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Abstract: In the medical context, designing and developing myoelectric prostheses has made it
possible for patients to regain mobility lost due to amputations; however, their use requires intensive
training. Serious games through multi-touch devices can serve as a complement to the activities
carried out during face-to-face sessions with occupational therapists and physiotherapists, as a useful
resource to engage patients, especially children, and make them enjoy training. In this paper, we
describe our work to support the training of myoelectric prostheses through digital serious games.
Firstly, we studied the needs of children with myoelectric prostheses and the way they perform
rehabilitation. Secondly, we designed specific games to support training accordingly. Thirdly, we
developed a system able to generate variations of these games dynamically, adapting the elements
at each round to the needs and progress of each child. The interfaces are simple, friendly, and
based on tablets to favor autonomy. Finally, we assessed the potential of the use of these games for
rehabilitation. Specialists in Physiotherapy, Occupational Therapy, Medicine and Special Education
collaborated as experts; they agreed that SilverTouch is good for myoelectric prosthetic training and
confirmed its potential to be widely used in this context.

Keywords: special needs; training; games; adaptivity; myoelectric prostheses; rehabilitation

1. Introduction

In recent years, scientific and technological advances are contributing to making life
easier for people in general and, in particular, for those with limitations or disabilities. For
example, it has been possible for individuals with physical or neurological limitations to
regain movement; in addition, the use of devices as smartphones and tablets is growing
exponentially. In this context, many applications exist that contribute to the development
of skills for everyday life, deal with integration or socialization issues, or focus on giving
support to specific training.

The goal of this work is to help those children whose upper limbs have been amputated
to develop skills in the use of their myoelectric prostheses. Training in the use of this type
of prostheses is usually a long and tedious task; it requires many rehabilitation sessions.
Physicians, occupational therapists, and physical therapists are the ones who best know
how to help children train the skills necessary to operate their myoelectric prostheses
effectively; however, the hours in which each patient can receive direct attention from them
are often less than desired. Yet, the more time a child can devote to training his or her
prosthesis, the faster they will learn to control it. For this reason, occupational and physical
therapists usually give children exercises to do at home.

In this context, it would be desirable to have support systems to complement, in an
autonomous way, the work that children do with their therapists. With this goal, this work
aims to provide technological support to rehabilitation, so that children who have suffered
amputations can train the handling of their prostheses in an interactive, entertaining, and
funny way. This objective comprises the following specific goals:
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• To study the specific needs of children with amputations in their upper limbs (hands
or arms) and how rehabilitation is currently performed.

• To design an application to deliver activities and games specifically designed for
children to train specific skills for the use of myoelectric prostheses, with simple
and friendly interfaces designed for multi-contact devices, so that children can use it
independently.

• To support dynamic game generation, so that the elements of each game to be played
are adapted to each user’s needs, skills, and evolution.

• To evaluate the potential use of this application in rehabilitation environments.

To carry out this work, it is necessary to have high knowledge about the use and
training of prostheses, as well as the specific needs and skills to be acquired by people with
this physical limitation. Nine professionals of medicine and rehabilitation have collaborated
with us in this work, from the first stage, as experts: one professor of Physiology from the
Faculty of Medicine at the University of Oviedo; one physiotherapist specializing in Child
Therapy and his team of physiotherapists at a well-known hospital in Madrid region; and
two elementary school teachers.

All professionals were involved throughout the whole process, which has followed a
user-centered approach; they showed us the types of prostheses available in the market and
the more appropriate exercises to train in the use of each one and also helped us to search
for similar products. Complex physical devices exist for the rehabilitation of amputated
limbs; however, in their experience, there are no simple applications available for patients
to be specifically used for this purpose at home, autonomously, especially for children.

The experts also provided valuable input for the design of specific games and validated
the prototypes created during the process, which were refined until the final version
described in this article was achieved. Finally, they collaborated in testing the application
and contributed to its evaluation, along with four more experts that joined this work at the
evaluation stage.

The rest of the paper is organized as follows: Section 2 presents the basis of myo-
electric prostheses and rehabilitation; Section 3 describes the state-of-the-art regarding the
use of games for training, especially in the context of health and prostheses-related skill
acquisition; Section 4 presents SilverTouch, the application built to deliver games adapted
to each user and describes the three adaptive games developed so far; Section 5 shows its
evaluation; finally, the discussion is presented in Section 6.

2. Myoelectric Prostheses

People can suffer amputations from birth, or these may have been caused later. With
respect to childhood amputations, congenital ones represent 18% of the total. Traumatic
amputations are caused by accidents or blows and account for 74% of the total. Finally, am-
putations caused by diseases or sepsis are caused by infection and represent the remaining
8%. Most of them occur after birth, which implies a change in the way of life and a need for
the person to adapt to the new situation.

