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Abstract: Cervical Spinal Cord injury (SCI) is a neurological disease that produces, as a consequence,
impairments of the upper limb function. This paper illustrates a virtual reality platform based on
three serious games for upper limb rehabilitation with electromyography monitoring, providing force
feedback to the patient. In the rehabilitation process proposed, haptic feedback was provided to
the patients to strength the arm muscles by means of the Novint Falcon device. This end-effector
device was used to manipulate the serious games. During the therapy performance, the system
recorded electromyography signals from the patient’s arm muscles, which may be used to monitor
muscle contraction. The work presented a virtual reality system developed for spinal cord-injured
patients. Each virtual reality environment could be modified in strength and duration according to the
patients’ needs and was implemented for recording quantitative data about the motor performance.
The platform was validated as a proof of concept in cervical spinal cord-injured patients. Results
showed that this rehabilitation platform could be used for obtaining objective information in relation
to motor control characteristics.

Keywords: upper limb rehabilitation; serious games; haptic feedback; electromyography sensors;
virtual reality; smoothness

1. Introduction

Spinal Cord Injury (SCI) is one of the most important neurological diseases that produce deficiencies
in the field of physical disability [1]. It is often a catastrophic condition requiring chronic care. Despite
an enormous amount of research in SCI, the neurological prognosis for a patient with severe SCI
remains dismal. Life expectancy after such an injury is markedly reduced due to complications
proportional to the severity of injury or remaining neurological functions. Therefore, SCI is associated
with a risk of developing secondary conditions that can be debilitating and even life-threatening,
such as deep vein thrombosis, urinary tract infections, muscle spasms, osteoporosis, pressure ulcers,
chronic pain, and respiratory complications [2]. Acute care, rehabilitation services and ongoing health
maintenance are essential for the prevention and management of these conditions [3].

The worldwide incidence of SCI lies between 10 and 83 per million inhabitants per year [4].
In Spain, approximately 1000 new cases of SCI per year occur due to trauma, which is the main
cause; half due to traffic accidents, the rest due to falls, blows, sport accidents or other injuries [5].
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Most of these people have permanent damages. It is observed that people with SCI have difficulties
and limitations in mobility (96.9% of cases), in self-care (81.1% of cases) and in carrying out tasks of
domestic life (84.3% of cases) [6]. This situation means that the majority of the population with SCI
requires personal and technical support to carry out these activities. The treatment for SCI is often
expensive: it can reach up to 55,000€ the first 60 days for a patient in acute phase, with an additional
10,000€ for the intensive care stay. Hence, the economic and societal impact is enormous, both to the
immediate family and the society at large [7]. The inclusion of lower cost technologies is a key aspect
for reducing the therapy cost. Therefore, there is a great need for new systems that improve the quality
of life for SCI injured patients [8–10].

The impairment of the Upper Limb (UL) is one of the most common sequelae following neurological
injuries [11]. The loss of arm and hand function is one of the most devastating consequences in
tetraplegia [12]. One important aspect of this lost function is smoothness. Smoothness is a characteristic
of a skilled and well-coordinated human movement [13] and it is an independent measure with respect
to speed and distance [14]. When moving the hand between pairs of targets, people tend to generate
roughly straight hand trajectories with a single-peaked, bell-shaped speed profile [15]. However, in
presence of neurological pathologies, the UL movement is characterized by the lack of smoothness [16],
the performance of more curved trajectories with directional changes and a higher peaks number in
the speed profile. Smoothness has been used as a measure of motor performance in healthy people
and neurological pathologies, mainly stroke patients [11,14,17,18], being the neurological injury with
the highest incidence and prevalence in the population. This control motor characteristic has been
quantified by means of different variables, extracted of the movement analysis as the peaks number in
the speed profile, the ratio between the maximal and mean velocity and the jerk metric computed as
the time derivative of acceleration [13,19]. As our expertise in this field, after the developmental work
of kinematic indices applied to spinal cord injured patients, smoothness metric computed from the
peaks number in the speed profile is discriminative between healthy and neurological patients [20,21].

