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Abstract

Serious game development for rehabilitation therapy is becoming increasingly popular
because of the motivational advantages that these types of applications provide. Conse-
quently, the need for a common process framework for this category of software develop-
ment has become increasingly evident. The goal is to guarantee that products are
developed and validated by following a coherent and systematic method that leads to high-
quality serious games. This paper introduces a new process framework for the development
of serious games for motor rehabilitation therapy. We introduce the new model and demon-
strate its application for the development of a serious game for the improvement of the bal-
ance and postural control of adults with cerebral palsy. The development of this application
has been facilitated by two technological transfer contracts and is being exploited by two dif-
ferent organizations. According to clinical measurements, patients using the application
improved from high fall risk to moderate fall risk. We believe that our development strategy
can be useful not only for motor rehabilitation therapy, but also for the development of seri-
ous games in many other rehabilitation areas.

Introduction

Serious games are computer games designed for a primary purpose other than pure entertain-
ment. In various areas (e.g., defense, education, scientific exploration, healthcare, emergency
management, city planning, engineering, and politics), the ultimate purpose of a serious game
is to allow users to reach a specific goal in an entertaining and engaging manner through the
experience of playing the game.

In the healthcare field, serious games are largely focused on treatment, recovery, and reha-
bilitation. In this work, we consider the development of serious games for motor rehabilitation
therapy, an area where these games are considered to be a highly promising solution [1]
because it has been demonstrated that they help to motivate patients during therapy sessions
[2]. This motivation is particularly important in long-term rehabilitation for maintaining
motor abilities, where demotivation is frequent in chronic patients because therapy typically

PLOS ONE | https://doi.org/10.1371/journal.pone.0197383 May 16,2018

1/18


https://doi.org/10.1371/journal.pone.0197383
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197383&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197383&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197383&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197383&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197383&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197383&domain=pdf&date_stamp=2018-05-16
https://doi.org/10.1371/journal.pone.0197383
https://doi.org/10.1371/journal.pone.0197383
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

PROGame

Competing interests: The authors have declared
that no competing interests exist.

consists of repetitive and intensive activities that become boring after hundreds of sessions
[3-6].

In this paper, we present a disciplined and repeatable process framework that supports the
development of serious games for motor rehabilitation. Our method has been clinically vali-
dated. The remainder of this paper is structured as follows. Firstly, we discuss some desirable
features of motor rehabilitation serious games that we have encountered in most serious game
projects and introduce the theoretical basis of serious games with the requirements that a pro-
cess framework for the development of serious games for rehabilitation should satisfy. Sec-
ondly, we describe PROGame, a novel process framework for the development of serious
games for motor rehabilitation. Thirdly, we present a validation of this framework through the
development of a specific serious game. Finally, we present our conclusions and discuss future
research.

Desirable features for motor rehabilitation serious games

Before we define a new process framework for serious game development, we discuss a few
important aspects that we have encountered in most serious game projects for motor rehabili-
tation therapy.

Burke et al. [4] identified two principles of game design theory that have particular rele-
vance to rehabilitation: meaningful play (the relationship between player interactions and sys-
tem reactions) and challenge (maintaining an optimal difficulty is important to maintaining
player engagement). Jaume-i-Capo et al. [7] enumerated the desirable features of rehabilitation
serious games:

1. Selecting an existing interaction mechanism. A serious game should not develop a new
rehabilitation therapy because this would make it difficult to validate both the therapy and
the serious game. It is more suitable to use an existing therapy as the mechanism of interac-
tion with the serious game. This means that if the patients want to play, they must perform
the therapy.

2. Defining an interaction model adapted to patient capabilities. The interaction model must
be defined according to the selected therapy and patient physical capabilities. For the ther-
apy, one should consider the part of the body where the therapy is applied and the resolu-
tion of the therapy measurements among other factors. For patient capabilities, it is
important to consider that patients may find it difficult to properly hold physical devices.

3. Incremental development. Our experience with this type of project has shown us that to
ensure all objectives are met, we must follow an incremental development process that sup-
ports communication, an activity that we consider crucial because technical engineering
language is completely different from therapy specialist language. Furthermore, incremen-
tal development accommodates validation of the system, which is another important
activity.

4. Specialist validation. Specialists must validate that every increment facilitates the perfor-
mance of the selected therapy. Otherwise, the final game would not have the desired thera-
peutic effect.

