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Abstract: In addition to contributing to increased training motivation, exergames are a promising
approach to counteract age-related impairments. Mobility limitations, cognitive impairment, and
urinary incontinence are very common in older adults. To optimally address these conditions,
exergames should include interventions for strength, balance, cognition, and pelvic floor muscle
training. In this study, we develop a personalized multicomponent exergame solution for the geriatric
rehabilitation of age-related impairments. The exergame can provide interventions for balance,
strength, cognition, and urinary incontinence in one single session, accommodating the needs of
older adults with multiple disabilities. For its development, we involved a multidisciplinary team that
helped us to specify the structure and contents of the exergame considering training requirements,
game design principles, and end-user characteristics. In addition to allowing the customization of
the training components, the exergame includes automatic adaptation of difficulty /load, in line with
player progress over time. The game mechanics ensures the fulfilment of training needs as defined
by the therapist. The exergame is cross-platform compatible (web-based) and includes novel means
of interaction with wearable sensors.

Keywords: exergames; personalized exergames; multicomponent training; wearable sensors; older
adults; game design; interaction design

1. Introduction

Ageing is associated with a gradual decline in physical and cognitive abilities. Mobility
limitations, cognitive impairment, and urinary incontinence are particularly common in
older adults [1], having a negative impact on their lives. Moreover, these conditions are
associated with gait impairments, increased risk of falling, and all-cause mortality [2—4].

Mobility and cognitive impairments share common underlying mechanics of decline,
and often coexist in older adults [5]. Results from several studies also suggest that mobility
decline and cognitive impairment are associated—and frequently coexist—with urinary
incontinence [4,6-8]. According to [4] improving functional independence reduces urinary
incontinence, and improves cognitive function in older adults.
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Multicomponent exercises—including aerobic, strength, endurance, and balance
training—were shown to improve physical performance and health [9], reduce falls, uri-
nary incontinence, and risk of injuries [10-12], while improving cognitive functions [13-15],
quality of life [16], and self-efficacy [17] in older adults. Cognitive training showed positive
effects in specific cognitive functions and dual-task activities in older adults with or without
cognitive impairment [18-21]. Additionally, pelvic floor muscle training is recommended
for women with geriatric incontinence [22,23]. Still, lack of motivation and low adherence
to physical activity constitute a barrier to the implementation of conventional training
programs [24].

Exergames can be used to encourage physical activity in older adults [25,26]. Besides
being widely available, leveraging autonomous use, and providing performance monitor-
ing and individual adaptation capabilities [27,28], exergames can be used as an alternative
to conventional training [29]. Exergames showed promising results to improve motor and
cognitive functions in older adults [30-33], reduce the risk of falling [34], improve quality
of life and enjoyment [30], improve balance and mobility [35], improve strength [36], and
minimize urinary incontinence [37].

If, on one hand, we cannot deny the potential value of exergames in geriatric rehabili-
tation, on the other hand, practical implementation at clinics or at home is far from being
ideal [28]: older adults may have difficulties following fast paced games; they may be
afraid of falling or being injured; they may feel low confidence; and they may feel anxious
or insecure working with technology [38]. These difficulties are aggravated by the fact that
most exergames—especially those available commercially, such as Nintendo Wii™ or Xbox
Kinect™—were not developed specifically for older adults, neglecting their characteristics
and preferences [39-41]. In contrast, very basic game design and game mechanics may end
up compromising usability, enjoyment, and motivation [42].

Gamification refers to the use of game design elements (e.g., scores, feedback, and
progression) to improve user experience and motivation [43]. Gamified concepts were
applied to approach motor and cognitive training in older adults with or without cognitive
impairment [31,44-47], and pelvic floor muscle training in older women [37,48]. To im-
prove training variety, current solutions usually integrate several games that target different
components of the training. However, individual training times (of each individual compo-
nent) cannot be personalized, being training times usually controlled by the user according
to the verbal or written guidelines provided by the clinician [48-50]. Current exergames
also do not offer solutions for the multicomponent training of the three conditions—i.e.,
mobility limitations, cognitive impairment, and urinary incontinence—simultaneously;,
even though they are frequently associated and occur simultaneously in an older person.