Prostheses are used to replace the functional deficiencies suffered by persons because
of amputations. A prosthesis is an artificial limb used to replace the one amputated, and
there are different types of prostheses; depending on their use, they are classified as passive
or functional. Passive prostheses are those that do not replicate the functions of the real
limb but are used only aesthetically. Functional prostheses reproduce the basic functions of
the limb and, therefore, can move.

Depending on the type of energy they use, prostheses are classified into (i) corporeal
energy prosthesis (traction, kinematics, or mechanics) and (ii) extracorporeal, electrical
(myoelectric and electronic) prostheses. Electronic prostheses are used for congenital mal-
formations; in this case, brain control over the amputated limb never existed. Myoelectric
prostheses are more indicated for traumatic amputations, since the brain controls and regu-
lates the amputated limb and can get to control the prosthesis [1]. The electrical potential
generated by a muscle with contraction allows its functioning. This potential is obtained by
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means of electrodes placed inside the socket of the prosthesis, which is in contact with the
surface of the muscle.

This work focuses on training the use of myoelectric prostheses that replace amputated
limbs below the wrist (wrist disarticulation) or between the wrist and the elbow. Some
myoelectric prostheses as Michelangelo [2] have multiple control functions that enable
users to perform everyday activities, such as opening a tube of toothpaste, grabbing a key,
inserting a credit card at a cashier, or picking up an iron for clothes. The thumb also opens,
forming a natural palm shape, which can carry a plate or container. The advantages of
myoelectric prostheses compared to other prostheses are:

• They allow direct communication between the central nervous stimulus and muscle
contraction, provoking a response.

• The pressing force is independent of the patient’s strength or ability to move.
• They have a great functional capacity.
• The control mimics natural body functions.
• They use less body energy.
• Their power source is rechargeable lithium batteries.

The general drop-out rate of prostheses in children is very low compared to adults.
Before the children can start training this type of prosthesis, a multidisciplinary team of
professionals must teach them a set of guidelines for its use and care. The occupational ther-
apists teach them to use their prosthesis properly so that they can perform all activities of
daily living in the most functional possible way. A correct indication and an intense training
program significantly influence the acceptance rate [3]. The objectives of training are:

• Learning to care for the prosthesis properly.
• Learning how to fit and remove the prosthesis.
• Functional training: learning how to use the prosthesis. The child must stand in front

of a mirror to see the movements performed, internalize them, and correct them if
necessary. Initially, he will perform broad global and simple movements.

• Dexterity and skill training: Once the patient knows and controls the movements to
be performed to move his prosthesis, activities are planned to improve and combine
them to achieve the greatest possible dexterity.

The importance of training has also been highlighted in ref. [4], where the significance
of mastering skills before proceeding to the next set of skills is also seen as vital. Skill
training is the goal of the application created: once the children can move their prosthesis,
they will be helped to train the ability and dexterity of their movements.

3. Game-Based Training

Games have been used in many disciplines apart from entertainment [5]. In the context
of education, serious games have been widely used for a wide range of purposes [6], such
as making children learn while enjoying [7], helping them to develop social and adaptive
skills [8], or improving professional education of people with cognitive disabilities [9],
among others. In the context of health, games usually address topics such as exercise,
rehabilitation, quality of life and advanced life support training [10,11].

Focusing on rehabilitation and training in health contexts, previous studies have
shown that rehabilitation tasks based on a fun and playful concept provide better outcomes
compared to traditional physiotherapy exercises [12]. Physiological data suggest that
gaming can cause neuroplastic reorganizing, leading to the long-term retention and transfer
of skills [13]. Game technologies seem to present physical and psychological benefits to
pediatric patients in hospital [14]. More specifically, video games enhanced motivation and
adherence in an upper limb amputee rehabilitation program [15]. Game-based interventions
provide a useful addition to standard training of myoelectric prosthesis and can achieve
better results, as seen in these two experiences from the same authors: ref. [16], where
racing and music game genres were explored and considered as good starting points for



Children 2022, 9, 423 4 of 13

interventions, and ref. [17], where patients with upper extremity amputation improved their
neuromuscular control, strength, and coordination after using the game-based application.

However, regarding the evaluation of patient improvement, only a few studies attempt
to extract game features to introduce quantitative measurements, according to the review
carried out by [18] in 2020; moreover, most of the approaches found do not provide dynamic
adaptation, in the sense that the game elements are adapted through the rounds according
to the user-specific needs and evolution.

In addition, sometimes patients’ expectations and preferences regarding game-based
prosthetic rehabilitation are different from those of researchers [19]. More recently, in
ref. [20], the authors claim that the literature shows a recent surge in the number of game-
based prosthetic training tools that focus on engagement and muscle training without heed-
ing the importance of skill transfer, which is essential: myoelectric skills can be acquired
through prosthetic training based on serious games only if the tasks to be accomplished
allow for skill transfer.

In the work presented in this article, experts and their patients have been involved
in the whole process, with the aim to provide useful myoelectric prosthesis game-based
training support for those children that can move their prosthesis but still need to train the
ability and dexterity of their movements. The games delivered through the application
have been specifically designed to allow skill transfer; in addition, they are not the same for
every patient but adapted to fit each user’s needs at each time they record each patient’s
improvement, and dynamically adapt specific aspects of the games accordingly. The details
of this work are given next.