Small progresses in arm and hand function may lead to increase autonomy in activities of
daily living [22], improving independence and quality of life. For this reason, rehabilitation for the
improvement in UL function after cervical SCI is a top priority in individuals with tetraplegia [23].
In rehabilitation, considerable amounts of practice are required to induce neuroplastic changes and
functional recovery of neurological motor deficits [24]. SCI rehabilitation works through mechanisms
of experience-dependent plasticity [25]. The process of plasticity consists of changes in the activation
pattern, either of structure or function of neural connections. These changes involve the modification
of the strength of existing connections or the creation of new neural connections. Although it is likely
that some of the reorganization after central nervous system injuries take place in the cortex, plasticity
changes may also occur in subcortical structures, such as the spinal cord [26]. Therefore, neuroplasticity
is essential in the SCI rehabilitation process.

Nowadays, technology is typically involved in rehabilitation. It makes use of high cost devices,
such as exoskeletons or robotic devices [27], or low cost devices, such as the Leap Motion, Kinect,
or Novint Falcon, among others [28]. In this paper, we make use of the Novint Falcon device, a desktop
haptic robot with 3 degrees of freedom (see Section 2). Several studies found in the literature have
investigated the use of the Novint Falcon in healthy subjects: Scalona et al. analyzed the motor
performance during six reaching movement sessions varying the force levels [29]. The subjects had
to reach eight different objectives placed on a circumference (vertical and horizontal line and in each
diagonal). Cappa et al. analyzed the response to different force feedback in healthy population with an
educational purpose [28]. Palsbo et al. used the Novint Falcon to train fine movements in a group of
healthy developing children and noted significant improvements in handwriting performance [30].
However, there is no evidence of research studies with the Novint Falcon in spinal cord injured
patients. Nonetheless, some studies have been performed with the Novint Falcon to analyze the
UL function in patients who have suffered stroke [31,32]. These studies have been conducted with
a rehabilitation purpose. Chortis et al. evaluated the effects of repetitive arm movements with
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a group of eight post-stroke subjects by using the commercial virtual games included in Novint
Falcon [33]. These games were oriented to reach UL functional tasks, following the rehabilitative
principles. The patient performance was compared between pre and post condition by using only
clinical tests. Unfortunately, in those studies, smoothness was not analyzed.

Additionally, the use of technology in rehabilitation in combination with virtual reality (VR)
environments has increased in the last years [34–37], mainly because the quantity of therapy that patients
receive increases. VR has many advantages for intervention, such as enabling the grading of activities,
obtaining precise performance measures, providing a safe and ecologically valid environment, and
being enjoyable and motivating [24,38]. There is evidence about the acceleration in the rehabilitation
process by the combination of these VR treatments with conventional rehabilitation [39]. Moreover,
the use of VR environments can increase the intensity of the therapy through the adequate repetitions
number [27]. VR reality games increase motivation in patients both in occupational and physical
therapy [40]. Therefore, the health care sector is showing steadily increasing interest in serious
games [41].

The work presented in this paper is centered in reaching the patient’s assessment in an objective
way by means of the smoothness movement characteristic. Therefore, the aim of the present paper,
an extension of [42], is to develop three serious games based on UL functional tasks, manipulated by
the Novint Falcon device, and to collect quantitative data about SCI patients for analyzing movement
smoothness. Moreover, this research involves the novelty of applying force feedback to SCI patients
while analyzing the movement smoothness. In addition, electromyographic signals are obtained,
integrating a Myo Gesture armband into the platform, which could be useful in the future for analyzing
impairments in the muscles activation pattern.

The rest of the paper is organized as follows: Section 2 describes the methodology in relation to
the integration of a commercial haptic device (Novint Falcon) and a commercial electromyography
(EMG) sensor (Myo Gesture armband) into a virtual reality platform; the development of the serious
games and the validation proof. Section 3 presents the results of the implemented proof of concept.
Section 4 includes the discussion and Section 5 concludes the paper.

2. Materials and Methods

2.1. UL Rehabilitation Platform

The platform was composed of a PC, including the serious games developed in Unity3D, and two
hardware devices: Novint Falcon for providing force feedback and manipulating the serious games;
and Myo Gesture Arm Band for providing information about muscle contraction (see Figure 1).
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Figure 1. Scheduled illustration of the upper limb rehabilitation platform: Myo Gesture armband (left
object in image) and Novint Falcon device (right object in image).

2.1.1. Novint Falcon

The Novint Falcon (see Figure 1, right) is a desktop haptic robot device with 3 degrees of
freedom (DOF). It provides haptic feedback where the users feel virtual objects as they virtually touch
them [43]. The device consists of three motorized arms attached to an interchangeable end-effector
providing kinesthetic feedback. It uses a USB 2.0 port, has a capacity of 9 N of force, and provides a
10 × 10 × 10 cm3 working space. The device has a refresh rate up to 1000 times per second [44].