5. Clinical evaluation. The serious game must be clinically validated to determine the effects
of the physiotherapy treatment and compare them to the effects of standard therapy meth-
ods to determine if the serious game is appropriate for the motor rehabilitation goal. Spe-
cialist validation must be precise because clinical evaluation is expensive in terms of
resources and time, and must be approved by an ethical committee.
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A serious game development process: Theoretical basis

As defined in well-known software engineering fundamentals, a software process is a set of
related activities that lead to the production of a software product [8,9]. There are many differ-
ent software processes, but all must include the four basic process activities [10]: (1) specifica-
tion, (2) design and implementation, (3) validation, and (4) evolution. These activities are
organized differently in different development processes.

Given the current importance of serious game development and based on the software
engineering fundamentals [10-12] we believe that a systematic and organized approach to seri-
ous game development is necessary to produce high-quality products. To the best of our
knowledge, there are no existing process frameworks for serious game development for motor
rehabilitation therapy. However, some relevant design issues have been published in the litera-
ture [7,13] which are essential to provide suitable solutions for specific development efforts. At
this point, we consider it important to highlight that the goal of this work is to create a frame-
work that goes beyond these design considerations to handle other dimensions of the develop-
ment process. The interdisciplinary nature of serious game development requires a holistic
and validated framework that provides guidance on system development tasks with a wider
focus than the simplistic view of general design issues. In the following section, we introduce
PROGame, a framework for the development of serious games for motor rehabilitation ther-
apy. Drawing on our experience in the development of serious games [14,15], as well as soft-
ware process assessment and improvement [16-19], we combine three different development
approaches.

First, the need for an agile model led us to use Scrum as a reference framework [20] for
managing and controlling iterative work at the project level.

Second, PROGame is based on the web application development model introduced in [21].
We decided to use this model as a reference for our framework because we believe that serious
game development requirements have some similarities to web application requirements [22].

Finally, we believe that the implementation of a serious game for motor rehabilitation is
similar to a clinical trial involving new drugs [23].

Scrum for agile project management

A development project for a serious game for motor rehabilitation therapy involves a multidis-
ciplinary team with diverse stakeholders. As discussed before, support for continuous commu-
nications between developers and therapy specialists, each with their own technical language,
is an important challenge to overcome. An incremental agile method is promising not only for
managing communication, but also for supporting incremental development that accommo-
dates validation activities. It is particularly important to test critical nonfunctional require-
ments, such as the safety of interaction mechanisms.

As highlighted in [10], agile approaches are particularly successful for development projects
where there is a clear commitment from the customer to be involved in the development pro-
cess. Agile approaches work well in these situations because it is possible to have continuous
communication between stakeholders.

The choice of Scrum in particular was motivated by the fact that it focuses on supporting
agile project management, which we consider to be an essential activity for managing and con-
trolling the aforementioned basic process activities.

Requirement similarities between web applications and serious games

Web engineering is considered to be a specialization of software engineering by prestigious
software engineering specialists and project managers, such as Roger Pressman, Tom
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DeMarco, and Watts Humphrey [24]. Following from this concept, the basic principles of web
engineering have been described similarly to those of software engineering: clearly defined
requirements, systematic development, and careful project management.

From the same viewpoint as the authors above, we have considered that existing software
development techniques can be adapted to develop serious games in the same way that they
have been adapted to the development of web applications [22]. Both web applications and
serious games differ from conventional software systems in various ways (e.g., multidiscipli-
narity of stakeholders, significance of quality aspects, quality of user interfaces, and developer
inexperience).

Requirement similarities between a clinical trial for new drugs and the
development of serious game for motor rehabilitation

We have observed certain similarities between the development of a serious game for motor
rehabilitation [6,14,15,25,26] and a clinical trial for new drugs [23]. In both cases, the process
requires a set of sequential phases, where each phase attempts to meet or define some
objective.

In drug development, there are five necessary phases to prove that a drug is suitable for
medical treatment (see Table 1).

We propose a five-phase process for developing serious games for motor rehabilitation,
using a clinical trial as a reference:

1. Therapy selection: The development team studies existing validated therapies for clinical
goals, as well as the capabilities of patients, and selects an appropriate therapy. This allows
us to ensure the efficacy of the therapy before implementing it in a serious game. We com-
pare this phase to Phase 0 in drug development because the therapy selection phase also
ensures the efficacy of the treatment before applying it to patients.