4. SilverTouch: Dynamic Game Generation

The design of SilverTouch is oriented to the needs and skills to be acquired by the final
users. The approach followed implies involving experts throughout the whole process.
All details about the methodological approach, the elicitation of the application and game
requirements, as well as the development and adaptivity supported, are presented next.

4.1. Approach

As mentioned above, the problem addressed is that training the use of myoelectric
prostheses is very hard for children. Our hypothesis is that multi-contact surface adaptive
games can support training for them while playing. The methodology followed in this
work includes:

• Meeting experts that help us to know and understand all the details about training in
the use of prostheses (e.g., movements they should practice for a correct rehabilitation)
and contribute to eliciting the requirements to support this process through multi-
touch games.

• Getting the experts involved in the whole process (analysis, design, evaluation of
prototypes), so that the solution comprises all their expertise in this context.

• Conducting a formal evaluation of the game-based application with the experts to con-
firm its usefulness and suitability for rehabilitation (coverage of movements, easiness
to understand, and so on). This step is crucial to avoid making a product that is not
fully appropriate available to children, which could cause or increase frustration.

• Once the application is positively evaluated by the experts, making it available to
occupational therapists, physicians and physical therapists, so that they can use it with
children with prostheses who need training.

The goal is not to replace the rehabilitation that the children do with occupational
therapists or physiotherapists, but to use the application as a complement to training in
the way that the therapists advise; they will decide how to use it (children playing during
face-to-face rehabilitation sessions, playing at home for certain periods of time, etc.). It is
intended that children will be able to interact with the application at any time to continue
training in the use of their prostheses, using their own devices in any environment.
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With this purpose, the authors of this work contacted two experts in Physiology and
Physiotherapy focused on children (helping children to train myoelectric prosthesis at
a hospital) to tell them about their proposal, to confirm that a game-based solution for
multi-contact devices could be helpful, and to get their feedback and advice on creating
a useful solution; they also contacted two elementary school teachers, experts in special
education, to get their feedback too. More experts joined this work: firstly, the team
of physiotherapists from the hospital, who were involved in the whole process; more
recently, additional rehabilitation physicians and occupational therapists have evaluated
the proposal too. More details about all the tasks carried out and the role of the experts in
each stage are given below.

4.2. Requirements

As a result of the analysis done in those meetings, the requirements elicited are
summarized as follows. Each patient accesses the application through his login and
password; all their interactions are stored in their profile for later analysis; the information
stored in the user’s profile the first time they interact with the application includes personal
data (name, surname, age, gender) and information about the hand in which they have
the prosthesis (left or right), which is considered to adapt to some aspects of the games,
accordingly. Once the user registers, the system stores their data in the database for later
query, update, or deletion, if necessary.

The application supports several games. In each of them, the children develop a
specific skill as training (more details of each are given below). Children can consult the
scores obtained in every game at any time by accessing their profile, and they can also start
or finish playing at any time.

As for the interaction and interface design [21], it must be simple, avoid the use of
complex metaphors and provide a friendly interface that allows a comfortable use of the
application, with no more buttons or elements than necessary on the screen. The application
must be easy to use to ensure optimal interaction with end-users.

The logic is simple: to make it easy for the end-user to understand the game mecha-
nism. The tasks are subdivided into simpler subtasks, while interaction is facilitated in a
few steps (only those necessary for the accomplishment of the corresponding tasks). The
vocabulary used in the application is simple, with keywords and phrases in a positive tone.
Children interact with the application through a multi-contact interface, using a simple
interaction style: drag and drop, tap, smooth movements, etc. The operation will always
be the same: select option, play, or return to the previous menu. The need for the child to
perform mental transformations is minimized. The buttons indicate the word of the action
they represent, requiring very little effort from the user. Meaningful words and visual icons,
such as arrows to move forward or back, are used.

Other non-functional requirements are modularity, scalability, security, maintainabil-
ity, stability, and efficiency. The application is modular and scalable, so that each game
is separated, and more games can be easily incorporated in the future. To increase data
security, the data of registered users are encrypted. The code is commented and organized
to facilitate later maintenance, and error control methods are implemented to avoid unre-
coverable bugs in the system. The consumption of resources in the application is kept to a
minimum, to favor a satisfactory user experience.

4.3. Game Development and Adaptivity

When meeting the experts, a paper prototype was developed as the basis for eliciting
the requirements presented above, as well as for designing the games to be implemented.
This prototype was further refined with their suggestions, which included those from their
patients at that time. Once it was clear, a software prototype was created consisting of a
mock-up emulating a real connection to the application. This interactive prototype was
installed on an iPad and used to validate the functionality and appearance of the application
with the experts. Once it was refined, we proceeded to implement the basis of the three
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configurable games designed, as well as the application to generate and display the specific
rounds for each of them, able to adapt the game parameters to the characteristics and needs
of the specific child to play at that time.

