated with a bending variable resistor which gives only
one angle θ as shown in Fig. 5. This angle is thus used to move forward. Since
the bending is proportional to an angle θ , we compute a displacment in the maze
sn

y with the equation (4) using a proportional constant kθ which reflects the sole
curvature into a linear movement.

ha =


m−1
∑

i=0

AQBfai

m−1
∑

i=0
(qi× (AQB fai))

 (1)

sn
a = sn−1

a +hr/k, with (2)
sa = [sx sy sz sθ sψ sφ ]

T (3)
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Fig. 4 Displacement with the navigation metaphor. Any swing of the user does generate a dis-
placement in the maze.

Fig. 5 Representation of the direction coming from the bending of the sole.

sn
y = sn−1

y + kθ θ (4)
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Fig. 6 Movement computation in the game used as navigation metaphor

3.3 Balance control: assement and training

The goal of the game is to train people on maintaining balance on different types
of soil. Because of that, assessment of the ability of the person to maintain balance
plays an important role in the game. A special attention was paid to selection of
exercises that can serve this goal.

Literature on assessment of the ability to maintain balance counts two main cat-
egories: 1) exercises or tasks based evaluation and 2) the patient’s health. Our game
is centered on exercises based evaluation.

Berg Balance Scale (BBS) and Morse Fall Scale (MFS) are two main tools used
for fall risk prediction [22]. These tests are very different since the BBS analyzes
some tasks (exercises) whereas the MFS approach analyzes the health and the gait
of the patient. On the other hand, it was demonstrated that the Heindrich II Fall
Risk Model (HFRM) is potentially useful in identifying patients at high risk for
falls; some studies suggest that it can be more relevant than both the BBS and
the MFS [13]. However, the HFRM approach concerns the analysis of the patient’
health and do not cover exercises [11]. The MFS and the Functional Reach test was
found to be time consuming and often inconvenient and were not better at predic-
tion than the clinical judgments made by the primary nurses [6]. Finally, the Tinetti
Balance Assessment Tool (TBAT) (described in [21]) was also compare with Func-
tional Reach. TBAT seems to be the most suitable performance measure for eval-
uating balance in community-dwelling older people [15]. A comprehensive review
of methods to assess the risk of a fall is presented in [12].
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As seen through that brief analysis, Berg Balance Scale and the Tinetti assess-
ment tool appear at most appropriate tests for exercises based evaluation. We have
therefore integrated exercises proposed in these tests in our game. Proposed exer-
cises are associated with some parts of the maze. During the browsing of the maze,
while entering a section associated to an exercise, all motions (used to move the
avatar) are disable for the period of the exercise, a video presenting the exercise to
realize is shown to the user. In the proposed game, selected exercises are:

• Standing unsupported with feet together;
• Turning in place;
• Placing alternate foot on step;
• Standing on one leg;

With the navigation metaphors (presented in section 3.2) and the sensors located
in the sole of the interactive shoe (presented in section 3.1.1), it is possible to differ-
entiate the four selected exercices and compute a score according to the success of
the exercises.

3.4 Different levels of difficulty

The complexity of the game could be described by two components: the maze it-self
(number of paths, size of the maze and number of dead end) and proposed exercises.
At the current version of the game, we do have only rectangular mazes: proposed
route are only vertical or horizontal. Each little rectangle described by the route de-
fines a particular zone and is therefore associated with a particular type of soil (sand,
stone, dust stone, wood and concrete). As a result, in the current version of the game,
the complexity is mainly determined by the complexity of the exercise to achieve
on given type of soil. In general, MFS, TBAT and HFRM use three levels of risk
(low, moderate and high). Since we use an additional level of risk in the game (type
of soil), four levels of risk (low, moderate, high and very high) are implemented in
the game.

At the current stage, the game counts three levels of difficulty. At the easiest level,
user is invited to stand on both feet, there is no time constraint for the completion
of the task and proposed mazes are the easiest. At the intermediate level, the task
has to be completed in a certain amount of time while the mazes are a little more
complicated. Although sometime the user has to stand on one foot, most of time he
has to stand on both feet. At the hardest level, the time allocated for the completion
of the task is reduced and at the meantime the mazes become highly interactive
while presenting various obstacles to the user. At this level, when gifted with some
bonuses, the user has the possibility to overcome certain constraints of the maze. For
example, he may jump over a wall by placing alternate foot on step (the apparatus
used for holding the soils as described in section 3.1.2). At this step, all the time the
user has to stand on one foot. As a result, the use of both feet is seen as a mistake
and generates a reduction of the score.
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These three levels are designed in order to provide a progressive level of diffi-
culty that will help the user familiarizing themselves to situation that can lead to
accidental falls.

3.5 Score

To maintain the engagement of the player in the game, we consider all the factors de-
scribed previously to evaluate a score. The score displayed in real-time is computed
according to the execution of the exercise, the difficulty level and the time.

As suggested in the Berg Balance Scale, each exercise is rated on a scale of 0 to
4. The distribution of the forces measured in the sole determines the value accorded
for the exercise. In fact, the computed value is inversely proportional to the standard
deviation σ of the measured force |ha| over the period of the exercise. Hence, when
doing an exercise, the user has to stay in a fixed position in order to maximize his
score: the more he swings the lower his score for the exercise will be. Each soil
type has a difficulty level labelled D. The difficulty level associated for soil types
are: concrete (or wood): 1, stone dust: 2, stone: 3 and sand: 4. To compute the final
score, for each exercise, this difficulty level is multiplied by the score of the exercise.
When the time of execution is considered in the game, the final value is inversely
proportional to the time t with a scale factor α , as described by equation (5):

Score = D
σ(αt) (5)

This score aims at evaluating the level at which the user is able to maintain its
balance on different types of soil.

3.6 Safety issue

One of the main advantages of using a serious game for balance training resides in
the fact that the game can be experimented at home. However, this raises a number
of problems related to player’s safety. For this, several design choices were made in
order to guaranty the safety of the player.

Although the game was designed to train and practice balance control, players
should be aware that some of the proposed exercises may represent a risk. For ex-
ample, previously we mentioned that using deformable soils increase the risk of
falling. More particularly, standing on one foot over the sand soil could be challeng-
ing for people with balance disorder. Furthermore, the current platform requires a
location in a room free from obstructions that may hinder user’s movements. Be-
yond these aspects, in order to prevent potential injuries, at the end of the analysis
performed on the data logged from the ECG and those concerning the posture of the
player, if a serious trouble is detected, the game is locked and invites the player to
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contact the costumer service because the game seems not to be appropriate to his
profile.

4 Conclusion and Future Work

This paper described a serious game for training balance control over five types of
soil (broken stone, stone dust, sand, concrete and wood). To provide an efficient
training program, proposed exercises, used to assess the balance of the user, are se-
lected from standard evaluation test. With the current version of the game, we are
able to record various parameters that will inform us about the dynamic of balance
control over different types of soil. Doing so, the game will let us identifying pa-
rameters which could lead the user to a loss of balance. This information will be
useful for the design of a new generation of enactive shoe dedicated to preventing
fall. Then, the shoe will use these parameters in daily activities (real situation) for
warning users whenever a potentially dangerous situation occurs. The warning sig-
nal can be generated via the actuators, located inside the shoe, which are able to
synthesis different types of signal such as ecological icons.
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