In view of the above, the project VITAAL (funded by the European Commission
through the Active Assisted Living Program) proposed the development of a personalized
multicomponent exergame solution for mobility limitations, cognitive impairment, and/or
urinary incontinence in older adults [51]. In this study, we propose an exergame design
and mechanics targeting the three age-related disabilities, which allows the customization
of the training components. The game mechanics ensures the implementation of training
requirements, so that the training needs—as defined by the therapist—can be fulfilled in
each training session. Gamification techniques and usability guidelines are incorporated
for better user experience and motivation.

This study aims to describe the development and the theoretical foundations of the
new exergame solution. We discuss how the proposed game mechanics adapts to the
training needs of older adults with different age-related impairments and, simultaneously,
how it answers to the needs of personalization and multicomponent progressive training in
older adults. Finally, we discuss the challenges of the game design process and summarize
a set of considerations for interaction design and implementation.
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2. Related Work

Several exergames have been proposed to target mobility limitations, cognitive im-
pairment, or urinary incontinence (Table 1). In 2015, the iStopFalls consortium proposed
the development of an innovative home-based solution for fall prevention, comprising
exergames for balance and cognition provided by a Kinect-based solution [46]. In more
recent studies, Kinect continues to be the first choice when it comes to tracking and evalu-
ating full-body movements [31,44,47]. However, according to [52], more than one Kinect
sensor should be used to accurately track complex human movement sequences, which
may compromise application in real scenarios.

Inertial sensors have been used by [45] in a previous project, Active@Home, to track
the movements of the upper and lower limbs. To interact with the game, users had to
point to the screen (like a cursor), or perform multidirectional steps (to interact with motor-
cognitive games). Older adults had some difficulties alternating interaction with the cursor
and the with the feet. The usability study also revealed some difficulties in visualizing
movement feedback elements (while following an avatar), although these elements were
placed as close as possible to the main action of the game [45]. The movements of the
avatar were very clear and easy to understand. Due to the position of the sensor at the
ankle, multidirectional steps could not always be correctly evaluated, which caused some
frustration. The usability study recommended the inclusion of in-game design strategies to
support interaction and autonomous use [45].

A freeware dance program, StepMania, was combined with pelvic floor muscle train-
ing, achieving some promising results [48,53]. The game required users to step in the
direction of the arrows that reached the top of the screen; pelvic floor muscle contractions
were represented by a red dot incorporated in the sequence of arrows [53]. The study
did not include any gamification or game design concerns [48,53]. In [37], the pelvic floor
muscle training was provided resorting to an adaptation of a Wii Fit Plus™ exergame.
Women would sit on the Wii Balance Board, and interact with the exergame resorting to
pelvic movements. This intervention promoted a decrease in urinary symptoms; however,
usability and game experience were not evaluated [37].

In [44] an augmented reality exergame was developed that combines a representation
of the user body with a virtual environment. In [31], a virtual reality approach is employed,
in which participants are required to wear virtual reality glasses. Although virtual and
augmented reality promises many benefits for older adults, the use of these tools is still
challenging due to lack of access and digital skills [54].

When designing exergames for older adults, the contents, mechanics, and interface
of the exergames need to be tailored to the target group, considering their specific char-
acteristics. Exergames designed specifically for older adults (as is the case of some of
those presented in Table 1) incorporate some of the best practices for designing for older
adults. Feedback, progression, time constraints and scores are considered particularly
relevant for older persons’ perceived performance while holding a training session [43].
Training principles such as feedback, optimal challenge and progression, and variety are
also required for an effective training [23,38,49].

To improve training variety, studies usually integrate multiple exergames that target
different components of the training. However, individual training times (of each training
component) cannot be personalized, leaving it up the player to control training times as
instructed by the clinician or researcher [48-50]. Current exergames offer no solutions for
the simultaneous (multicomponent) training of mobility limitations, cognitive impairment,
and urinary incontinence, even though these impairments frequently coexist in older adults.



Appl. Sci. 2021, 11, 7986

40f17

Table 1. Exergames for motor-cognitive and pelvic floor muscle training in older adults.

Lead Author
(Year)

Description

Technology Limitations

Chen
(2020) [44]

Zhang
(2021) [47]

Guimaraes
(2018) [45]

Marston
(2015) [46]

Liao
(2019) [31]

Fraser
(2014) [48]

Botelho
(2015) [37]

Three augmented reality exergames for simultaneous

Individual training times cannot be per-

motor (strength and balance) and cognitive (attention, ~Kinect sonalized. Training times are not ensured
memory, and executive functions) training. by the game.
The exergame combines cognitive and physical tasks to . .
. R Lack of h . 1
improve older adults’ cognitive inhibition. The theme . ack of progression mechanisms Only
o8 N Kinect cognitive inhibition and one type of phys-

of the game (table tennis) is chosen considering the . .

