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Abstract

Nowadays there is a variety of new technologies for physical exercising and motor rehabilitation such as: serious
games, natural user interfaces, and augmented reality. However, the application of these technologies is insufficient
compared to traditional methods. For this reason, this paper discusses the design, implementation and testing of a
human movement induction system based on Virtual Reality. The system offers three types of movements: two for the
upper limbs, and one for the lower limbs. Each movement can be customized to the subject’s characteristics, in order
to develop biomechanical parameters such as speed, and skills such as coordination and balance. The proposed system
allows audio-visual feedback, automatic supervision and result analysis; providing service and research support.
Compared to similar systems, this design brings innovations such as: the combination of Kinect and Google
Cardboard, the indirect measurement of direction and motion speed, and the previsualization of kinematics
parameters.

Keywords: audio-visual feedback, Google Cardboard, human movement, induction, Kinect, supervision, virtual

reality.
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En la actualidad existen nuevas tecnologias para la ejercitacion fisica y la rehabilitacion motora como: Los juegos
serios, las interfaces naturales de usuario y la realidad aumentada. Sin embargo, la aplicacion de estas tecnologias
es insuficiente respecto a los métodos tradicionales. Por estas razones se propone el disefio, implementacion y prueba
de un sistema de induccion de movimiento humano basado en Realidad Virtual. Dicho sistema ofrece tres tipos de
movimientos: dos para miembros superiores y uno para miembros inferiores. Cada movimiento puede ser
personalizado segun las caracteristicas del sujeto, para desarrollar parametros biomecénicos como la velocidad y
habilidades como la coordinacién y el equilibrio. El Sistema propuesto permite la retroalimentacion audiovisual, la
supervision automatica y el andlisis de resultados; brindando soporte para servicio e investigacion. Comparado con
sistemas similares, este disefio aporta innovaciones como: la combinacion de las tecnologias Kinect y Google
Cardboard, la medicion indirecta de la velocidad y direccion del movimiento, y la visualizacién previa de parametros

cinematicos.

Palabras clave: Google Cardboard, induccion, Kinect, movimiento humano, realidad virtual, retroalimentacién

visual-auditiva, supervision.

Introduction

Physical activity (PA) is an important intervention to prevent, control and treat sedentary life styles and motor
disorders. Traditional PA involves gym, sports and heath care environments; but it can also be achieved through the
incorporation of new technologies. Virtual Reality (VR) technologies are an alternative to induce human movements.
This is an attractive way to bring physical exercise to our increasingly technophilic society. It is known that sedentary
life styles, physical inactivity problems and motor disorders among children and elder persons, can be treated with
these technologies (K. O’Loughlin et. al., 2012) (Maillot et. al., 2012) (Corbetta et. al., 2015).

The configuration and control of VR allows to establish interactive contexts for the subjects, based on the
manipulation of biomechanical time-space parameters. Automatic monitoring of these environments allows
quantifying and storing the subject’s progress and evolution time. The evolution time and the direction and speed of
the motion are biomechanical descriptors of motor recovery and performance (Pefiasco-Martin et. al., 2010)
(Corbetta et. al., 2015) (De Visser et. al., 2000).

Several studies demonstrate the relative impact of some systems like serious games and interactive games consoles in

the motor function recovery process, recommending the necessity of increasing the flexibility of these systems
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(Lugue-Moreno et. al., 2015) (Pachoulakis et. al., 2015). However, an objective planning based on evidences will be

helpful during the evaluation of the performance in time (Ling Chen et. al., 2016).

The systems eBaViR, TOyRA, Removiem and CuPiD have been previously validated (Gil-Gomez et. al., 2011), (Gil-
Agudoa et. al., 2012), (Lozano-Quilis et. al., 2014), (Rocchi, 2013). These are based on the Kinect sensor, serious
games, inertial sensors, and audio-visual feedback. A prototype for shoulder rehabilitation has also been tested using
Oculus Rift DK2 and Intel RealSense (Baldominos et. al., 2015). Such solutions have proved to be evidences of
alternatives to traditional exercise, conventional rehabilitation and robotic assisted therapies (Hidler et. al., 2005).
Another relevant work on this matter is: “The gait rehabilitator for treadmill of Julio Diaz Rehabilitation Center”
(Pérez Villamil et. al., 2016). This system guides the patient through the projection of footprint images on the

treadmill. However, it does not include feedback or automatic supervision during the movement.