2. Interaction mechanism: Accounting for existing technology, the engineering team designs
an interaction mechanism to capture the therapy in a serious game. In this phase, the thera-
pists must ensure that the interaction mechanism is safe and that it matches the motor
capabilities of patients. For example, if the therapy requires arm movement, but the user
cannot hold a device, cameras and computer vision methods could be selected as interac-
tion mechanisms. The interaction mechanism is validated by physiotherapists and tested
on real patients to verify that the interaction mechanism facilitates the therapy in a safe
manner. We compare this to Phase 1 in drug development because the interaction mecha-
nism phase also ensures that the treatment is safe for patients.

3. Interaction elements: We must ensure that the patient is performing the therapy correctly.
The team designs interaction elements that force patients to perform the therapy correctly.
In this phase, therapists must ensure that the interaction elements force the patients to

Table 1. Phases of a clinical trial for drug development.

Phase Drug-development

Phase 0 — Ensure efficacy The drug is tested on non-human subjects to determine its efficacy.
Phase I - Ensure safety The drug is tested on healthy volunteers to determine its safety.
Phase II - Test on patients The drug is tested on patients to determine its efficacy on humans.
Phase IIT - Test therapeutic effects The drug is tested on patients to determine its therapeutic effects.
Phase IV - Determine long-term The drug is monitored during public use to determine its long-term
effects effects.

https://doi.org/10.1371/journal.pone.0197383.t001
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perform the selected therapy. Interaction elements are validated by physiotherapists and
tested on real patients to verify that when they interact with the elements, they are perform-
ing the therapy in an effective manner. We compare this to Phase 2 in drug development
because the interaction elements phase also ensures that the treatment is effective for
patients.

4. Serious game: Following the principles of game design theory, the development team
designs a serious game to encourage the user to perform the therapy regularly to achieve a
therapeutic effect. In this phase, therapists must ensure that playing the serious game helps
patients to achieve the desired therapeutic effect. The serious game is validated by physio-
therapists and tested on real patients to verify that when patients play the serious game,
they are achieving the desired therapeutic effect. We compare this to Phase 3 in drug devel-
opment because the serious game phase also ensures that treatment achieves the desired
therapeutic effect.

5. Clinical study: The development team verifies that the serious game has the same effects as
the selected therapy to determine its long-term effects. We compare this to Phase 4 in drug-
development because the clinical study phase also ensures that treatment has the desired
long-term effects.

PROGame: A process framework for serious game development

Considering the realities and specific characteristics of serious game development described in
the previous sections, we believe that PROGame activities must be repeated to design and
deliver an incremental solution. Fig 1 illustrates the process flow of development activities.

As shown in Fig 1, the serious game development framework follows an iterative process
flow structured in two dimensions, which are described in detail below.

First dimension activities

The first dimension includes a project initiation activity, an iterative flow composed of four
basic development activities, and a final clinical study. The structure of this dimension has

' ’ Clinical Study

SERIOUS
GAME

Planning and

Project Initiation

control
INTERACTION

General Description ELEMENTS
Operational objectives
Restrictions
Stakeholders
Therapy Selection

INTERACTION

MECHANISM

Fig 1. Process flow for serious game development.

https://doi.org/10.1371/journal.pone.0197383.9001
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been designed based on the three aforementioned approaches: Scrum, the web application
development model, and a clinical trial:

o Scrum is the basis of the first activity of the framework. The project initiation activity has
been adapted from the sprint 0 phase, which is the initial Scrum phase for starting a new
project.

o The basic development activities, which are organized as an iterative flow, have been adapted
from the web application development model.

o Phase 0 of the clinical trial has been included as a therapy selection task within the first activ-
ity. The framework also considers a clinical study as the final activity to replicate Phase IV of
the clinical trial fundamentals.

Project initiation. The serious game development process begins with the project initia-
tion activity. This activity serves as the entry point for the process flow. It is where engineers
and therapists consider fundamental questions regarding the game and its context, and deter-
mine patient needs. The activity begins by identifying the context, operational objectives, and
restrictions for the serious game as a whole. Then, a more detailed specification of the game’s
requirements and constraints is created. This information is compiled in a general description
that is used as the basis for identifying the therapy to be implemented and for developing a
macroscopic schedule for the three subsequent iterations.

More specifically, the project initiation activity includes the following tasks:

Identify the need for a serious game. Describe the need for a serious game and consider the
possible economic, technical, operational, and legal restrictions that could affect
development.

Identify stakeholders and user categories. Identify exactly who is the customer for the serious
game and which people can serve as experts and representative end users. Identify how
many different types of users will interact with the serious game, as well as any special needs
and required functionality for each user category.