Although three games have been developed so far, the system allows incorporating
more games in a simple way. The general functioning of the application is described
as follows: The user interacts with the games through the application; each game is
customized based on the user’s characteristics along with his previous and current actions
while playing; all these data are stored in the user model and updated over time; the
information about each child’s performance in every game played is stored centrally in
that user model; this makes it possible to consider, at any time, all the interactions and
achievements of a child in the games previously played for adaptation purposes in the next
games to be played.

A touchscreen glove and a tablet pen are required to interact with the application. On
the one hand, the glove is necessary because tablets have capacitive screens that work by
detecting electrical variations on their surface. Since humans are electrically conductive,
they can interact with tablets by direct skin contact, and since prostheses do not have this
conductive property, it is necessary for children to wear touchscreen gloves. These gloves
are knitted with conductive materials that transmit electricity from one end of the glove to
the other; they are usually silver-plated nylon threads (hence the name of the application:
SilverTouch). The only requirement is that some part of the skin (wrist, forearm, or elbow)
meets the glove. On the other hand, the tablet pen is needed for one of the games, as an
element for rehabilitative therapy. Details on its use in such therapy will be given in the
description of this game. It should be noted that both objects are for sale in any online
or physical electronics store, at an affordable price, allowing one of the main goals of the
project to be fulfilled: supporting training at home.

The three games developed are intended to train three different functions of myoelec-
tric prostheses, known as “Balloons”, “Dress the character” and “Connect the dots”. Each
of them is described below, including its gameplay characteristics (objective and rules) as
well as its rehabilitative characteristics (the function it trains).

4.3.1. Game: Balloons

The playful goal of this game is to pop the highest number of balloons that appear on
the screen as soon as possible. The screen shows, initially, a stage with a blue sky all over
the top and a green strip of grass at the bottom. The player must rest his wrist on that strip
of grass. Once he presses the start button, the balloons start to be launched.

The rehabilitative objective of the game is for the child to move their fingers in all
directions without moving the rest of his arm. They are not allowed to lift their wrist from
the strip of grass while playing. As the prostheses only allow movement in three fingers
(thumb, index and middle), the origin of the balloons launched by the application varies
according to the hand in which the child has the prosthesis (left or right).

When the child enters the game, a button to be pressed to start appears. When they
touch it, the time counter starts running, and the user can start popping balloons. The
balloons move almost randomly around the screen: the lower corner on the left/right
side of the screen is avoided, depending on which hand is holding the prosthesis. When
the player clicks on a balloon, it explodes, making a sound that serves as feedback on
the child’s action. Depending on the number of balloons popped, the level of difficulty
of the game increases, maintains or decreases; this is done by increasing, maintaining, or
decreasing the number of balloons presented in the screen as well as the speed at which
they move. The game ends when one of the following occurs: the child has popped all the
balloons or time is up; then, the score record is displayed. Figure 1 shows snapshots of a
user playing “Balloons”.

To provide a greater sense of realism, the balloons are defined with some properties:
friction, gravity, elasticity, and resistance. Once defined, they must be given a “stroke” to
start moving, indicating the angle of the direction of the initial movement. In addition to
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the angle, force is assigned to define the exit velocity of the balloon. The friction property
ensures that, when bouncing against an object in the environment, the balloons do not
lose force. By canceling gravity, they can move around the screen in any direction. With
elasticity and making use of the oval shape with which the balloons are designed (such as
a fingertip) the balloons collide with each other and bounce with an angle and output force
corresponding to the value returned by the functions of elasticity and angle of the object.
Finally, by canceling the resistance, the balloons never slow down.
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4.3.2. Game: Dress the Character

This game emulates the classic game of dressing models with different clothes. The
child must dress a character (chosen from those available) according to their preferences.

As can be seen in Figure 2, once the user selects the character, the screen is split into
two; the upper part shows, on a closet background, the image of the character to be dressed,
while the lower part shows some tabs that group the pieces of clothing and accessories
available to dress the character according to their type.
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The rehabilitative objective, in this case, is for the child to be able to make the clamp
(gripper) movement, that is, to grasp objects with the thumb and forefinger. To dress the
character, the child needs to select the clothing using a pincer movement, as if picking it
up. This movement will enlarge the garment. The child must then drag the garment to
place it on the character. When the child places a correctly sized garment in the correct
place, a sound is emitted as feedback on his action. In this case, there is no time limit, and
no scores are assigned, according to the expert suggestions. The aim is for the children to
have fun dressing the characters so that this serves as training to improve their skills in the
clamp movement meanwhile; nevertheless, the size of the pieces of clothing shown to each
user (i.e., the difference between their size and the character’s size) is adapted based on the
information stored in his model regarding his ability with the clamp movement (needed to
resize pieces). This ability may vary over time, as the user becomes more skilled; when this
occurs, the information regarding this is adapted in the user model, accordingly.
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4.3.3. Game: Connect the Dots

In this game, the playful objective is to connect the dots and form the shapes before
time runs out. The player must use a tablet pen to connect the dots on the screen (see
Figure 3).
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The rehabilitation objective here is for the child to take a slightly heavy object (the
pen) between his fingers, and to handle it in the directions he needs at any given moment
without dropping it.