VR based exercises deliver real time feedback to the subject, and seem to be flexible to take advantage of the expert
guidance to evaluate the application of specific interventions (Sveistrup, 2004) (Pefiasco-Martin et. al., 2010)
(Corbetta et. al., 2015). Nowadays, VR exercising is still insufficient regarding traditional methods, and could be
improved to deliver a better service (Pachoulakis, et. al, 2015). This research aims at designing, implementing and
testing a human movement induction system based on VR, and supports research on its future applications on

exercising and rehabilitation.

Materials and Methods

The design of the system included a poll that involved professionals of rehabilitation services, and experts in the study

of human movements. This information was used to design the VR scenes that induce simple motor activities.

To test the zero version of the system a control group of fourteen healthy subjects was used, including: 3 females and

11 males, with ages from 14 to 48 years old.

To develop the proposed system, the following software development tools were used: Visual Studio Ultimate 2012,
C#, Unity 3D version 5.2 (Free version), Android SDK version 23, Android NDK version 10b, Microsoft Access
2010 version 14.0.4760, .NET Framework version 4.5, GIT version 2.6.3.windows.1, TortoiseGIT version 1.8.16.0,
Kinect SDK version 1.8 and iTextSharp library version 5.5.9.0.

The hardware used was: Kinect for XBOX-360, Google Cardboard version 2, Wireless Dual Band Gigabit Router
2.4GHz; computer Intel Core i5-3340 CPU 3.10GHz, 4GB RAM, 1TB Hard Drive, USB 2.0 and Windows 7 Ultimate
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(64 bits). The smartphone BLU with and Android version 4.4.2, Dual-core 1.3 GHz, 512 MB RAM, Wi-Fi 802.11,
with the following sensors: accelerometer, light and proximity. The tablet Samsung, with Android version 4.4.2,
1.2GHz Quad-Core, 1.5 GB RAM, 16 GB Hard Drive; Wi-Fi 802.11; with accelerometer.

System workflow

To conceive the proposed system, the main requirements were: the necessity to configure and supervise movements.
These principles allowed defining the system workflow, composed by the following functionalities: (1) Selection and
configuration of movements, (2) Planning, (3) Execution of the session, (4) Results analysis, and (5) Results
exportation. These functionalities give support for health care and training service, allowing the use of the system in

research.

Results

Defined movement types

Three types of movements were defined considering the motion induction, the human body limbs, and the supervision
and visualization of kinematical parameter, Table 1. Every movement induces the execution of motor strategies,
including the least cognitive component possible. Motion speed and skills such as agility, balance and coordination
can be developed with these activities.

Movement induction is a sequence of changes provoked by elements of the VR scene. Every change is an event,
previously configured with kinematic parameters (Configuration categories of Table 1). In the “Objects Evasion
Movement”, the event consists of moving an object towards the subject Fig. 1.c. In the rest of the movements, the
event consists of the illumination of a sphere Fig. 1.a, 1.b. The resulting configuration of all events defines the

movements complexity, the required motion speed; and it is used to supervise the subject.

The movements supervision is based on successes or failures. A success is produced for every event, when the subject
achieves the movement objective. In the “Objects Evasion Movement”, a success occurs when the subject evades the
object and returns to the initial position. In the other two movements (Table and Frontal Panel) a success occurs when
the subject touches with his or her hand the lightened sphere and returns that hand to the initial position. Any other

behavior is interpreted as a failure.

The user configures an events sequence for the subject, and defines the number of times he must execute the sequence

(Lugue-Moreno et. al., 2015). Every execution is a session, consisting of three stages in the following order: Warm-
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up, Work, and Relaxation. The Warm-up and Relaxation stages set the subject, and the supervision is performed in
the Work stage. For this reason, the mayor complexity and exigency must be in the Work stage. The result of a

session is a sequence of success and failure, corresponding to the sequence of pre-configured events.

