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Abstract
Background: Computer game–based interventions are emerging in pediatric neurorehabilitation, as they can provide two key
elements for motor learning—motivating environments that enable long-term compliance, which is particularly relevant for
children, and augmented feedback for improving movement performance.
Objective: The overall aim of this study is to develop an interactive computer play for children with upper motor neuron lesions
to train selective voluntary motor control and give particular attention to motivation and feedback. We also aim to determine
features that make games engaging, investigate which sensory feedback modality is noticed the fastest during play, develop an
interactive game, and evaluate its feasibility.
Methods: We identified engaging game features by interviewing 19 children and adolescents undergoing rehabilitation. By
using a test version of the game, we determined the response times of 10 patients who had to react to visual, auditory, or combined
feedback signals. On the basis of the results of these two subprojects, we developed and designed a game environment. Feasibility
was studied in terms of the practicability and acceptability of the intervention among 5 children with upper motor neuron lesions.
Results: The game features deemed the most important by pediatric patients were strategic gameplay (13/29, 45% of answers)
and choice (6/29, 21%). While playing the game, an acoustic alarm signal (reaction time: median 2.8 seconds) was detected
significantly faster (P=.01) than conditions with other feedback modalities (avatar velocity reduction: median 7.8 seconds; color
desaturation: median 5.7 seconds). Most children enjoyed playing the game, despite some technical issues.
Conclusions: The careful identification of game features that increase motivation and feedback modalities that inform children
quickly led to the development of an interactive computer play for training selective voluntary motor control in children and
adolescents with upper motor neuron lesions.
(JMIR Serious Games 2021;9(3):e26028) doi: 10.2196/26028
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Introduction
Background
Patients with upper motor neuron lesions (ie, due to traumatic
brain injury, stroke, or spastic cerebral palsy [CP]) exhibit a
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variety of motor impairments. These symptoms are typically
categorized as positive or negative motor signs [1,2]. Positive
motor signs are related to excessive muscle activity or
movement, such as increased muscle tone and spasticity.
Negative motor signs describe insufficient (control of) muscle
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activity or movement, such as weakness or loss of selective
motor control. Reduced selective voluntary motor control
(SVMC) is defined as “the impaired ability to isolate the
activation of muscles in a selected pattern in response to
demands of a voluntary posture or movement” [2]. Loss of
SVMC can clinically manifest as impaired movement control
and a multitude of involuntary movements (ie, unintended
movements that co-occur with the performance of a voluntary
task [3]), such as mass flexion or extension patterns, synergies
of muscle activation (ie, obligatory grouped multi-joint
movements), or mirror movements (ie, simultaneous, identical
movements on the contralateral side) [4,5].
Although impairments in SVMC can be categorized according
to the International Classification of Functioning, Disability,
and Health into the domain of body function, they can interfere
with movements of daily life activities and limit the patients’
independence. For example, children with unilateral spastic CP
who exhibit mirror movements require more time for bimanual
activities of daily life than peers without mirror movements,
independent of their unimanual capacities [5]. In children with
CP and lower limb impairments, gross motor function abilities
are more strongly related to SVMC than other common
impairments, such as muscle weakness or spasticity [6,7]. This
relationship between SVMC and gross motor function was not
only observed in cross-sectional evaluations but also in
longitudinal studies, where an impairment in SVMC was found
to be the strongest predictor of a less favorable course of gross
motor function [8,9]. When focusing on ambulation,
impairments in SVMC were associated with a reduction in gait
speed due to decreased knee extension at initial contact, resulting
in a reduced step length [10].

Training Methods of SVMC
Multi-disciplinary rehabilitation programs aim to reduce
children’s limitations in daily life activities to improve their
participation. Despite the known importance of SVMC, only a
few interventions have specifically aimed at improving selective
control [11]. Robot-assisted ankle movement training
implemented in a computer game was used to train the graded
ankle dorsiflexion and plantarflexion [12]. After 18 training
sessions over 6 weeks, children with spastic CP significantly
improved their ankle SVMC. In another pilot trial, 4 children
with spastic CP played a commercial video game, which was
controlled by surface electromyography (sEMG) signals. It
aimed to reinforce activity in a desired muscle and to reduce
cocontraction of an agonist-antagonist muscle pair, thus training
selective muscle activation [13]. In total, 3 of the 4 children
could reduce muscle cocontraction during the game. A therapy
program by Adler et al [14] specifically addressed mirror
movements interfering with bimanual activities in children with
unilateral spastic CP. However, exercises to suppress mirror
movements emphasizing the independent use of both hands led
to improved bimanual function without reducing the occurrence
of mirror movements.
Although these interventions targeted certain aspects of SVMC
(eg, improving joint movement control or reducing mirror
movements), no approach covered all features of reduced
selective motor control. We became interested in designing an
https://games.jmir.org/2021/3/e26028
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intervention that would include training both aspects, improving
accurate motor control while simultaneously reducing any sort
of involuntary movement. On the basis of our experience with
the application of rehabilitation technologies to improve upper
and lower extremity functions in children and adolescents with
neuromotor disorders [15,16], we started considering the design
of a technology-assisted system combined with a game played
in a virtual environment. Many technology-assisted interventions
based on interactive computer play (ICP), exergames, and virtual
reality (VR) have emerged to complement conventional
therapies during rehabilitation [15,17,18]. The distinction
between these terms describing similar technologies is not
always easy, and VR is often used improperly [18,19]. ICP is
defined as “any kind of computer game or VR technique where
the individual can interact and play with virtual objects in a
computer-generated environment” [20]. What distinguishes VR
from more general ICP technologies is the immersive component
of VR systems [21]. The purpose of exergames is to provide
physical activity or exercise through interactive play [22]. An
advantage of ICP is that it can provide key aspects relevant for
motor learning during rehabilitation; for example, a playful
environment increases motivation and thereby enables large
numbers of repetitions, whereas the performance of movements
can be improved based on augmented feedback [23].