: . ical exercise are targeted by the exergame.
local popularity of this sport.
An exergame solution comprising dance (for balance) .. .. .

i . ’ . I 1 -
Tai Chi-inspired exercises (for strength) and motor- Inertial sgi:{ilzct;la Tt;;?iﬁlg;ﬁzs;:ﬂ?ﬁgﬁ;
cognitive training. Dance and Tai Chi exercises are sensors by the ar.ne &
provided by a virtual instructor (3D Avatar). ¥ the game.

Three exergames for dynamic balance and stability Individual trainine times cannot be per-
based on weight shifting, knee bending and stepping. Kinect sonalized Traim'ngg times are not ensuied
In addition, each exergame contains a cognitive com- )

A . . by the game.
ponent: memory, inhibition, and selective attention.
Two virtual reality-based physical training games and Lack of progression mechanisms. Individ-
three virtual reality-based cognitive training games for ~ Kinect ual trainpi,n gtimes cannot be ers;)nalize d
people with mild cognitive impairment. & P ’
A dancing (stepping) exergame combined with stimuli Dancepad  Lack of progression mechanisms.

for pelvic floor muscle contractions.

An exergame for the training of pelvic floor muscles.
Women would sit on a pressure platform, and com-
mand the game through their pelvic movements.

Wii Balance
Board

Not designed specifically for older adults.

3. Materials and Methods

The project VITAAL aimed at creating a technological solution—an exergame—to

support personalized and multicomponent clinical interventions for older adults with
mobility limitations, cognitive impairment, and /or urinary incontinence, while catering for
individual capabilities and progress. Motivating the person through fun and entertainment
was also an important goal of the project.

VITAAL was structured in three phases: investigation, development, and trials [51].
The investigation phase aimed at understanding user needs and expectations, for which
partners in the project conducted a survey with end-users and a focus group with clinicians,
whose results are reported elsewhere [51]. The development phase comprised the actual
development of the solution using the methods thoroughly documented and discussed in
this work. Following the development phase, the project foresees two evaluation loops
that will assess (i) the acceptability and game experience of the users, and (ii) the feasibility
of the intervention. In this study, we focus on the design and development of the VITAAL
exergame solution.

The design and development of the VITAAL exergame considered inputs from older
adults (resulting from the investigation phase of the project [51], and from the feedback
obtained in a previous study [45]) and from a multidisciplinary team, including game
designers, developers, user experience/user interface (UX/UI) designers, movement sci-
entists, end-users, and clinicians. Through a set of meetings, and following an iterative
design process, they helped us to specify the structure and contents of the exergame,
ensuring its adequacy concerning training requirements, game design principles, and
end-user characteristics.
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In this section, we specify (i) the training requirements, (ii) the game mechanics,
(iii) the game design, (iv) the minigames, (v) the evaluation and automatic progression
adaptation, and (vi) the implementation details.

3.1. Training Requirements

Training requirements were identified with the help of clinicians—physiotherapists—
and movement scientists with experience in geriatric rehabilitation. They all agreed that an
exergame mostly based on the execution of multidirectional steps would fit the needs of
the target population. Plus, multidirectional steps could be performed while answering
to specific cognitive tasks, or contracting the pelvic floor muscles, which could largely
improve the outcomes of the training [48,55]. Considering that most daily life activities
require simultaneous performance of physical and cognitive functions, combining physical
and cognitive exercises in a single exergame solution would potentially boost the benefits
of both exercises [55].

According to the team, balance training should focus on the execution of multidirec-
tional steps which have been previously recommended to prevent falls in older adults [56].
For optimal progression, the sequence and speed of steps should become increasingly
challenging [57].

For strength training, exercises could be inspired by Tai Chi movements and focus
on the hip, knee, ankle, and trunk muscles, as in a previous project Active@Home [45,49].
These exercises are mainly based on narrow and wide squats and should become increas-
ingly challenging for optimal progression [49,58]. The team was responsible for defining
the exercises, the number of repetitions and sets, and the progression within the exergame.