Table 1. Description of the defined movements.

Movement Human body limbs | Motion induction Configuration categories
Table Movement | Upper limbs In sedestation, the subject o Sphere position (4).
Fig. 1L.a touches a sphere in a

e Event rise time (Seconds). (From

horizontal plane when it >
the previous). From 0.3s to 2.7s

shines; and returns the hand
to an initial position. o Visibility duration. (Seconds)
(Same for events of the same
stage.) From 0.5s to 6s.

Frontal Panel Upper limbs In sedestation, the subject o Sphere position (8).

Movement Fig. touches a sphere in a frontal L
1b plane when it shines; and ¢ Event rise time (Seconds) (from

returns the hand to an initial the previous). From 1s to 9s.

position. o Visibility duration. (Seconds)
(Same for events of the same
stage.) From 0.5s to 6s.

Objects Evasion Lower limbs In bipedestation, the subject o Object direction (9).

Movement evades an object performing . .

Fig. 1.c anterior-posterior and ¢ Distance (m) between objects.
bilateral steps, and returns to From 1mto 6m.
an initial position. e Object speed. (m/s). From 0.2m/s

to 1.8m/s. (Same for objects of the
same stage.)

Figure 1. VR scenes from the subject’s view. a: Table Movement, b: Front Panel Movement, ¢: Object Evasion Movement.

Functioning schema
The motion induction is achieved by projecting the VR scene in a visual immersion helmet (Fig. 1). The subject is
represented through an avatar, and his or her interaction with the scene allows the supervision based on collision

detection. The avatar is real time animated by the subject with the skeleton coordinates acquired by the Kinect sensor.
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These coordinates are transmitted to the helmet. Therefore, the subject avatar limbs have the same degree of freedom

as the Kinect skeleton limbs, obtaining an excellent visual feedback during the exercise.

It is necessary for the subject to execute the movements without any wire ties, in a space of 3m of width and no more
than 3.5m away from the Kinect sensor in normal mode (Catuhe, 2012) (Giorgio & Fascinari, 2013). It is also
necessary to exchange information between an Android mobile device and a computer with a Windows Operating
System. Such information includes the movement’s settings, the VR scene control, the supervision results, and a
skeleton composed by 20 coordinates acquired by the Kinect sensor at 30 frames per seconds (Jana, 2012). These
requirements make the wireless network ideal to maintain the communication during the movement execution. The
real time acquisition of human movements, the setting, the data storage, and the supervision, are tasks that can be
distributed. For these reasons, this system is based on Client-Server architecture. The Server application is executed in
the computer, and the Client application is executed in a mobile device attached to a visual immersion helmet Fig. 2.
The Client-Server architecture has additional benefits. This architecture made it possible to use the computer power of
the mobile device; and use a first generation Kinect that does not have an official SDK for Unity Game Engine
(Pedraza-Hueso et. al., 2015).

? = Skeleton

Subject
@) T
m Feedback
Router Wi-Fi

Client (VR scene)

Figure 2. Functioning schema and components of the system.

The first person audio-visual feedback is achieved by combining Kinect and Google Cardboard (GC) technologies.
The VR scenes that induce the movements are executed in a 7°” Tablet or a Smartphone in the GC. These components
are attached to the helmet (Fig. 2). GC provides the visual immersion and movement freedom, due to its capacity to

hold the mobile device with Wi-Fi connection support, energetic independence and audio output. As the VR scene is
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executed in the helmet, the network data traffic consists of the Kinect skeleton coordinates, and the scene supervision

and control data.

The system software components are: The Client and Server applications. The design of these applications was
distributed in modules. The Server application contains the modules: Kinect Management, Configuration, Evolution
Analysis, and Database Management. As well, the Client application contains the modules: Wi-Fi Connection, VR

Scenes and Supervision

Implemented System

The system stores the information in a flat file database of Microsoft Access. Each user creates his or her database
and executes the system workflow. The Microsoft Access files allow the user to work in any computer the system is
installed on. For this purpose, two types of users were defined: “Administrator” and “Standard”. The Administrator
user is unique, it is the database creator and manages the Standard users. A security layer is thus achieved to protect

the data patrimony.