In this paper, the Novint Falcon was selected because of its low cost, at least one order of magnitude,
compared to similar devices, such as the Delta.3 [45] or Omega-3 [46], and because it can generate
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more force feedback than other low cost haptic devices [28]. It was used as an end-effector robotic
device for upper limb rehabilitation. However, the Novint Falcon comes with a standard ball grip
which is difficult to use by patients with SCI, as a fine pinch is necessary to perform the grasp [47].
The grip selected for SCI patients was of a cylinder shape for a better hand-grasp. This was a novelty
in comparison to previous studies and it was designed and printed on a 3D printer.

In previous studies, tests were performed with an EMG recording system located in the main
arm muscles [48]. The tests showed that using the Novint Falcon to give force feedback activates the
Anterior Deltoid muscle, which flexes and medially rotates the arm, and the Extensor Carpi Ulnaris
muscle, which extends and adducts the hand at the wrist joint. This was demonstrated by applying
different degrees of haptic feedback in an exercise where participants would press down on a vibrating
cube [48]. Therefore, the tests concluded that, by using the Novint Falcon, the shoulder and the forearm
are activated.

2.1.2. Myo Gesture Arm Band

The Myo Gesture armband (see Figure 1, left) is a wearable gesture and motion control device
working with EMG sensors to measure electrical pulses in the arm [49]. While muscles expand and
contract, the armband sends signals wirelessly to other devices. It uses a Bluetooth 4.0 low energy
connection, it has a proprietary muscle activity EMG sensor, a 9-axis inertial measurement unit (IMU),
a rechargeable lithium-ion battery with one full day use out of single charge and haptic feedback which
provides short, medium or long vibrations.

Deeping into the sensors, the device has 8 EMG sensors and an IMU, containing a three-axis
gyroscope, a three-axis accelerometer and a three-axis magnetometer. Thanks to this 9-axis IMU,
Myo Gesture armband senses the motion, orientation and rotation of the forearm, used to recognize
hand and wrist movements.

In this paper, the device was used for obtaining a correct EMG monitoring during the performance
of the rehabilitation games. By using this armband, the muscle contraction and the arm kinematics
were stored for a posterior data analysis. Because of the Myo Gesture armband design, the 8 EMG
sensors are located equally distributed in the perimeter of the forearm. The EMG data was streamed at
200 Hz by Bluetooth communication to the PC.

Moreover, the rehabilitation platform implemented provided the opportunity to visualize in real
time the data obtained from the EMG sensors. This functionality allowed to measure the muscle
strength that the patient performs during each game.

2.1.3. Communication Protocol

The communication between the virtual environment and the devices were implemented via
sockets. The communication frequency between these devices was very important. Because the user
needed to perceive continuity in the images, the frequency of 30 Hz was selected for the graphics.
However, for haptic stability without oscillations a sampling rate greater than 500 Hz was mandatory.
In this paper, the frequency selected was around 650 Hz.

2.2. Serious Games Development

The first step to create the rehabilitation platform was to implement the virtual end-effector.
A software created the socket between the Unity 3D platform and the Novint Falcon device, enabling
the bidirectional transmission and reception of information.

To study the movement of the virtual object, it was necessary to establish a relationship between
the Cartesian coordinates of the end of the haptic device and the coordinates of the virtual object.
This module updated every frame in the scene with the position of the end-effector. The axes reference
of the Novint Falcon and the games are shown in Figure 2, where the x and y axes are horizontal and
vertical movements on the screen respectively, and the z axis comes out of the screen.
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Then, the serious games have been implemented with a therapeutic sense. To create a complete
platform, different menus focused on the patients were developed. The configuration of the games
attributes was essential to fit the games according to the needs of each patient in relation to the functional
capabilities. Within each serious game proposed, patients had to reach the number of objectives
selected by the therapist. To achieve this goal, the time of execution was restricted. If the patient did
not achieve the objectives in the available time, the game would finish. To help patients in developing
this task, the movement made with the end-effector was visualized in the virtual environment.