When launching the game, a message appears indicating that it is about to start; it
is a timed game. When the message is accepted, the screen displays a view containing
some numbered dots to be observed and connected by the child, and they must use the
pen to start at dot 1, touching that dot first and connecting each dot with the next one
(that is, dragging the pen from one point to the next one) until all the dots are connected
sequentially. The figure is formed progressively, as the child passes through the dots: when
the child joins two dots in the correct order, the line connecting them appears. The game
ends when one of two things happens: the shape is completed correctly, or the time is up.

If the child forms the shape before the time is up, the level of difficulty of the game is
slightly increased and the child must connect the dots of a different, more complex figure,
with more dots, more distant from each other or requiring more complex movements to go
from one dot to the next one. The definition of the different shapes for this game, along
with their specific difficulties, was done with the help of the experts. The difficulty of the
shapes presented to each child at each time is adapted (increasing or decreasing, whenever
suitable and possible), firstly, according to the information stored in the user model and,
afterwards, according to his performance while playing the game itself.

On the main screen, the “help and options” button allows the user to access either
the rules of the games or their configuration (volume, music, and so on). All the visual
elements of this application have been carefully studied together with the experts to ensure
that they are the right size for children’s interactions.

The whole application has been developed for Apple iPadsTM running iOS7 or later as
the operating system. The programming language used is Objective-C. The database uses
SQL so that in the future it is easier to migrate the application to other platforms, such as
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Android or Windows. SQLite Manager has been used for database management. The iOS
SDK kit contains all the tools needed to develop, test, execute and debug iOS applications;
the two main applications used in this work are XCode and iOS Simulator. For the visual
elements of the games, we used SKView objects from Sprite Kit, Apple’s 2D video game
development framework. This technology allowed to develop more realistic effects, since it
uses a physics engine that allows objects to interact with their environment.

Exhaustive black box and white box tests were performed to verify the correct func-
tioning of the application, with successful results; moreover, in these types of applications,
it is necessary to consider its performance, as the use of different resources could slow
down or even stop it. To keep this control, CPU and memory monitoring tools were used.
The use of CPU and memory was always controlled, and never exceeded the normal limits
for the execution of the application on a real device. The percentage of CPU utilized was
2%, while 13.9 MB of RAM was utilized.

5. Evaluation

The evaluation of this work has been carried out with a multidisciplinary group
of 13 experts, formed by 3 rehabilitation physicians, 6 physiotherapists, 2 occupational
therapists and 2 early childhood educators specializing in special education. The evaluation
was carried out as follows. Firstly, they were shown the final application developed; its
operation was explained to them in 5 min. Then, they were invited to interact with it as
long as they want for one week; they were encouraged to use it with their patients at that
time, if any were available. Finally, they were asked to fill in a questionnaire.

The questionnaire is divided into three parts: the first one deals with the interaction
and interface; the second relates to its usefulness for training different movements of
myoelectric prostheses; the third one asks them about usefulness, drawbacks, and improve-
ments, if any. The survey consists of questions with three different types of answers: a
five-value Likert scale; dichotomous (yes or no as possible answers); and free-response.
The results obtained are described next.

With respect to the interaction and interface design, they were asked if they consider
that the application presents a friendly design; if the transition between screens seems
adequate for children; if the relationship between the buttons and the actions they represent
are evident; if the instructions are clear and precise; and if the games’ objectives are clearly
identified. Table 1 shows the results. As can be seen, 84.62% of the experts totally agree,
and 15.38% agree on its friendly design. For the next three questions, 61.54% strongly agree
and 38.46% agree. None of the questions obtained neutral or disagreement answers.

Table 1. Interaction and interface questionnaire: results.

Friendly
Design

Adequate
Transitions

Button-Action
Coherence

Clear and Precise
Instructions

Goal
Identification

Totally agree 84.62% 84.62% 61.54% 61.54% 61.54%

Agree 15.38% 15.38% 38.46% 38.46% 38.46%

Neutral 0.00% 0.00% 0.00% 0.00% 0.00%

Disagree 0.00% 0.00% 0.00% 0.00% 0.00%

Totally disagree 0.00% 0.00% 0.00% 0.00% 0.00%

In the second part of the questionnaire, the physicians, occupational therapists and
physiotherapists were asked what type of movements they think can be trained using this
application. Although this work is focused on training four of them (fine motor skills,
proprioception, digit thumb clamp and digital flexion movement), some more were offered
as possible answers. As shown in Table 2, most of the experts (88.89–100%) identified
the objectives pursued by the application. In addition, the majority (66.67% and 88.89%)
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considered the application to be also useful for training the digital lateral slip and digital
extension movements.