The use cases of the system include the workflow and the database management. These functionalities are executed

from the Server application’s main interface Fig. 3.

5. Rehabilitacién Virtual (Bautizar) 23

Archiva  Edicién  Basede Datos  Usuario del Sistema  Configuracién  Ayuda

Usuario: Elias Trenard Garcia (Rehabilitador Administrador)

g@ »“, KAbm Sesién (Logln) | w Cerrer Sesién (Logout) :0 ’,@ o

Pacientes | Terapias Pendientes | Terapias T

Nombre(s]

(O Buscar P\amﬁ(arTEra ia ~ . Informacién Nuevo [#] Modificar Eliminar
Nombre completo: Bias Trenard Garcia ) k =] (+] - [ ]

Tipo de Rehabiltador: Administrador

'Direccion Particular' "Municipio’ 'Provincia’ 'Rehabilitador’

Contrasefia Bartolomé Maso #363 Apto. E, entre Carnicerfa y San Félix | Santiago de Cuba Santiagode Cuba elas |
Santa Rita #444 entre San Pedro y Santo Tomas Santiago de Cuba | Santiago de Cuba | elias

Bartolome Maso #363 Apto. E entre Carnicerfa y San Félix | Santiago de Cuba | Santiago de Cuba | elias

Figure 3. Main interface of the server application.

The three configuration interfaces allow a detailed description of movements sequence, the definition of their
complexity and the number of sessions. Each interface specializes its design in the central panel, according to the
kinematic parameters of the event Fig. 4. With these interfaces the user can customize the movements for the subject
(Lugue-Moreno et. al., 2015) (Pachoulakis et. al., 2015).
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2 -

Nueva Co_nﬁgurau_ de T

1-Configuracion Principal 2-Seleccion de Categorias de Objeto 3-Etapas

Nombre:
Escenario Ovracin Rénica |

Media
Lenta

Calentamiento | Relajacion

Breve Descripcion de la Sesion

Esta es una config de prueba. Velocidad 1m/
Lista de Grupos de Objectos Agregados: s

Meétodo de agregacion

Tipo de objeto Cardinal Distancia
® Relenar Efbra ‘1
® Compartir Cubo 1
Numérico |G :
9 oo - Método de agregacion ? s
Distancia 4,5m Meétodo de agregacion
@ Rellenar @ Relenzr
® Compare © Compartir

© Numéico .
: @ Numérico -

Duracion de Etapas en minutos y velocidades.

Calentamiento

Trabajo i

Relajacion ; - Media - Media
Cota - | : Corta

Larga

Duracion desde el anterior: 1.5s.
Duracion desde el anterior: 2.4s =
Corfiguracion @ Automatica © Manual Posicion

Posicion:

Ahora en la seccion 2 puede pasar a seleccionar las ¢

Agregar Objeto

b C

Figure 4. Configuration of specialized interfaces for the kinematic parameters of the movement induction events. a: Objects
Evasion Movement; b: Table Movement; c: Frontal Panel Movement.
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Each configuration interface includes a preview functionality. This feature reproduces the behavior of the kinematic
parameters of every configured event. This visualization allows the user to estimate the configuration suitability,

preventing a physical overload of the subject.

Three Evolution Analysis interfaces are also specialized for the kinematic parameter of the movement induction
events. These interfaces can be set for success or failure, and include a time graphic that visualizes the executed and
planned sessions. Each interface allows defining the interval of sessions to analyze, and it is also possible to visualize
the results of a specific session. All these functionalities allow the analysis of the subject’s performance, based on the

indirect measures of direction and movement speed.

The export feature generates documentation that contains the current Evolution Analysis and result graphics. The PDF
exportation generates a report that includes: the subject data, the planning information, and the result graphics. This
document is very useful for doctors, trainers and biomechanics experts. CSV exportation is meant for researches. This
functionality creates a directory that contains: a CSV file for each graphic and a TXT file with information of the
subject and the planning.