Objectives
Thus, the project’s overall aim was to develop an intervention
for children with upper motor neuron lesions to improve SVMC
by exploiting the advantages of ICP technology. Our basic idea
was to develop an ICP that should train accurate joint movement
control while providing immediate feedback when involuntary
movements would occur.
Previous studies have already identified the properties of video
games that are relevant when designing games because they
affect motivation and player engagement, as follows: reward,
optimal challenge, feedback, choice or interactivity, clear
instructions, and socialization [24]. In addition to the theoretical
background of game design principles and motivation, we
wanted to consider the game design preferences of the target
users. Augmented feedback should make the player aware of
the occurrence of involuntary movements while playing an
attention-demanding ICP. Therefore, special attention should
be given to the question of how such warning feedback is ideally
provided. Finally, we aimed to follow up the ICP design process
with a small feasibility trial. Therefore, we formulated the
following specific research questions for the development of
an ICP to train SVMC: (1) which features of commercial games
do children and adolescents undergoing neuro-orthopedic
rehabilitation like, (2) which modality of feedback indicating
a negative occurrence is perceived most easily by these patients
while playing an ICP, and (3) is it feasible to use the new ICP
as an intervention for children and adolescents with impaired
SVMC due to an upper motor neuron lesion?

Methods
Study Overview
To develop an ICP that should motivate children and adolescents
with impairments in SVMC to practice for a longer time, we
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conducted three subprojects: (1) identifying motivating game
features by conducting interviews; (2) identifying which warning
feedback signal is detected the quickest while playing the game;
and (3) based on the results from these subprojects, the ICP is
developed and its preliminary feasibility is evaluated.

If participating children or adolescents had difficulties in naming
game features spontaneously, we provided suggestions including
graphics, actions, shooting, the story, music, being challenged,
puzzles, different strategies, character development, large game
world, and multiplayer.

This game development study did not fall under the Human
Research Act, which was confirmed by the Ethics Committee
of the Canton Zurich through two clarifications of responsibility
(Req-2019-01005 and Req-2019-00623).

Feedback Modalities

Motivating Game Features
For the survey, we recruited children and adolescents regularly
playing games on smartphones or tablets undergoing
neuro-orthopedic inpatient rehabilitation at the Swiss Children’s
Rehab. The participants and their parents were verbally informed
about the interview. Verbal consent was obtained from both
before the structured interviews were conducted. In the
interview, we gathered ideas and explored the participants’
opinions with the following open-ended questions (in German):
•
•
•

What are your favorite games?
What do you like about them? Several answers were
possible for each game.
What feature is the most important for you and would need
to be included if you could design your own game?

We asked participants to think of games for smartphones or
tablets rather than for game consoles. The latter have extensive
control options (eg, many keys or joysticks) that allow complex
user interactions. Smartphone or tablet games usually include
simpler control modes, which are in line with our idea of training
SVMC using basic isolated joint movements to control the ICP.

Participants
For the second subproject, we again recruited children and
adolescents undergoing neuro-orthopedic inpatient rehabilitation.
They had to be able to use the arrow keys and press the spacebar
on a regular computer keyboard. The exclusion criteria were
severe visual or auditory impairments. All participants and their
parents were informed orally and written about the protocol.
Parents and adolescents aged ≥14 years provided written
informed consent. All participants provided verbal informed
consent.

Test Game
We created a reaction time (RT) task to investigate in which
modality a warning feedback signal is noticed most easily while
playing the game. Thus, in this experiment, the augmented
feedback signal did not inform the player about undesired
comovements, but the signal was simulated and participants
had to detect it while playing. The game environment was a
preliminary version of the ICP programmed in Unity (Figure
1). The goal of the game was to move an avatar up and down
on the screen to collect coins and avoid obstacles. The avatar
was controlled with arrow keys on a commercial computer
keyboard to provide similar conditions for all participants.