Table 2. Type of movements to be trained with the application.

Type % Positive Answers

fine motor skills 88.89%

digital lateral sliding 66.67%

sensitivity 0.00%

proprioception 88.89%

gross motor skills 22.22%

digit thumb clamp 88.89%

thumb gripper 22.22%

digital flexion movements 100.00%

digital extension movements 88.89%

Finally, all the experts were asked to answer yes or no to the following questions:
whether they consider the application useful for the intended purpose; whether they
consider that it can be improved, and whether they find any drawback in its design or use;
they had free space to explain their answers. In terms of results, 100% of them considered
the application useful for its purpose. Regarding potential improvements, 53.84% do not
find any, 38.46% do not know/do not answer and 7.70% (one expert) believe that one is
possible; it has to do with the fact that the children would need to be able to read in order
to use the application, because the functionality of some buttons is indicated in the text
inside them; therefore, the proposal consists of including drawings on these buttons or
adding voice instructions to make that functionality easier to understand for the youngest
children. As for disadvantages, 92.30% consider that there are none, while 7.70% mention
the fact that it is necessary that all the children can read, and it might be the case that the
youngest ones have not learned yet. Although our application was initially oriented to
children older than 6 years (age recommended for myoelectric prosthesis therapy), we keep
these suggestions for future versions of the application, since, technically, there are neither
limitations nor requirements to prevent its use by the youngest ones, if recommended by
the experts.

6. Discussion

This work has contributed to myoelectric prosthesis training by providing adapted
electronic game-based support to complement the work that children do with their physi-
cians, occupational therapists and physiotherapists, so that they can train specific skills
needed to use their prosthesis in an enjoyable and autonomous way.

The goals stated initially have been successfully achieved: the specific needs of children
with amputations in their upper limbs and how they currently perform rehabilitation have
been studied; we have designed and implemented configurable games suitable for children
to train and use myoelectric prosthesis, focusing on specific skills to be acquired, according
to the experts’ advice; we have designed and developed SilverTouch, an application able to
dynamically generate adapted rounds of those games according to each user’s needs, skills
and evolution along the time, supporting the interactions with them through multi-contact
tablets; and we have evaluated the potential use of all the work done in rehabilitation
environments with successful results.

As stated above, the use of serious games in the context of physical rehabilitation
has already been exploited. In ref. [22] the authors describe this from both technological
and clinical perspectives and discuss its advantages and drawbacks in this context. It is
worth highlighting the relevance of occupational training during the fitting of myoelectric
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prostheses [23]. Prosthetic use training by an occupational therapist is related to the
successful use of the prosthesis [3]. In ref. [24], the authors show the complexities of
adopting new technologies in clinical practice; the therapists were willing to help shape the
development of an upper limb training system to meet the needs of patients more readily.
The conclusion of this work is that the likelihood that clinicians will adopt innovative
technologies may increase by considering the needs of therapists and patients, the main
actors involved in the rehabilitation process.

In this work, the results obtained suggest that SilverTouch and the adapted games
it delivers can indeed help children in the training of their myoelectric prostheses, while
minor modifications should be made to allow its use by children who cannot read yet.
According to the evaluation made by the experts, the software developed fulfills the
functional needs as expected, supporting personalized training not only of the targeted
skills but also of additional ones needed to manage myoelectric prosthesis. The games
delivered have been specifically designed to allow skill transfer, whose importance has
been recently highlighted (versus only focusing on engagement or muscle training) [20].

In contrast to many existing approaches, SilverTouch provides dynamic adaptation:
the game elements are adapted through the rounds to fit the user-specific needs at each time
and his evolution; moreover, the solution developed is easily scalable. The code has been
structured in separate modules, which facilitates its maintainability and extensibility. All
the software has been programmed to avoid fatal errors and has been highly commented
to facilitate their future maintenance by other programmers different from the authors;
security and efficiency issues have also been successfully addressed.

In terms of future work, SilverTouch could be adapted to run in Android and Windows
to cover more potential users. We would like to explore the incorporation of new games and
additional functionality in existing ones (e.g., adding a new gesture useful to control the
objects on the screen, if useful to train additional abilities). We plan to evaluate SilverTouch
and its game adaptation with children at the training stage of their prosthesis, which has
been postponed for two reasons: firstly, because the moment of SilverTouch final evaluation
did not coincide with the rehabilitation phase in which the children in charge of the experts
who participated in this work (at the hospital) were previously; and, secondly, due to
COVID-19 related restrictions that affected access to hospitals later on.

We do look forward to collecting and analyzing data from patients in training stages,
whenever they are available, to corroborate the positive evaluations of experts. SilverTouch
should be subjected to more thorough tests and examinations to prove its effectiveness
for prosthesis control improvement. Although its goal is not to replace the occupational
therapists but serving as a complement for training, solid conclusions about control im-
provement can only be drawn after its extensive use. Given the feedback obtained from the
experts, we expect the results from patients’ evaluation to follow a similar trend.