A summary of the main characteristics analyzed in each game is shown in Table 1. The behavior
and characteristics of each serious game are explained in subsequent sections. These features were
measured in terms of movement smoothness. Moreover, each serious game included elements of
visual feedback, recommended to boost the rehabilitation. Therefore, each serious game sought to
check if it was able to positively modify neural mechanisms and improve motor performance by
tuning the control structure of a patient. This effect should be analyzed in a future work, where a
clinical validation should be carried on. This effect has been mostly analyzed in stroke patients [50]
but these feedback sources can be extended to patients who have suffered other neurological diseases.
Nevertheless, more studies focused exclusively on SCI upper limb impairments and their recovery are
needed to elucidate if there are any difference in the residual motor control after an SCI compared to
post-stroke patients.

Table 1. Summary with the main characteristics of each game.

Game Exercise Type Force Type Therapeutic Objective

Following the path
Picking bananas
Collecting stars

Path guidance
Resistive Resistive

Hooke’s law
Viscosity Hooke’s

law

Accuracy
Accuracy, Strength
Accuracy, Strength

2.2.1. Following the Path

The end-effector in the scene was represented by a pencil which emulates a path drawn by the
patient. In this game, there was not a selection of the number of the objectives. The path was the same
in all configurations. Users had to travel inside the path without going out of the edges and when they
got out of it, an opposed force was exerted. When the user completed a segment, it changed its color to
a darker one (see Figure 3a) until the user completed all segments or the time was exhausted.

This game was implemented in 2D (x and y axes) because the depth of the scene could cause
trajectory disturbance in patients. The range of motion was of 5 cm in x axis and of 7.5 cm in y axis.
The path of the trajectory had a width of 0.5 cm.

Therapeutic Objective

This rehabilitation game was based on a path guidance exercise. The therapeutic objective was to
improve the precision and smoothness in the UL movement made by the patient and to recover fine
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motor control. This training modality using robot-mediated therapy was a combination of assistive
and active exercise. When the patient was moving the end-effector inside the path, the active mode
was working and the patient felt no force. However, when the patient went out the path, the assistive
modality started to push the patient’s hand inside. Therefore, the haptic robot assisted by providing
force feedback opposing to the movement of the patient.

In this training, the trajectory performed by the patient acquires relevant importance. For this
reason, the trajectory made by the patient was collected, so the movement smoothness could be analyzed.

The force feedback (FV) was implemented by using Hooke’s law (see Equation (1)).

FV (kT) = −kV ∆X(kT), (1)

where T was the sampling time, kT a specific instant in the discrete domain (k ∈ [0,1,2, . . . ]), ∆X(kT)
the distance to the edge of the path, and kV the stiffness or elasticity simulated in the edge of the path.
The force was implemented in the edges of the path, so patients felt these edges like walls that they
should not cross.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 17 

limb impairments and their recovery are needed to elucidate if there are any difference in the residual 
motor control after an SCI compared to post-stroke patients. 

Table 1. Summary with the main characteristics of each game. 

Game Exercise type Force type Therapeutic objective 
Following the path 

Picking bananas 
Collecting stars 

 Path guidance 
Resistive 
Resistive 

Hooke’s law 
Viscosity Hooke’s 

law 

Accuracy 
Accuracy, Strength Accuracy, 

Strength 

2.2.1. Following the Path 

The end-effector in the scene was represented by a pencil which emulates a path drawn by the 
patient. In this game, there was not a selection of the number of the objectives. The path was the same 
in all configurations. Users had to travel inside the path without going out of the edges and when 
they got out of it, an opposed force was exerted. When the user completed a segment, it changed its 
color to a darker one (see Figure 3a) until the user completed all segments or the time was exhausted. 

This game was implemented in 2D (x and y axes) because the depth of the scene could cause 
trajectory disturbance in patients. The range of motion was of 5 cm in x axis and of 7.5 cm in y axis. 
The path of the trajectory had a width of 0.5 cm. 

2.2.1.1.Therapeutic Objective 

This rehabilitation game was based on a path guidance exercise. The therapeutic objective was 
to improve the precision and smoothness in the UL movement made by the patient and to recover 
fine motor control. This training modality using robot-mediated therapy was a combination of 
assistive and active exercise. When the patient was moving the end-effector inside the path, the active 
mode was working and the patient felt no force. However, when the patient went out the path, the 
assistive modality started to push the patient’s hand inside. Therefore, the haptic robot assisted by 
providing force feedback opposing to the movement of the patient.  

In this training, the trajectory performed by the patient acquires relevant importance. For this 
reason, the trajectory made by the patient was collected, so the movement smoothness could be 
analyzed. 

The force feedback (FV) was implemented by using Hooke’s law (see Equation (1)). 