Identify the game functionality and constraints. Define the functional requirements of the
game. Engineers and physiotherapists prepare a list containing the information that the
game must manage and the functionality that it must provide. Possible constraints are also
identified.

Select the therapy for the serious game. Considering the game functionality, patient capabili-
ties, and constraints, select a validated therapy to transfer into the serious game.

Iterative flow. The iterative flow in the first dimension of the model is structured into the
four basic development activities: planning and control, modeling, construction, and
evaluation.

The main goal of the planning and control activity is to perform incremental project man-
agement for the development of the serious game to minimize the effort and time spent on

managing the complexity of the increment to be deployed. This activity includes three tasks:
planning, scheduling, and tracking. The goal of planning is to determine the tasks to perform
during the increment by identifying the end products of the increment and the people who
will do the work:
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o Determine the tasks to perform during the increment. Refine the modeling, construction,

and validation tasks for the increment.

« Identify products. The number of products developed should be the minimum necessary
amount to facilitate the subsequent task.

Scheduling is the task that allocates the estimated effort for specific tasks across the planned
schedule for building an increment. The main goal is to create a list of tasks and identify any
interdependencies. It is also important to identify critical tasks that should be monitored to
identify possible deviations as soon as possible. The goal of the tracking task is to measure the
development progress. If the development team has taken the time to construct a detailed
work schedule for the increment, progress can be tracked by determining how many work
tasks have been completed, how many work products have been produced and reviewed, and
how much confidence individual team members have in the increment completion date.

The purpose of the modeling activity is the development of models that help the develop-
ment team to better understand the requirements and design of the serious game. The starting
point is the information obtained in the project initiation activity (if on the first iteration) or
the requirement information obtained from previous iterations. The complexity of the model-
ing activity can be managed by considering different perspectives for modeling distinct
aspects, such as content or interaction with the user interface. More specifically, the tasks to
consider during modeling are the following:

« Refine functional requirements. Detail the user requirements for the increment.

« Design application contents. Analyze the functional requirements to create a content model
with information entities that the user will create or modify when playing the serious game.

o Design the graphical user interface. Use prototyping to design the user interface for the

increment.

« Identify and design functional components. Analyze and design the functionality of the sys-
tem components to implement for the increment.

The construction activity produces executable software units that properly reflect the design.
Construction includes the production and testing of software units that are part of an incre-
ment. It is important to emphasize that to maintain agility, the software units to be constructed
are designed during the construction activity, rather than in the previous modeling activity.

The following tasks are part of the construction activity:

« Select reusable components. Consider the constraints of the technical environment, skills

and knowledge of the developers, and issues regarding intellectual property to select the
most suitable reusable components.

« Construct executable components. Follow standard coding principles to write code to pro-
duce executable components for the increment.

« Test executable components. Perform unit tests and correct errors.

The purpose of the evaluation activity is playing the serious game with the goal of finding
and correcting errors before it is made available to patients. In addition to the conventional
quality aspects that any software application must address, the evaluation objectives within the
context of a serious game for motor rehabilitation must consider the following aspects:

o The designed interaction must be possible and safe for the motor capabilities of patients.

o The therapy must be effective.
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o The game must engage the user.

Clinical study. The clinical study activity aims to quantify the improvement of rehabilita-
tion based on types of functional exercises. In order to perform a successful clinical evaluation,
this activity must define the experiment, participants, and measurements according to the
final goals and type of therapy. In [7], it was recommended to design the entire study through
a pre-assessment and post-assessment of every measurement (see Fig 2). Optimally, the success
of the clinical evaluation increases when one can include a control group and the greatest pos-
sible number of measurements [27].

Second dimension: Incremental development

The second dimension supports the three core phases of the clinical trial previously described.
These phases have been included in this dimension as three different increments: interaction
mechanism, interaction elements, and serious game.

The goal of the first increment, interaction mechanism, is to design an interaction mecha-
nism to capture the selected therapy while considering existing technology. It is important to
ensure that the provided solution is safe for the motor capabilities of patients. For example, if
the therapy requires arm movement and the patient cannot hold a device, cameras and com-
puter vision could be used as interaction mechanisms.

During the second increment, interaction elements, the development team must design the
interaction elements that force patients to perform the therapy correctly to ensure that the
therapy is effective.

The final increment is aimed at designing a serious game to encourage the patient to per-
form the therapy regularly to reach a therapeutic effect. We call this increment the serious
game.