Cognitive training should focus on attention and executive functions (e.g., memory,
reaction time, mental flexibility, and inhibition control) which are critical to control gait
and walk safely [59]. For optimal load, the difficulty of the tasks must adapt to the person’s
abilities [38].

Exercises targeting urinary incontinence should involve strength (maximal contrac-
tion), endurance (repetitive or sustained contraction), and coordination (contraction prior to
effort, e.g., prior to cough) training of the pelvic floor muscles [60]. For progression, pelvic
floor muscle training should occur with multidirectional steps, following the challenges of
the game [48]. The progressive training should increase the intensity and number of pelvic
floor muscle contractions in line with patient performance [23,60]. The progression was
defined by physiotherapists with experience on the treatment of urinary incontinence.

Studies recommend regular motor-cognitive training (targeting balance, strength,
and cognition) in all three disabilities—mobility limitations, cognitive impairment, and
urinary incontinence [48,61-63]. Additionally, women with geriatric incontinence should
perform exercises for the training of the pelvic floor muscles [22]. The exergame should
allow the training of the four training components, i.e., strength, balance, cognitive, and
pelvic floor muscle training, in one single session. By personalizing the training times of
each component, and adjusting its load, individual training needs should be optimally
addressed [64].

3.2. Game Mechanics

To allow the integration of multiple training components within the game, we have
structured it in a set of themes. The game mechanics was inspired on the SIMS (Electronic
Arts Inc. (EA)) series of games, in which players take care of their virtual entities. In
VITAAL exergame, the player should “take care” of each theme, ensuring that progress
bars—associated with each theme—should be full by the end of the training session.
Game mechanics was defined by game designers, together with a UX/UI designer, and
considering the feedback from clinicians and movement scientists, to answer to the training
requirements defined in Section 3.1.

Each training component (i.e., balance, strength, cognitive, and pelvic floor muscle
training) was associated with one or more themes within the game. The themes were
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identified to target older adult preferences and interests—important to ensure adherence to
the game [40]. The selected themes—nature, library, kitchen, farm, and supermarket—are
related to the hobbies that were most commonly reported by older adults during the
investigation phase [51]. Each theme includes two minigames targeting a single training
component. Training components, themes, and minigames are depicted in Figure 1.

Training component
Strength training

Theme
Nature
Minigames
Narrow squats/Wide squats

Training component ’ OPTIONS

Training component
Cognitive training g p

Balance training

Theme
Supermarket T:eme
arm
Minigames Minigames
Shopping list/Shoppin
pping list/Shopping Labyrinth/Mommy Chicken

Training component
Balance training
Pelvic floor muscle training

Training component
Cognitive training

Theme Theme
Kitchen Library
Minigames Minigames
Pizza/Healthy food Music/Falling books

Figure 1. Main board: Training components, themes and minigames.

The game mechanics is illustrated in Figure 2 using a machinations diagram—a type
of diagram used to describe game mechanics and its emerging gameplay dynamics [65].
Each progress bar has an initial state that is proportional to the prescribed training time
(b)—defined by the therapist for a specific training component—within the total session
time (a)—the total time of the session is the sum of the individual times prescribed for each
training component. To update the status of the progress bar, the player should perform
certain tasks (play minigames). The total time played (c) is used to update the status of the
bar, which should increase proportionally to the percentage of time played (e). Progress
bars provide information on training completion, and are used to guide the player through
the themes and ensure the fulfilment of training needs—as defined by the therapist.

To ensure that recommended training times are not exceeded, the game engine also
manipulates the duration of the minigames. This calculation is performed once when the
player starts a new training session. The player is always able to repeat a minigame, even if
the progress bars indicate 100% completion; when 100% is reached, the training times—as
prescribed by the therapist—have been fulfilled.
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Figure 2. Game mechanics: initializing and updating the status of a progress bar.

3.3. Game Design

Previous literature pointed out several guidelines for designing for older adults [66—68].
Gamification strategies, within game mechanics and dynamics, had been implemented and
experienced, in more serious contexts, as a means to enhance enjoyment and motivation
towards the tasks [69]. Moreover, gamification techniques applied to elderly care have
proven benefits, also challenges, for these group [43]. Our previous experience in designing
exergames for older persons [45,70], have witnessed the impact of certain gamification
techniques on older persons performance reflected in a positive engagement, despite some
initial issues related to a first usage. VITAAL exergame makes use of several game de-
sign elements, namely feedback, progression, time constraints and scores—considered
particularly relevant for older persons’ perceived performance while holding a training
session [43].