FV (kT) = −kV ∆X(kT), (1) 

where T was the sampling time, kT a specific instant in the discrete domain (k ∈ [0,1,2,…]), ∆X(kT) 
the distance to the edge of the path, and kV the stiffness or elasticity simulated in the edge of the path. 
The force was implemented in the edges of the path, so patients felt these edges like walls that they 
should not cross. 

 

 
(a) 

 
(b) 

Figure 3. (a) Serious game “Following the path”; (b) Serious game “Picking bananas”. Figure 3. (a) Serious game “Following the path”; (b) Serious game “Picking bananas”.

2.2.2. Picking Bananas

The end-effector was a basket which must collect different bananas that were located in different
trees (see Figure 3b). The patient moved into the environment with the basket and when a banana fell
from the tree, he had to get it with the basket before it touched the floor.

The therapist selected the number of bananas in the scene and the time for the duration of the
task. Then, the game selected the frequency of falling and it randomized the falls for every session.
The game notified the user when one banana was going to fall by changing its color and producing
a sound. If the banana fell into the basket, the score increased. If it did not fall into it, it simply
disappeared. When all the bananas fell, the game ended and the final result screen was visualized.

The force feedback provided by the haptic device was proportional to the number of bananas
inside the basket, as a concept of weight and friction. Depending on the user, a high number of bananas
could be tiring. Therefore, users could empty the basket in the left corner of the screen when they
passed by.

The trees were disposed in the floor using a distance of 6 cm. With this distribution, users had
enough space to move the end-effector in the total range of motion offered by the haptic device.

Therapeutic Objective

The rehabilitation exercise implemented in this serious game was resistive, so the robot opposed
to the movement that the patient performed. In this kind of exercises, the number of repetitions should
be small to avoid fatigue. A rest between exercises should be sufficient for recovery, and the resistance
should be modulated to increase it as the patient ability grows.
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The force feedback implemented was a viscosity resistance. This force was proportional to the
velocity and opposed to the end-effector movement (see Equation (2)). This force (FV) should increase
according to the number of objectives collected.

FV(kT) = −bV
.

X(kT), (2)

where T was the sampling time, kT a specific instant in the discrete domain (k ∈ [0,1,2, . . . ]),
.

X (kT)
the velocity of the end-effector and bV a constant referred to the viscosity. In this exercise, an isotonic
muscle contraction was produced. This muscle contraction implied the shortening and lengthening of
muscle fibers. Depending on the amount of force working against an individual’s body, one of two
kinds of isotonic contractions took place: concentric and eccentric contractions. Concentric contractions
occur when muscles shorten while its tension is greater than the force opposing it. On the other hand,
eccentric contractions occur when muscles extends in length [51].

2.2.3. Collecting Stars

The virtual visualization of the end-effector was a rocket and the objectives were stars which must
be eliminated (see Figure 4). To destroy the stars, the patient moved the rocket to the star position.
The game finished when the total number of objectives were achieved or the time was up. The stars
had different sizes: the bigger ones were easier to catch than the others.Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 17 
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A star was eliminated when the rocket collided with it. Once the collision was done, the star
disappeared from the scene, the score was incremented and a sound was produced. After collecting
a star, the user had to come back to the center of the screen before performing other destruction.
To achieve this behavior, the collision detection module was disabled during this period.

This game was designed in 2D, because it focused on following a straight trajectory, rejecting the
depth of the scene. Therefore, the allowed movements were in the y and x axes, but not in z axis.

The center of the stars was disposed in a circumference with a radius of 4.5 cm, centered in x and
y equal to zero. Consequently, the range of motion of the haptic device was fully covered, allowing a
range of motion of −5 cm to 5 cm in both axes.

Therapeutic Objective

The exercise implemented in this game was resistive. The robot provided force opposing the
movement. Thus, its goal was to obtain the strengthening of the UL muscles. In addition, with
this game the linearity of the movement could be checked. Patients with UL lesion usually tried to
compensate movements performing curved trajectories when they tried to catch an objective which
was in a straight direction.
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In this case, there was a zone without force in the middle of the game circle, but when the patient
was close to the targets, the force applied increased. The force began to act only in a radius of 2.5 cm
from the objective. The force applied followed the Hooke’s law (see Equation (1)). Therefore, the force
scaled linearly with respect to the distance when the end-effector was entering into the force area.

As in the picking bananas game, the muscle contraction was isotonic, because the force depended
on the movement and the position. A shortening and lengthening of the muscle fibers occurred during
the game performance.