Framework validation

In this section, we introduce the project used to validate the new framework. We had the
opportunity to apply PROGame to the development of a serious game for the improvement of
balance and postural control in adults with cerebral palsy (CP) [15].

The project was supported by the Spanish Association of Cerebral Palsy (ASPACE), whose
mission is comprehensive care for people with CP and related diseases. The goal of this associ-
ation is to improve personal autonomy, facilitate integration into society, and improve the
quality of life of people with CP by applying multidisciplinary medical rehabilitation, educa-
tion, employment, and social assistance.

The goal of this project was to provide a technology-assisted therapy to improve and main-
tain quality of life and independence for adults with CP. Although a great deal of research has
focused upon improving quality of life for children with CP, few studies have emphasized sys-
tems and methods for adults with CP.

In order to present the results of the validation of PROGame, we have divided this section
into five parts: project initiation, interaction mechanism, interactive elements, serious game, and
clinical study.

GAMING WEEKLY

ACTIVITY ACTIVITY ACTIVITY
MONITOR MONITOR MONITOR
T I
w1 Wn

Fig 2. Clinical study assessments.

https://doi.org/10.1371/journal.pone.0197383.9002
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Project initiation

Following the process flow of the proposed framework, the first task we performed was the
identification of the need for a serious game, the stakeholders, and user categories, as well as
the requirements of the game (operational objectives and restrictions). This information, sum-
marized below, was used as the basis to select the therapy to be implemented by the game.

General description. Many children and adults with CP have poor walking abilities and
manipulation skills. One of the factors that contribute to problems with gait and reaching
movements is poor balance control. This is because the maintenance of stability is critical to all
movements [28]. The objectives of medical intervention and physical therapy are to improve
balance and postural control, prevent dependence, and preserve autonomy.

The use of a computer as a rehabilitation tool is considered as a possible alternative therapy
that could help motivate patients during therapy sessions. This idea is based on the fact that
the use of a computer motivates users to work in an entertaining manner.

The goal of the project is to provide a rehabilitation game that motivates users through new
technologies. Specifically, the game must fulfill the following operational objectives:

« Training balance control.

« Improving coordination and trunk control.

« Encouraging cognitive and communicative aspects.

« Improving functional capabilities in daily life activities.
« Avoiding therapy abandonment.

The serious game must include the desirable features for rehabilitation, which are feedback
and adaptability to user capabilities [4]. Furthermore, the new serious game should allow the
inclusion of motivational elements to increase engagement. It should also include monitoring
mechanisms to simplify the therapist’s work [7].

In this project, two different technical aspects are considered to be crucial.

The first technical consideration is the use of a specific interaction technology, computer
vision, also known as vision-based interaction (VBI) [29]. Visual information from the perfor-
mance of user actions is the preferred capture method for two reasons. First, motor rehabilita-
tion consists of body movements that can be recorded. Second, vision capture technology is
noninvasive and can be used by patients who have difficulty holding physical devices.

The second technical consideration is the use of mirror feedback. Mirror feedback consists
of projecting the user onto the screen and simulating a mirror in such a way that the users can
see themselves on the screen at all times. We must include this technical restriction because
mirror movements and imitation learning is highly recommended for motor rehabilitation
[30] and the advantages of observation and imitation for learning have been well studied [31].
For this reason, mirrors are included in motor therapy rooms because they allow patients to
see themselves and verify that they are correctly performing the therapy.

In order to increase the number of therapy sessions and exercises, it is important to offer to
users the possibility of performing rehabilitation at home. For this reason, we need a low-cost
system. Currently, low-cost RGBD devices that can capture user movements at a frame rate of
up to 30 fps are widely available.

For testing and clinical studies, users or their families signed an informed consent form
[14,15]. Furthermore, we obtained the approval of ASPACE board prior to experimentation to
correctly apply legislation and consider ethical issues (human dignity, confidentiality, non-dis-
crimination, and proportionality between risks and benefits).
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Table 2. Stakeholder specifications.
Type
Hospitals and rehabilitation centers

Physicians/Physiotherapists

Patients
Families
Engineers
Designers

Ethical committee

https://doi.org/10.1371/journal.pone.0197383.t002

Role
Provide facilities, specialists, and patients

Game design
Validation of rehabilitation therapy

Play the serious game

Legal proxies (if needed)

Serious game development

Creative activities (art, animation, etc.)

Clinical study authorization

In order to better classify the different stakeholders and their roles within the project, we
elaborate on the stakeholder specifications in Table 2.