Game design, gamification strategies, and user experience were developed by a UX/UI
designer with experience in designing exergames for older adults, considering feedback
from clinicians—physiotherapists—movement scientists and game designers.

3.3.1. User Interface

VITAAL exergame user interface is based on grounded requirements for usability
regarding older persons’ experience with technological systems. The interface is designed
to be displayed on a PC or TV monitor, placed at a suitable distance to ensure sufficient free
space for the players’ body movements, without compromising the proper visualization,
and understanding, of what is being displayed. Realistic and unambiguous graphics
should be considered for this purpose.

The user interface sought aimed to provide: (i) a good shape-understanding within a
simple and unambiguous visual representation, e.g., characters’ frontal view representa-
tion to be more easily recognized, contrasting colors, and proper dimensions, (ii) a clear
distinction of actionable elements by its shape, color, size, and interactive state behavior,
and (iii) auditory feedback to reinforce in-game actions and events.

3.3.2. Interaction

VITAAL exergame user interaction relies on specific movements, previously aligned
with the training requirements that act as commands to play the game, i.e., multidirectional
steps, to provide forward, backward, right, and left commands, and elevation of the heels
(adapted from the calf rises from the Otago Exercise Program [71]) to pause the game and
access the Options menu. The detection of these movements was performed using the data
collected from inertial sensors placed on the feet, as described in [72]. Alternatively, people
with severe physical limitations may use a computer keyboard as a game controller, which
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in this case may limit the interventions to the cognitive training component. Older adults
may also play with the support of a walker, a cane, or alike.

To learn and experience the movements effectively, in a fun and contextualized setting,
the design team proposed: (i) an in-game tutorial (as recommended by [45]) for the player
to try the stepping, to learn how to open the Options menu and to be introduced to the
progress bar, and (ii) a main character, named Vita (Figure 3) that represents the player
within its position and action in-game. Vita floats from one place to another (instead of
walking, to discourage players from moving in physical space), it gives feedback on the
performance through its bold and animated expressions, while evoking an empathic and
joyful atmosphere free of prejudice and discriminatory stereotypes.

g
(|

Figure 3. The main character, Vita.

-
@

3.3.3. Game Experience

VITAAL exergame experience (shown in Figure 4) is quite dependent on the training
requirements, via specified body movements and cognitive exercises. In this regard the
design team sought to keep the player motivated and engaged by balancing challenge
and fun as follows: (i) distributing types and number of exercises by several minigames
with different scenes and goals to promote variety and avoid monotony, (ii) adapting the
difficulty level of each game according to the individual in-game progression to prevent
frustration and foster learnability, and (iii) providing one single instruction and focus at
a time to avoid an overwhelming experience. Through game mechanics progression and
different difficult levels, we sought to answer to different user profiles.

Figure 4. VITAAL exergame gameplay: interacting with the exergame by performing multidirec-
tional steps.
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3.4. Minigames

Six of the ten minigames developed for VITAAL are shown in Figure 5. Game design-
ers, a UX/UI designer, clinicians and movement scientists were involved in the definition
of the tasks and the specific objectives of each minigame. Additionally, the team relied
on the feedback and developments performed under the scope of a previous project, Ac-
tive@Home, which already included cognitive games based on multidirectional steps, and
strength training based on Tai Chi-inspired exercises [45,49]. These games served as a basis
for the development of minigames in VITAAL.

Are these the ingredients? Level 4/10 Level 8/10

Maa

OO .

® 01:33

Catch the apples as fast as you can! Level 2/10

Level 5/10 Level 7/10

Cough 2x
-

Figure 5. Six of the ten minigames. From left to right, top to bottom: Shopping list, Healthy food,
Wide squats, Labyrinth, Falling books, and Music (the last two with the additional stimuli for pelvic
floor muscle training in isolation or in coordination with a cough).