2.3. Participants

A total of 8 people participated in the study divided into two groups: a group of healthy people
(n = 4) and a group of cervical SCI patients (n = 4). All patients fulfilled the following inclusion criteria:
age 16 to 65 years, at least 6 months from the injury onset, and cervical injury of the metameric levels
between C1 (first cervical vertebra) and C7 (7th cervical vertebra), neurologically classified according
to the American Spinal Injury Association (ASIA) scale into grades C or D [52]. Patients who presented
any vertebral deformity, joint constraint, surgery on any of the UL, balance disorders, dysmetria due to
associated neurologic disorders, visual acuity defects, cognitive deficit, or head injury associated with
the SCI were excluded. Background data of patients are provided in Table 2. The healthy subjects were
chosen according to reach two groups of similar demographic characteristics (3 males of 19, 21 and
23 years old and a female of 44). The guidelines of the declaration of Helsinki were followed in every
case. Informed consent was obtained from all individual participants included in the study, which was
approved by the Local Ethics Committee, Toledo, Spain.

Table 2. Spinal Cord Injury (SCI) patients’ characteristics.

Patient Age Sex Injury Level ASIA

1 19 M C4 C
2 18 M C4 C
3 45 F C5 D
4 20 M C6 C

2.4. Experimental Setup

The study was performed during two days, with two sessions per day. Therefore, the study was
formed by data obtained from four different sessions. In all sessions, participants performed the test
before starting with the serious games. This methodology was used to obtain clear results. In this
way, participants had a previous knowledge of the games and the results obtained did not show the
variability of the learning process.

The three games were performed in all sessions, always in the same order and with the same
characteristics to avoid including variability into the study. First, the “Picking bananas” game was
performed for 2 min and 15 objectives were selected. Second, the “Collecting stars” game was
performed for a maximum of 2 min and 16 objectives were selected. Finally, the “Following the path”
game was also performed for a maximum of 2 min. The maximum force selected in all games was at a
value of 4.5 N, half of the maximum available force at the Novint Falcon. This parameter selection was
chosen because in all tests participants showed skills to perform the task with this configuration.

All participants were right handed. The end-effector of the Novint Falcon was held with the right
hand and the Myo Gesture armband placed in the same arm, specifically in the forearm, with the
electrodes located on the flexor and extensor wrist muscles. The tasks were performed in the frontal
plane of the patients (see Figure 5).
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2.5. Data Processing

In this study, the UL motor performance of each participant was measured in terms of movement
smoothness, computing the peaks number from the velocity profile during the task execution proposed
by the serious games.

A processing script was developed by using the software MATLAB (MathWorks®). The speed
profile was obtained from the position data obtained by the haptic robot. These data were stored into
text files during the performance of each serious game. The trajectories were analyzed in 2D.

The statistical non-parametric U Mann-Whitney test was applied to analyze the possible differences
between both populations (healthy and patients groups) with a significance level of 5%. The results
were expressed as mean and standard deviation for the following variables: mean and peak speed
(m/s), number of peaks on the trajectory, and duration of the task.

3. Results

The results in relation to the motor performance in each variable within the serious games are
shown in Tables 3 and 4.

Table 3. Results about duration, as well as peak and mean velocity in each serious game for both
experimental groups (a, statistical differences p < 0.05).

Following the Path Healthy Group (n = 4) SCI Patients (n = 4)

Duration (s) 28.55 (7.91) a 49.52 (13.33) a

Peak velocity x (m/s) 0.255 (0.121) 0.406 (0.133)
Peak velocity y (m/s) 0.556 (0.203) 0.270 (0.125)
Mean velocity x (m/s) 0.063 (0.008) 0.058 (0.015)
Mean velocity y (m/s) 0.070 (0.018) 0.058 (0.020)
Picking bananas

Duration (s) 120.00 (0) 120.00 (0)
Peak velocity x (m/s) 1.600 (0.441) 1.752 (0.591)
Peak velocity y (m/s) 0.799 (0.813) 0.818 (0.902)
Mean velocity x (m/s) 0.060 (0.013) a 0.141 (0.065) a

Mean velocity y (m/s) 0.047 (0.013) a 0.091 (0.022) a

Collecting stars
Duration (s) 34.66 (7.91) 41.78 (15.83)
Peak velocity x (m/s) 1.232 (0.223) 0.878 (0.231)
Peak velocity y (m/s) 1.317 (0.387) 0.898 (0.145)
Mean velocity x (m/s) 0.160 (0.082) 0.140 (0.056)
Mean velocity y (m/s) 0.158 (0.054) 0.137 (0.054)
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Table 4. Peaks number in each serious game for both experimental groups (a, statistical differences
p < 0.05).