Once the different stakeholders are identified, engineers and physiotherapists work
together to define the requirements of the game. Fig 3 presents a use case diagram that pro-
vides a high-level overview of the functionality of our serious game.

Following interviews with stakeholders, observation of rehabilitation sessions, and consid-
eration for restrictions, the therapy to be transferred into the serious game was selected.

The standing human posture is innately unstable. The center of mass (COM) of the body is
located approximately five-ninths of the body height from the ground with a narrow base of
support (BOS). The active control of body alignment requires maintaining balance within the
BOS. Activities of daily living (ADL) require control of the position of the COM over the BOS.
A lack of skills or inappropriate skills for this control can result in the risk of falls and/or

diminished quality of life.

Exercises for this type of active control include functional strengthening, balance activities

to improve tone, and spatial orientation during postural control. Therapy also aims to

Physiotherapist

Create new user profile

Configure game

Validate therapy

Player

Fig 3. Overview of the functionality of our serious game.

https://doi.org/10.1371/journal.pone.0197383.g003
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strengthen the muscles of the neck, back, and upper limbs, which are used for balance and
coordinating the upper limbs with the visual environment. In a standard therapy session, the
following exercises are performed [32]:

« To start the therapy, the patient is asked to stand up (with his/her own technical aids if
needed) from the sitting position.

« While standing, the patient performs COM movements for five minutes, using large and
coordinated movements to displace the COM with speed, safety, and balance.

o In the same position, the patient performs 20 to 30 repetitions of forward-reaching exercises
toward an object.

« In the same position, the patient performs 20 to 30 repetitions of left side-reaching exercises
toward an object.

The same reaching exercises are then performed for the right side. The physiotherapist can
adjust the amount of exercise according to the subject’s level of physical function to provide
the optimal amount of exercise for each subject in accordance with the subject’s weekly toler-
ance for management of fatigue. Each participant has his/her exercise program updated or
revised every week to improve his/her abilities in range of balance, motion, speed, and func-
tional strengthening for postural control.

Interaction mechanism

As described before, the development of a serious game is structured as three iterations. The
goal of the first iteration is the definition of the interaction mechanism, which means deter-
mining how we can capture the therapy in an interaction system. The four framework activi-
ties within this iteration were performed as described below.

We designed a project management support form for agile planning and control. Table 3
represents an example of the use of this form for the interaction mechanism iteration.

The objective of the first modeling task was the definition of the interaction mechanism
requirements. This was accomplished by observing the standard therapy in real sessions. Engi-
neers and therapists then held a series of meetings in order to define the characteristics of the
interaction mechanism based on the engineers’ observations and the therapists’ knowledge.
The following requirements were established for the interaction mechanism:

o RI. The tracking device must be able to detect the position of the patient’s hand at any
moment to support the selected therapy.

« R2. Patients must be able to start the tracking with a simple gesture because they have diffi-
culty holding physical devices.

Table 3. Planning and control tasks for the first iteration.

Framework Task Description

activity

Modeling Define the interaction Analyze the selected therapy to define the interaction mechanism
mechanism requirements.

Construction Analyze tracking devices | Validate the suitability of existing devices to track the user’s hand.
Select a tracking device Select the most suitable tracking device. The selected device must

be approved by the physiotherapists.

Validation Validate and adapt the Validate the selected tracking device and adapt it to the interaction

selected device mechanism.

https://doi.org/10.1371/journal.pone.0197383.t003
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Table 4. Motion-based device analysis.
Device Noninvasive Hand tracking Motion detection Cost
WebCam + markers X X
Eyetoy X X X
Wiimote X X X
Kinect X X X X

https://doi.org/10.1371/journal.pone.0197383.t004

« R3. The selected device must be noninvasive and affordable because of budget limitations.

In order to validate the suitability of existing motion-based capture devices, we identified
the desirable features that they must support. We analyzed several different possibilities, as
shown in Table 4.

The results of this analysis led us to reject both the Wiimote and the combination of a web-
cam and markers because they are invasive for patients who have difficulty holding physical
devices. The Eyetoy was also rejected because it neither tracks hand position nor detects the
user when there is no motion. Other systems were rejected because they were outside the target
budget. Finally, the Kinect RGBD device was selected as the best option because it fulfilled all
the requirements. The selection of the Kinect device as a main reusable component was a way
to save construction time and focus our efforts on the validation activity.