Author Contributions: Conceptualization, R.M.C. and F.G.C.; methodology, R.M.C., F.G.C. and A.O.;
software, F.G.C.; validation, R.M.C., F.G.C. and A.O.; investigation, R.M.C., F.G.C. and A.O.; writing,
R.M.C., F.G.C. and A.O.; supervision, R.M.C.; funding acquisition, R.M.C. and A.O. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was co-funded by the Spanish Ministry of Science and Innovation, project
IndiGo! number PID2019-105951RB-I00 and the Structural Funds FSE and FEDER, project e-Madrid-
CM number S2018/TCS-4307.

Institutional Review Board Statement: Ethical approval was waived for this study because: there
was no direct contact between researchers and children; only the experts participated in the evaluation;
some children voluntarily shared their views with some experts as the later evaluated the prototype;
and all feedback and suggestions received by the researchers were provided by the experts, who gave
informed consent to participate.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.



Children 2022, 9, 423 12 of 13

Acknowledgments: The authors thank M.V. at the Universidad de Oviedo, M.M., specialized in
Child Therapy, and her team of physiotherapists, M.L.C. and A.U., highly valuable contributions
as experts in this field; they also thank those experts that joined this work at its final stage for
its evaluation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hashim, N.A.; Abd Razak, N.A.; Abu Osman, N.A.; Gholizadeh, H. Improvement on upper limb body-powered prostheses

(1921–2016): A systematic review. J. Eng. Med. 2018, 232, 3–11. [CrossRef] [PubMed]
2. The Michelangelo®Hand in Practice Therapy and Rehabilitation Otto Bock Health Care LP. Available online: https://www.

ottobockus.com/prosthetics/upper-limb-prosthetics/solution-overview/michelangelo-prosthetic-hand/ (accessed on 31 Decem-
ber 2021).

3. Egermann, M.; Kasten, P.; Thomsen, M. Myoelectric hand prostheses in very young children. Int. Orthop. (SICOT) 2009, 33,
1101–1105. [CrossRef] [PubMed]

4. Johnson, S.S.; Mansfield, E. Prosthetic training: Upper limb. Phys. Med. Rehabil. Clin. 2014, 25, 133–151. [CrossRef] [PubMed]
5. Boyle, E.A.; Hainey, T.; Connolly, T.M.; Gray, G.; Earp, J.; Ott, M.; Lim, T.; Ninaus, M.; Ribeiro, C.; Pereira, J. An update to the

systematic literature review of empirical evidence of the impacts and outcomes of computer games and serious games. Comput.
Educ. 2016, 94, 178–192. [CrossRef]

6. Virvou, M.; Katsionis, G.; Manos, K. Combining software games with education: Evaluation of its educational effectiveness.
J. Educ. Technol. Soc. 2005, 8, 54–65.

7. Carro, R.M.; Breda, A.M.; Castillo, G.; Bajuelos, A.L. A Methodology for developing adaptive educational-game environments. In
Adaptive Hypermedia and Adaptive Web-Based Systems, Proceedings of the Second International Conference, AH 2002, Málaga, Spain,
29–31 May 2002; De Bra, P., Brusilovsky, P., Conejo, R., Eds.; Springer: Berlin/Heidelberg, Germany, 2002; Volume 2347, pp. 90–99.

8. Llanos, J.; Carro, R.M. The squares: A multi-touch adaptive game for children integration. In Proceedings of the 2015 International
Symposium on Computers in Education (SIIE), Setubal, Portugal, 25–27 November 2015; pp. 137–140. [CrossRef]

9. Torrente, J.; del Blanco, Á.; Moreno-Ger, P.; Fernández-Manjón, B. Designing Serious Games for Adult Students with Cognitive
Disabilities. In Neural Information Processing, Proceedings of the 19th International Conference, ICONIP 2012, Doha, Qatar, 12–15
November 2012; Huang, T., Zeng, Z., Li, C., Leung, C.S., Eds.; Springer: Berlin/Heidelberg, Germany, 2012; Volume 7666, p. 7666.

10. Martín, E.; Haya, P.; Carro, R.M. User Modeling and Adaptation for Daily Routines: Providing Assistance to People with Special Needs;
HCI Series; Springer: Berlin/Heidelberg, Germany, 2014; Volume 7138.

11. Gomez, L.; Carro, R.M. Adaptive training of children with attention deficit hyperactivity disorder through multi-touch surfaces.
In Proceedings of the 2014 IEEE 14th International Conference on Advanced Learning Technologies, Athens, Greece, 7–10 July
2014; pp. 561–563.