The tasks within minigames were defined according to the training components
they represent: (i) Cognitive training focuses on cognitively challenging tasks that prompt
the player to use multidirectional steps to provide 2- or 4-fold decisions; for instance,
in the Shopping list minigame (Figure 5) users have a limited time to memorize a list
of products and then confirm whether the products on the shelf correspond to those
previously visualized or not; the Healthy food minigame (also shown in Figure 5) is an
example of inhibition control that requires the patient to select healthy food as fast as
possible, avoiding the selection of unhealthy food; (ii) Strength training tasks require the
players to follow the movements of a virtual instructor who performs Tai Chi-inspired
exercises based on narrow and wide squats; for better guidance, a frontal and lateral view
of the avatar movement is provided (Figure 5); (iii) Balance training focuses mostly on steps
that need to be performed to control Vita’s movement towards an appropriate direction; for
example, in the Labyrinth minigame (shown in Figure 5) users must avoid the worm and
catch the maximum number of apples as fast as possible; (iv) Pelvic floor muscle training also
focuses on quick and precise steps, where an additional stimulus to voluntarily contract
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the pelvic floor muscle (in isolation or in coordination with a cough) is included; these
stimuli appear while playing the minigames Falling books and Music, as an additional task
(Figure 5); when pelvic floor muscle training is not prescribed, these minigames will only

target the balance training component.
A full description of all minigames developed for VITAAL is provided in Table 2.

Table 2. Minigames for motor-cognitive and pelvic floor muscle training.

.. Training .
Minigame Component(s) Description
Coenitive trainin Users have a limited time to memorize a list of products and then confirm
Shopping list & 5 whether the products on the shelf correspond to those previously visualized or
(short-term memory) not
Cognitive training In this game, the player needs to select whether two presented objects match in
Shopping (flexibility, divided shape or in color. The correct answer evaluates the trueness or falseness of a
attention) sentence referring to the objects.
Cognitive training The player must select healthy food as fast as possible, avoiding the selection
Healthy food S
(inhibition) of unhealthy food.
. Cogr.u‘Flye tramm.g The player must select the pizza slice that is pointing in the wrong direction
Pizza (flexibility, selective . . . ;i .
. while suppressing the impulse to select the most common direction.
attention)
Wide squats Strength training The plgyer should foll'ow the movemgnts of a virtual instructor who performs
Tai Chi-inspired exercises based on wide squats.
Narrow squats Strength training The player should follow the movements of a virtual instructor who performs

Labyrinth

Mommy chicken

Falling books

Music

Balance training

Balance training

Pelvic floor muscle
training and/or
balance training

Pelvic floor muscle
training and/or
balance training

Tai Chi-inspired exercises based on narrow squats.

The player must guide Vita inside the labyrinth to avoid the worm and catch
the maximum number of apples as fast as possible.

The player should catch as many eggs as possible, stealing them from the
respective nests. Caution is required to avoid being caught by the chickens.

The player should catch the maximum number of books, preventing them from
falling off the bookshelves.

In this game, the player must collect as many records as possible to score
points. Special records will score additional points and switch to a different
music style.

3.5. Evaluation and Automatic Progression Adaptation

Minigame scores reflect the performance of the player on a specific task, for instance,
based on the number of right answers and average reaction time, the number of elements
picked or, if applicable, the number of pelvic floor muscle contractions correctly performed.

The performance of strength training-related tasks is not evaluated within VITAAL,
being maximum score achieved upon completion of the task. The team considered that
by mirroring the movements of the avatar, older adults would challenge and strengthen
their muscles—even without an objective evaluation and feedback for movement cor-
rectness. Reducing system complexity (using only two inertial sensors that evaluate the
movements of the feet) was preferred over the use of additional sensors for full-body
movement evaluation.

The exergame employs automatic progression adaptation that manipulates task diffi-
culty and load. Each minigame includes a set of difficulty levels (a set of predefined game
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parameters that affect the difficulty of the game) and criteria (a set of predefined rules that
describe when the player level should maintain, increase, or decrease). Difficulty levels
were defined by game designers, with the support from clinicians and movement scientists,
to ensure their adequacy concerning different training needs and end-user characteristics.
Strength training exercises were arranged in a progressive order of difficulty, as defined by
clinicians and movement scientists. The continuous adaptation of difficulty levels would
ensure a progressively increasing training load and optimal challenge to prevent under-
and overload [49].