To complete the activities for interaction mechanism development, the only remaining task
was to validate the suitability of the Kinect for the selected therapy. This was accomplished in
two phases:

1. Recording the physiotherapist performing the therapy while we acquired ground-truth data
for the hand position in each frame and compared the Kinect hand tracking positions with
the recorded ground-truth.

2. Test the Kinect with real patients in a therapy session.

The comparison results in the first phase were accepted by the therapists. Therefore, Kinect
hand tracking was deemed appropriate as an interaction mechanism for the selected therapy.

For the second validation phase, after testing the Kinect with real patients in a therapy ses-
sion, we determined that the Kinect initialization procedure was not valid because Kinect ini-
tialization requires users to wave with one hand, which was not possible for some patients.
Thus, a second iteration was needed. We applied the four model activities again for interaction
mechanism development.

The result of the planning activity was the decision to construct a new tracking module
adapted to our patients’ characteristics. The following requirement was added to the initial
requirement list:

« R4. Before starting the game, the users must place their hand in a predefined position on the
screen in order to start the hand tracking procedure.

To facilitate the new requirement, we designed the user interface to start with the hand
tracking screen. As shown in Fig 4, we decided to design this interface by providing a square
on the center of the screen where the users must place their hand in order to start the tracking
procedure.

During the construction activity, we developed the previously designed module using the
C++ programming language and the OpenCV computer vision library. Unit testing was per-
formed in our lab to ensure the consistency of the developed software module. Finally, the
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Fig 4. Tracking module interface.

https://doi.org/10.1371/journal.pone.0197383.9004

initialization process was validated with real patients to prove that they were able to initiate the
hand tracking procedure correctly.

The final result of the interaction mechanism iteration was a tracking module that would be
integrated with the interaction module developed in the second iteration, as described in the
following section.

Interactive elements

The second iteration focuses on the design of interaction elements that force patients to per-
form the therapy correctly. In this case, that meant interacting with objects that could not be
reached without moving the COM beyond the BOS. Just as for the first iteration described in
the previous section, we follow the four framework activities for the design of the interactive
elements. In this section, we only describe the most relevant activities and tasks.

From therapy observations, information collected from physiotherapist meetings, and a
survey of existing hand-reaching interaction elements from interactive rehabilitation vision-
based systems [4], the result of the modeling activity was the addition of two new requirements
regarding the interactive elements:

 R5. Patients must interact with objects that cannot be reached without moving the COM
beyond the BOS.

« R6. Patients must see themselves on the screen, as in a mirror, so that their position relative
to the interactive objects is always known.

Based on these requirements, we defined a set of configuration parameters to customize the
interaction and adapt it to different patients. The tunable conditions, which would become a
part of the “Configure game” use case identified in the project initiation activity, are listed in
Table 5.

Table 5. Conditions for the “Configure game” use case.

Design Rationale

Number of elements to interact with. Definition of different levels in the game.

Position of each interaction element.

Distance between the user and the The larger the distance from the screen, the larger the required COM
screen. change.

https://doi.org/10.1371/journal.pone.0197383.t005
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Fig 5. Interaction module.

https://doi.org/10.1371/journal.pone.0197383.9005

With this design solution, we could start on the construction of the interaction module that
would permit the user to interact with various objects. This module was integrated with the
tracking module developed in the previous iteration (see Fig 5).

The validation of the interaction module was performed with real users, who tested differ-
ent configurations of the tunable conditions proposed by the physiotherapists. The physiother-
apists designed a set of interaction patterns by changing the number and positions of the
interaction objects. These patterns were used to validate that the rehabilitation therapy was
successfully transferred into the system and that the system could adapt the interaction based
on the needs of different users. Additionally, different levels of difficulty were tested by chang-
ing the distance between the user and the camera in combination with the designed patterns.

Serious game

The goal of the final iteration is the design, construction, and validation of a serious game that
incorporates the physiotherapists’ recommendations and the desirable features for rehabilita-
tion in serious games.

The result of the modeling activity was a more detailed requirement specification for the
various use cases to be implemented (see Fig 3). This final specification is contained in Table 6.
Based on these requirements, the proposed solution was the construction of a prototype
that allowed patients to interact with colored circles that must be deleted by touching them as

quickly as possible. During the validation of this prototype, we noticed that users were not
motivated to play the proposed game. Therefore, the design of the serious game was enhanced
with a new functionality that allows one to change the appearance of the objects to use images
that increase motivation by displaying themes of particular interest to each patient.

The serious game was structured as four software modules that correspond to the four use
case functionalities: user profile creation, game configuration, playing module, and data

Table 6. Requirements for the serious game.