Peaks Number Healthy Group (n = 4) SCI Patients (n = 4)

Following the path 51.12 (11.53) a 81.32 (22.93) a

Picking bananas 154.75 (12.63) 164.72 (17.22)
Collecting stars 54.48 (10.25) 67.42 (24.58)

3.1. Following the Path

The time spent in the performance of the task was significantly different: healthy people spent on
average 28.55 s and SCI patients 49.52 s. This indicates that patients needed to perform the movement
slowly for avoiding going out of the edges. During the task execution, a counter quantified the number
of times that a participant went out of the path. The analysis shows that healthy subjects went out
of the path an average of 2.75 times and SCI patients 13.75 times. This fact increases the corrections
number of the hand due to the force feedback applied. So, the number of peaks in the speed profile is
statistically different between both groups.

3.2. Picking Bananas

In this serious game, all the participants spent 2 min. The average of the speed profile is slightly
higher in SCI patients than in healthy subjects. This is because SCI patients made quick movements
trying to catch the objectives.

The number of peaks obtained in the analysis shows that SCI patients perform more accelerations
and decelerations in the speed profile. However, the number of peaks was very high in both groups,
not showing statistical differences. Nonetheless, by observing the speed profile we observe that the
speed profile of SCI group is more abrupt than the healthy participants. An example of average
speed profile on axis x during the execution of the Picking bananas game for one healthy and one SCI
participant is shown in Figure 6. This profile shows a maximum speed peak of 1.3 m/s for the healthy
participant and 1.9 m/s for the SCI one. Two peaks higher than 0.5 m/s can be observed in the healthy
subject, while this number rises up to fourteen for the SCI participant within the same time frame.
Similar results are observed in all axes for all games and participants. However, a larger clinical study
should be carried on to better analyze those differences and obtain statistical differences.
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3.3. Collecting Stars

During the execution of this serious game, SCI patients spent more time for reaching the 16
objectives (41.78 s) than healthy subjects (34.66 s). The duration of the exercise could affect the
smoothness of the movement. This was because carrying out the task more slowly produced
segmentation of the movement and more peaks appeared in the speed profile. In addition, SCI patients
performed longer trajectories with a higher number of peaks than the healthy subjects (see Figure 7 for
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an example). This longer trajectories were due to the difficulty of accurately reaching the objectives,
both the starts and the center position. For the examples shown in Figure 7, it can be observed how
the healthy performed more accurately trajectories both on the center and the start positions. It can
also be observed that just one approximation, or two at maximum in some points, was performed to
reach every star. On the contrary, the SCI participant performed multiple passes through the same
point. Some stars, especially shown at the left-bottom part of the image, needed more than five
approximations to be reached. Moreover, the lines accumulation on the center of the image is clearly
stronger in the SCI patient plot.
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3.4. Electromyography Recording

An example of the activation pattern in flexors and extensors muscles measured from the Myo
Gesture armband placed on the forearm of a healthy subject and an SCI patient during the execution of
the serious games is shown in Figure 8. These data were analyzed taking into account the potential
values obtained from the Myo Gesture armband. The EMG data provided by the Myo Gesture armband
was unitless, 8 bit value. Hence, it provided a potential range between 0 and 255. To represent the
muscle contraction, the value of the data collected from the sensor placed in the muscles of interest had
been calculated. In all trials, SCI patients showed a stronger activation than healthy people. However,
for all users, the muscle contraction was low, obtaining an average of 38.13 in “Following the path”
game, 39.64 in “Picking bananas” games, and, finally, 53.35 in “Collecting stars”.
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4. Discussion