The progression to the next (or previous) difficulty level is based on the scores achieved
in previous training sessions. By default, all players start at the minimum difficulty level.
If the last score of a task is excellent (above 90%), the difficulty level will automatically
increase for the next play; otherwise, the average score of the last three plays—performed
in the same level of difficulty—is used; the average score will decide whether the difficulty
level should decrease (score below 50%), maintain (score between 50% and 75%), or increase
(score above 75%). This set of rules apply to all tasks, except strength training-related tasks,
where the fixed criteria of completing the task at least 5 times is enough to progress to the
next level.

3.6. Implementation

The exergame was developed using the Unity Engine and compiled as a web-based
tool to be readily accessible in any system without installation. Bluetooth® Low Energy-
enabled inertial sensors—small size, portable, placed on the shoes, equipped with an
accelerometer and a gyroscope—were used to monitor player movements (as described
in [72]). Women with geriatric urinary incontinence may also use a vaginal dynamometer
(tampon inserted into the vagina) [73] to monitor the pelvic floor muscle activation and
strength while playing games for the treatment of urinary incontinence. Connection with
Bluetooth devices was performed via browser using the Web Bluetooth API [74].

The VITAAL exergame was integrated with a backend (database) in connection with
a clinician portal built on the Dividat Manager [75]. Among other functionalities, the
backend allows recording session data, e.g., scores achieved, or training times. The clinician
portal provides the clinician the ability to specify training times for a specific patient as
well as perform and record standardized assessments, allowing further progress tracking
and refinement of training plans [75]. Minigame parameters—e.g., scores, reaction time,
difficulty level, time played—are displayed on the clinician portal through a set of graphs
and tables that allow the clinician to follow the evolution of the parameters over time.
System architecture is shown in Figure 6.

I &

VITAAL exergame Backend Clinical Portal I Clinicians

Patients

Personalized training Specify patients’ training
sessions

Follow patients’ progress

Automatic progression
adaptation

Bluetooth .
Game engine

Figure 6. System architecture.

The system architecture was proposed to support exergame use by autonomously
living older adults at their homes. Through the clinician portal, the clinician can remotely
follow their patients’ progress, as well as specify and refine training plans according to their
individual progress. To play at home, patients need a laptop or PC, internet connection,
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and a set of sensors. Their data are recorded and stored on the backend, so that their
progress can be followed over time. Alternatively, older adults (e.g., older adults living in
residential care facilities) may play the exergame in a rehabilitation setting or long-term
care facility, under the guidance of the clinician—as an alternative to conventional training.
Under this scenario, the same equipment—laptop or PC and the set of sensors—can be
shared, provided that each patient will use their credentials to sign into the game.

4. Results and Discussion

Studies recommend a multicomponent and personalized training approach for older
adults with mobility limitations, cognitive impairment, and urinary incontinence [4,9,23,76].
Although exergames contribute to increased training motivation and can be used as an
alternative to conventional training, current exergames fail to incorporate interventions for
all required training components in one single session. To address this gap in the literature,
we developed the VITAAL exergame, a personalized multicomponent approach for the
geriatric rehabilitation of older adults with mobility limitations, cognitive impairment,
and/or urinary incontinence.

Training requirements were evidence-based and adapted by the research team so
that the training needs of the person should be optimally addressed and framed within
the context of the exergame. The game design process sought to combine an effective
intervention—within the specified clinical guidance—with concepts of gaming and enjoy-
ment. The iterative design process, involving a multidisciplinary team, was crucial for the
proper integration of all requirements and perspectives.

We developed an exergame solution comprising interventions for strength, balance,
cognition, and pelvic floor muscle training. The clinician could specify the training times
of each component, such that the intervention could adapt to the individual training needs
of the patient. A set of progress bars provided information on training completion, guiding
the player through the themes and ensuring the fulfilment of training needs as defined
by the therapist. Other existing solutions relied on the player to control training times,
assuming compliance with verbal or written instructions given by the therapist [48-50].
Our solution could manage training times automatically based on training requirements
(obtained from the clinician portal) and player training times.

Ideal game experience and intervention requirements had to be balanced with the tech-
nical constraints on a take-home solution. For instance, the interaction—defined based on
the movements that would suit an effective intervention—constrained the game narrative
and user interface, as commands were limited to the four directions (plus the additional
movement—calf rises—to access game menus). Moreover, driven by the requirement
of providing an effective clinical intervention with a sustained and rich user experience,
we avoided a game design based on linked stories and favored an implementation with
unlimited replay value. On one side, we dropped all potential advantages of having linked
stories—concerning engagement, motivation, etc. [77]; on the other side, we created a
self-sustained concept: if it is sufficiently engaging and motivating, there is potential for
continued play [78]. To improve game experience and user motivation, we have incor-
porated other gamification construction elements, such as feedback, progression, time
constraints, and score [43]. According to [69], it is important to ensure an adequate level
of gamification, as excessive elements may distract users from the main purpose of the
activities. By design, the exergame allows the seamless integration of new contents, possi-
bly contributing to sustain players engagement in the long-term [78], or even adapt the
exergame to other disabilities.