Test with healthy subjects

The functioning of the version zero of the system was tested with fourteen healthy subjects. The results of the test
were exported to CSV format, with the previously described feature. The following graphics were generated with a
statistic tool, and they show results from the object evasion for lower limbs (Fig. 5), and both hands interaction in a

table for upper limbs (Fig. 6). As expected, the results show more success due to the healthy condition of the subjects.
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Figure 5. Success and failures of object evasion with lower limbs, from six healthy subjects.
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Figure 6: Success and Failures of target interaction with hands in a table, from six healthy subjects.
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It is also proved that the movement’s complexity determines the results. Fig. 7 shows that, in the Object Evasion
movement, the success is directly proportional to the Distance Between Objects. A short distance between objects
demands more movement speed than a longer one. Fig. 8 as well, shows more failures in the Object Direction number
five (Center of the body, Fig. 6.c). An object heading towards the body center has to be dodged with larger steps,
demanding more effort from the subject. Therefore, it is possible to measure the speed and movement direction
indirectly.

251 [ ISuccess
B Failure
20
G —]
a 15=1
=
[ &)
[-E]
a1
10

Distance betwen objects (m)

Figure 7: Success and Failure for two different distances between objects, in the Object Evasion Movement.
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Figure 8: Success and Failure for different object directions, in the Object Evasion Movement.
Discussion

In systems alike the following similarities are observed: the VR application, the Kinect sensor, audio-visual feedback,
employment of avatars, the kinematic parameters control, and the low cost hardware utilization (Gil-Gémez et. al.,
2011) (Gil-Agudoa et. al., 2012) (Lozano-Quilis et. al., 2014) (Pérez Villamil et. al., 2016). Other similarities are the
configuration, planning and report features. The minimum requirements of the presented system include common and
accessible hardware like the Kinect sensor, a mobile device, a Wi-Fi Router, and a GC. These requirements, and the
automatic supervision, allow the system to be adapted to the subject’s home. This advantage is an important similarity
with In-Home systems like CuPiD and ReaKinG (Rocchi, 2013) (Pedraza-Hueso et. al., 2015).

Some of the previously mentioned systems differ from the proposed one in the measurements precision, the
application of other technologies and the visual immersion. TOyRA (Gil-Agudoa et. al., 2012) and CuPiD (Rocchi,

2013) perform more precise kinematic measurements using wearable devices and inertial sensors. These
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measurements quantify the range of movement (ROM) of the shoulder, elbow and carpal (Gil-Agudoa et. al., 2012).
This information is also used to animate the avatars (Gil-Agudoa et. al., 2012) (Rocchi, 2013). However, the use of
the Kinect sensor is intuitive, no complex calibration or additional equipment is required. The proposal of this Kinect
based system allows the indirect measurement of the motion direction and speed, based on success and failure. Such
parameters can be evaluated, through the result analysis features of the proposed system, to determine the optimum
frequency and intensity of the exercise (Ling Chen et. al., 2016). This evaluation provides the user evidence to adjust
the movements of the subject through the configuration features.

The above mentioned systems use screens to accomplish the immersion in the VR or the Augmented Reality (AR)
(Lozano-Quilis et. al., 2014). These are visual immersions in third person, they require additional familiarization and
might be susceptible to distractions. The current system proposes a visual immersion in first person with a VR viewer,
protecting the subject with a helmet in case of a fall (Pachoulakis et. al., 2015). The proposed immersion is intuitive,
gives more motivation and avoids the distractions during the movement execution. There is a system that rehabilitates
one shoulder using a therapy based on the Oculus Rift DK2 and Intel Real Sense motion sensor, providing feedback
with a one hand avatar (Baldominos et. al., 2015). However, the system presented brings a similar viewer immersion,

a better avatar feedback, movement induction for both upper and lower limbs, with support for service and research.

Conclusions

It was possible to design, implement and test a system for human movement induction based on virtual reality. Such
system brings a design innovation combining Kinect and Google Cardboard. The successful test proved the
possibilities to deliver evidences, and perform indirect measurements of the direction and movement speed. Such
evidences will allow making quantitative studies, in order to evaluate the future application of the system for

exercising and rehabilitation.
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