In the present study, all virtual environments developed focus on reaching UL functional tasks. For
the performance, they require a combination of analytical movements in each involved joint. The force
feedback delivered by means of Novint Falcon provides sensitive information to the patient that
modifies the kinematic patterns performed and, as a consequence, the kinematic variables measured.
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An important contribution in this research with respect to previous studies is the integration
of the Novint Falcon device and the Myo Gesture armband into a unique platform, obtaining EMG
signals from flexors and extensors muscles of the wrist joint. The monitoring of EMG signals could be
useful in the future for analyzing impairments in the muscles activation pattern during the serious
games performance. The EMG values obtained are low, far from the maximum value provided by the
Myo Gesture armband. This effect occurs because the load of the therapy proposed is also moderate.
Therefore, the muscle activity that patients need to overcome the force feedback is moderate. It can be
appreciated that, in the “Collecting star” game, where the force feedback applied is higher, the muscle
contraction is also higher. To represent the muscle contraction, the value of the data collected has been
calculated. For that reason, it is necessary to validate this EMG signal with those activation patterns
measured from a clinical EMG system. In previous studies, differences in EMG patterns between
healthy subjects and patients with cervical SCI have been reported to match with the differences in
kinematic results [53]. Therefore, the EMG signal is essential for monitoring the muscle contraction
during the games performance. In a posterior analysis, these data could be used to check the changes
in the patterns of motor activity during the rehabilitation process. The data provided by the EMG
could also be useful for controlling the appearance of peripheral fatigue [54]. Moreover, its supervision
is important to avoid damaging the patient’s muscle with an overload of work.

In relation to the content of the games, the “Collecting stars” game has been developed similar to
those proposed by Scalona et al., where they provide 8 objectives to reach with different levels of force
feedback [29]. In our proposal, the game involves 16 objectives around the circumference: four in the
vertical and horizontal line, and the other 12 in the diagonal lines. The other two serious games were
oriented to complete functional tasks, like the commercial games included in Novint Falcon and used
by Chortis et al. [33]: one of them, the “Picking bananas” game, to pick up and carry objects; and the
other one, the “Following the path” game, to follow a hand trajectory.

Nonetheless, the lack of movement smoothness has already been demonstrated in presence
of neurological pathologies [16]. It is measured at the distal segment and shows as a consequence
longer hand trajectories with a higher number of directional changes. This characteristic provides
objective quantitative information of UL motor function and control. The ideal condition when
moving the hand between pairs of targets is to generate roughly straight hand trajectories with a
single-peaked, bell-shaped speed profile [15]. This behavior was proved to be independent of the
part of the work-space in which the movement was performed. Moreover, the results obtained were
strong indicators that movement planning takes place in terms of UL distal segment, by means of
hand trajectories rather than joint rotations [55,56]. Nevertheless, smoothness metric has shown to be
discriminative between healthy and neurological patients when smoothness is computed from the
peaks number in the speed profile [20,21]. Therefore, in this paper, smoothness has been measured
by computing the peaks number within the speed profile. Results from the proof of concept show
that this behavior was maintained, and a higher peaks number was obtained in SCI patients than in
healthy people for the three serious games. However, statistical differences were only obtained in the
“Following the path” game.

5. Conclusions

The use of new technologies in the rehabilitation field has increased in the last years. Robot
aided and VR rehabilitation provide higher motivational environments to the patient, facilitate the
performance of the necessary movement repetitions for inducing the UL motor learning and increase
the amount of therapy that patients receive. However, these technologies are expensive, and a need for
low-cost devices exists. This work takes advantage of low-cost VR systems and robotic haptic devices
to enhance involvement and engagement of patients to provide a congruent multisensory afferent
feedback during motor exercises and benefit from the flexibility of virtual scenarios.

The low cost platform developed in the present work enables the UL rehabilitation with haptic
feedback and EMG monitoring for SCI patients. First of all, three serious games have been designed
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and implemented to compute within them the smoothness movement. The design and implementation
of each serious game required the definition of a unique interface and physical models related to
haptic feedback. In all of them, the movement smoothness has been reported lower in patients than in
healthy people, showing an inverse relation with the peaks number obtained. As a conclusion, the
three serious games proposed are suitable for measuring movement smoothness, but the most suitable
game for discriminating between healthy and SCI patients is the “Following the path” game. This is
because, in this game, the order to reach the different nodes has been imposed, being always the same
and allowing an identical comparison between participants. Nonetheless, these assumptions should
be confirmed with a large clinical validation.

A proof of concept to check the functionality of the platform with SCI patients was made. Results
obtained in terms of movement smoothness show differences in the movement patterns. Some benefits
drawn from this research are exposed as follows:

• All the devices of the platform are low-cost and easily adaptable for different people, with a short
time spent in preparation for the serious games performance.

• The configuration options used in this research allow to create different virtual scenarios, in order
to personalize each patient rehabilitation.

• The final design generates a good haptic response and reliable monitoring of the muscle contractions.
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