Many exergame solutions use floor plates to support player interaction with respect
to their movements [40]; others use handheld devices—e.g., the Wii Remote—that work as
remote controls to interact with the game interface [40]. To evaluate full-body movements,
Kinect is usually the preferred choice [31,44,47], although accuracy drops when more
complex movements are executed [52]. In a previous work, four inertial sensors were
used to track upper and lower limb movements, which added some complexity regarding
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interaction and system setup [45]. Yet, inertial sensors were considered a viable approach
to monitor movements in the context of exergaming [45,79]. In this work we opted for
using only two inertial sensors—placed on the feet—to simplify setup and reduce costs.
However, complete movements (e.g., the strength training-related tasks) could not be
evaluated. Reducing system complexity was preferred over the use of additional sensors
for full-body movement evaluation. The use of the vaginal dynamometer was optional for
women with urinary incontinence wanting to confirm pelvic floor muscle contraction.

We opted for a web implementation of the exergame to ensure cross-platform compat-
ibility and easy access without installation. The complexity of the graphical game contents
was adapted to meet the continuously increasing, but relatively limited performance of
web browsers. Bluetooth-enabled devices could connect via web, allowing data processing
in real time and interaction (and feedback) without any noticeable delay.

The VITAAL exergame was designed for use at clinics or at home—after an introduc-
tory session, the technical solution should promote independent use, with or without the
support of a (remote) caregiver. Training at home is currently considered an alternative
and/or complement to the training at clinics, allowing better access to services (e.g., in
the context of a pandemic), promoting the continuity of treatments, and overcoming bar-
riers related to the lack of resources at clinics [80]. The exergame operated in connection
with a clinician portal that, besides allowing training specification, enabled the remote
supervision of the training by the clinician. According to [81], exergames that fit older
adults’ characteristics and needs can be used to counteract the consequences of confinement
and hospitalization, such as increased vulnerability, decreased functional capacity, and
dependency. VITAAL may also find application in these contexts.

Lessons Learned

This study proved to be possible to incorporate multiple training components, specifi-
cally, balance, strength, cognition and pelvic floor muscle training, in a single exergame
solution, relying on an interaction with multidirectional steps and inertial sensors placed
on the feet. Although being simple, the interaction constrained game narrative and the
evaluation of full-body movements. As a web-based solution, the exergame allowed
cross-platform compatibility, and could communicate with Bluetooth devices without any
noticeable delay. A vaginal dynamometer could be integrated to provide feedback to
older women wanting to confirm pelvic floor muscle contractions. The connection with
a clinician portal allows clinicians to remotely follow patient training at home, as well as
prescribe and change interventions. These functionalities may support better access to ser-
vices, e.g., in the context of a pandemic. The game mechanics allows adaptation to different
training requirements, and ensures automatic control of training times as prescribed by the
therapist. The game design and mechanics can be adapted to additional interventions.

5. Conclusions

Exergames are a promising approach to counteract age-related impairments such as
mobility limitations, cognitive impairment, and urinary incontinence. To optimally address
these conditions, exergames should include interventions for strength, balance, cognition
and pelvic floor muscle training, in one single session. To address this requirement, we
developed the VITAAL exergame, a solution for the geriatric rehabilitation of mobility limi-
tations, cognitive impairment, and urinary incontinence. The solution incorporates a game
mechanics that ensures the fulfilment of training needs as specified by the therapist. By per-
sonalizing the training times of each component, and adjusting its load, individual training
needs should be optimally addressed. The exergame is cross-platform compatible, includes
automatic progression adaptation, and novel means of interaction with wearable sensors.

Future work should assess interaction, usability and game experience of the newly de-
veloped exergame. These aspects shall be assessed with prospective users in a future study,
ensuring the continuity of the iterative design process. The feasibility of the intervention
shall be explored in a subsequent study.
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