12. Swanson, L.R.; Whittinghill, D.M. Intrinsic or extrinsic? Using videogames to motivate stroke survivors: A systematic review.
Games Health J. 2015, 4, 253–258. [CrossRef]

13. Lohse, K.; Shirzad, N.; Verster, A.; Hodges, N.; Van der Loos, H.F.M. Video Games and Rehabilitation: Using design principles to
enhance engagement in physical therapy. J. Neurol. Phys. Ther. 2013, 37, 166–175. [CrossRef]

14. Jurdi, S.; Montaner, J.; Garcia-Sanjuan, F.; Jaen, J.; Nacher, V. A systematic review of game technologies for pediatric patients.
Comput. Biol. Med. 2018, 97, 89–112. [CrossRef]

15. Hashim, N.A.; Abd Razak, N.A.; Gholizadeh, H.; Abu Osman, N.A. Video game-based rehabilitation approach for individuals
who have undergone upper limb amputation: Case-control study. JMIR Serious Games 2021, 9, e17017. [CrossRef] [PubMed]

16. Prahm, C.; Kayali, F.; Sturma, A.; Aszmann, O. PlayBionic: Game-based interventions to encourage patient engagement and
performance in prosthetic motor rehabilitation. PM&R 2018, 10, 1252–1260.

17. Prahm, C.; Sturma, A.; Kayali, F.; Mörth, E.; Aszmann, O. Smart Rehab: App-based rehabilitation training for upper extremity
amputees—Case report. Handchir. Mikrochir. Plast. Chir. 2018, 50, 425–432. [PubMed]

18. Koutsiana, E.; Ladakis, I.; Fotopoulos, D.; Chytas, A.; Kilintzis, V.; Chouvarda, I. Serious gaming technology in upper extremity
rehabilitation: Scoping review. JMIR Serious Games 2020, 8, e19071. [CrossRef] [PubMed]

19. Garske, C.A.; Dyson, M.; Dupan, S.; Nazarpour, K. Perception of game-based rehabilitation in upper limb prosthetic training:
Survey of users and researchers. JMIR Serious Games 2021, 9, e23710. [CrossRef] [PubMed]

20. Garske, C.; Dyson, M.; Dupan, S.; Morgan, G.; Nazarpour, K. Serious games are not serious enough for myoelectric prosthetics.
JMIR Serious Games 2021, 9, e28079. [CrossRef] [PubMed]

21. Schneiderman, B. Designing the User Interface: Strategies for Effective Human-Computer Interaction; Addison-Wesley: Boston, MA,
USA, 1992.

22. Bonnechère, B. Serious Games in Physical Rehabilitation: From Theory to Practice; Springer: Berlin/Heidelberg, Germany, 2018.

http://doi.org/10.1177/0954411917744585
http://www.ncbi.nlm.nih.gov/pubmed/29199518
https://www.ottobockus.com/prosthetics/upper-limb-prosthetics/solution-overview/michelangelo-prosthetic-hand/
https://www.ottobockus.com/prosthetics/upper-limb-prosthetics/solution-overview/michelangelo-prosthetic-hand/
http://doi.org/10.1007/s00264-008-0615-y
http://www.ncbi.nlm.nih.gov/pubmed/18636257
http://doi.org/10.1016/j.pmr.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/24287244
http://doi.org/10.1016/j.compedu.2015.11.003
http://doi.org/10.1109/SIIE.2015.7451663
http://doi.org/10.1089/g4h.2014.0074
http://doi.org/10.1097/NPT.0000000000000017
http://doi.org/10.1016/j.compbiomed.2018.04.019
http://doi.org/10.2196/17017
http://www.ncbi.nlm.nih.gov/pubmed/33538698
http://www.ncbi.nlm.nih.gov/pubmed/30620981
http://doi.org/10.2196/19071
http://www.ncbi.nlm.nih.gov/pubmed/33306029
http://doi.org/10.2196/23710
http://www.ncbi.nlm.nih.gov/pubmed/33522975
http://doi.org/10.2196/28079
http://www.ncbi.nlm.nih.gov/pubmed/34747715


Children 2022, 9, 423 13 of 13

23. Hermansson, L.M. Structured training of children fitted with myoelectric prostheses. Prosthet. Orthot. Int. 1991, 15, 88–92.
[CrossRef] [PubMed]

24. Tatla, S.K.; Shirzad, N.; Lohse, K.R.; Virji-Babul, N.; Hoens, A.M.; Holsti, L.; Li, L.C.; Miller, K.J.; Lam, M.Y.; Van der Loos, H.M.
Therapists’ perceptions of social media and video game technologies in upper limb rehabilitation. JMIR Serious Games 2015, 3, e2.
[CrossRef] [PubMed]

http://doi.org/10.3109/03093649109164639
http://www.ncbi.nlm.nih.gov/pubmed/1923728
http://doi.org/10.2196/games.3401
http://www.ncbi.nlm.nih.gov/pubmed/25759148

	Introduction 
	Myoelectric Prostheses 
	Game-Based Training 
	SilverTouch: Dynamic Game Generation 
	Approach 
	Requirements 
	Game Development and Adaptivity 
	Game: Balloons 
	Game: Dress the Character 
	Game: Connect the Dots 


	Evaluation 
	Discussion 
	References