Use case Requirement

Create new user R7. Patients must have a profile where their last-played game conditions are stored.
profile

Configure game R8. The therapist can set a time limit for each session.

R9. The therapist can customize how long a player must be in contact with an element to
erase that object.

R10. Tunable conditions of interaction objects must be accessible from serious game
configuration interface.

Play R11. Each game action has corresponding visual and auditory feedback.
R12. A visual object must be projected on the patient’s hand.

Validate therapy R13. Patient performance must be stored for each game.
R14. The therapist must be able to access patient information during the clinical study time
period.

https://doi.org/10.1371/journal.pone.0197383.t006
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Fig 6. Therapy session.

https://doi.org/10.1371/journal.pone.0197383.9006

storage. The final module incorporates the interaction module constructed in the previous
iteration.

The validation activity in this iteration simulated a therapy session. Eight patients per-
formed the rehabilitation activity defined by the therapist. It was demonstrated that with inter-
action objects related to patient interests, patients performed the rehabilitation activity 13.5%
(standard deviation of 4.3%) faster than when the objects did not represent such interests. Fig
6 shows a patient in a therapy session.

Clinical study

As described above, the final activity of the framework is aimed at quantifying rehabilitation
improvement. This activity consists of defining the experiment, the participants, and the mea-
surements. These parameters were defined by the therapists.

The experiment consisted of a 24-week therapy period using the serious game, where
patients were pre- and post-assessed before and after the therapy period. The participants
played the game for at least 20 min. The number of repetitions varied according to participant
tolerance and physiotherapist recommendations to better manage fatigue.

The participants were nine adults (seven males and two females), with a mean age of 37
years (range 27 to 57 years). All of them were diagnosed with CP and had limited voluntary
motor control of one or both arms and legs, and of the trunk. The participants were recruited
from the ASPACE in the Balearic Islands.

The measurements used to objectively assess balance were the following:

o Berg Balance Scale (BBS)
« Functional Reach Test (FRT, included in the BBD)
« Tinetti Balance Test (TTS)

According to the BBS, the assessment results demonstrated a significant functional
improvement (p = 0.002) when comparing the pre- (29.5 + 3.9) and post-assessment
(34.1 +2.2) results. A comparison of functional balance revealed significant differences in the
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FRT before and after intervention (right upper limb (pre- (8.6 + 1.4) and post-assessment
(10.1 £ 2.0), p = 0.007) and left upper limb (pre- (8.3+2.0) and post-assessment (10.1 £ 3.7)),

p = 0.052)). Finally, a significant difference between the pre- and post-assessment scores

for the TTS was observed at the end of the 24-week intervention period (Jaume-i-Capo, Marti-
nez-Bueso et al. 2014). The average score rose from 16 to 21 points on a scale of 28 points
(improvement from high fall risk to moderate fall risk). These findings demonstrate a signifi-
cant improvement in balance and gait function scores, which are indicators of greater inde-
pendence for our participating adults.

Conclusion

In this paper, we introduced a new process framework that supports the development of seri-
ous games for motor rehabilitation therapy. The framework is based on two core concepts.
First, solutions are built while considering the similarities between web applications and seri-
ous games, which differ from conventional software systems. Second, the activities of the
framework also consider the similarities between a clinical trial for drug development and seri-
ous games for motor rehabilitation.

The result is PROGame, a two-dimensional process flow where the basic development
activities (planning and control, modeling, construction, and validation) are structured into
three increments. The final activity of the model is a clinical study aimed at demonstrating the
suitability of the serious game for the target therapy.

In order to validate the new framework, we applied it to the development of a serious game
for the improvement of the balance and postural control of adults with CP. The serious game
has been supported through two technological contracts and is currently being exploited by
two organizations, which is a strong indication of system viability.

The application of PROGame has made us realize that with an organized, but flexible
approach, it is easy to manage many emergent issues that affect the development of a serious
game. We believe that the most important benefit of the model is a common process vision
shared between the team members, which improves communication and facilitates task com-
pletion. Furthermore, the development results of this project have been supported by two tech-
nological contracts [14,15]. This validates the proposed framework because the serious game is
being exploited by two organizations.

Of course, more work is needed to improve the model. We believe that PROGame provides
the basis for a process improvement initiative by our team. Future work will be devoted to
applying the model to new development projects as we analyze the suitability of the different
activities to identify potential shortcomings and improvement opportunities, as well as to
adapt it to the various scenarios of each project.
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