Figure 1. Preliminary game environment and schematic illustration of feedback modes for testing different feedback signal modalities. (A) Game
environment in which the avatar had to be navigated up and down. (B) Baseline mode where the avatar’s speed was reduced. (C) In the acoustic mode,
the feedback signal was an alarm sound of increasing sound volume. (D) Illustration of the conversion from color to gray scale in the background color
mode.
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We investigated three modes of gradable feedback signals.
Feedback 1, Baseline: no additional signal apart from reducing
the avatar’s speed, which had the aim of facilitating the game
to enable focusing on the purpose of the game again; Feedback
2, Acoustic: playing an alarm sound; and Feedback 3,
Background color: converting the background from color to
grayscale (Figure 1). We tested four conditions: (1) Feedback
1 alone, (2) Feedback 1 and 2, (3) Feedback 1 and 3, and (4)
Feedback 1, 2, and 3. The feedback signal was introduced
randomly between 6 and 12 seconds after a trial had started and
gradually increased from 0% to 100% feedback signal intensity
(ie, speed reduction from normal game speed to completely
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static, increase in sound volume of the alarm, and color
desaturation to complete gray scale) in 10 seconds. It remained
for 2 seconds at 100% signal intensity before the test
automatically continued with the next trial. The participants’
task was to press the space bar to turn off the signal as soon as
they had detected the feedback signal while continuing to play
the game. In this case, the time remaining until the next trial
started was normal game play, such that feedback detection
success had no influence on the duration of the game. A
schematic illustration of the feedback simulation trial design is
provided in Figure 2.

Figure 2. The upper part shows the organization of one trial, illustrating the start of the trial, the feedback initiation (ON) and increment, and the start
of the next trial. The lower part of the figure illustrates the changes that occurred as soon as the participant responded to the feedback signal and how
the reaction time was defined. RT: reaction time.

Procedures
The participants were instructed to collect coins by moving the
avatar with the arrow keys and pressing the space bar when they
noticed one of the feedback signals. During the familiarization
phase (approximately 2 minutes), they could try the game and
experience each feedback condition once. Each condition was
tested five times, resulting in 20 trials. Trials were completed
in a blocked randomized order [25] to control for fatigue. The
trials were tested consecutively such that the test appeared to
be a continuous game, which lasted approximately 7 minutes.

Data Analysis and Statistics
The main outcome was the RT, extracted from the game that
logged the onset of the feedback signal and when the participant
pressed the space bar. RTs below 0.1 seconds were excluded
because they likely reflected pressing by chance (healthy adults
did not achieve faster RTs). The average RT per person was
calculated for each condition. Not reacting to a feedback signal
was counted as a missed response and led to an entry of 12
seconds as the RT (as penalty).
https://games.jmir.org/2021/3/e26028
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We used the R statistical package (version 3.4.4; R Foundation
for Statistical Computing). Normality of the data was evaluated
using Shapiro-Wilk tests and by visual inspection of the Q-Q
plots. As not all data were normally distributed, conditions were
compared using a nonparametric Friedman test with pairwise
Wilcoxon signed-rank tests. The significance level α was set
at .05, with a Bonferroni correction for multiple comparisons.

Game Design and Feasibility Trial
SVMC Runner Game
The game environment was programmed in Unity (version
2019.3.0f6, Unity Technologies) and included sounds and
background music. The game design was based on the results
of the two previous subprojects, hence the survey on favored
game features and the investigation of feedback modalities. A
video of the game can be seen in Multimedia Appendix 1. The
goal of the game was to move an avatar up and down on the
screen to collect coins and avoid certain obstacles (Figure 3).
The avatar’s horizontal position was fixed while the game
environment moved at a steady pace of shifting by one screen
JMIR Serious Games 2021 | vol. 9 | iss. 3 | e26028 | p. 4
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width in approximately 6.5 seconds (ie, an object appearing on
the right side of the screen required 6.5 seconds until it
disappeared on the opposite side). As soon as involuntary
movements occurred, an auditory augmented feedback signal
made the player aware of the occurrence of involuntary
movements (based on results from the second subproject). The
signal volume was graded according to the extent of the
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involuntary movements. Furthermore, the avatar’s speed
gradually slowed, relative to the involuntary movements. This
response to involuntarily occurring movements was
implemented to make game play temporarily easier. It should
enable the player to focus again on the game and reduce the
occurrence of comovements, because these often appear in
conditions of increased effort [3].

Figure 3. Game environment. The purpose of the game was to collect stars or coins and avoid the obstacles by moving the avatar up and down on the
screen. (A) This screenshot from a game level shows a shield power-up in the top-left corner. After collecting it, the avatar was protected from obstacles
for the next 10 seconds. (B) This level had a different theme, although the game elements stayed the same. (C) An example of challenges in one level.
Each challenge required a different focus. (D) Players could use the collected coins to personalize the avatar.

The game included six thematically different game environments
(worlds). The six worlds covered 54 levels of increasing
difficulty (eg, from shorter to longer duration; from a few, small,
static obstacles to more, larger and moving obstacles; and from
no enemy to multiple enemies). Each player had their own
profile. Initially, only the first level was playable, whereas the
others remained locked. After successfully finishing a level, the
next higher level became unlocked. At the onset of each level,
certain challenges (eg, collecting a certain amount of coins) that
the player needed to achieve were presented. Players were
provided three challenges per level that required them to adopt
(varying) strategies (Figure 3). Advancing to a new world
needed fulfillment of at least 80% of these challenges. The
players experienced choice as they could freely decide which
challenge or challenges they wanted to tackle. Variability was
further enhanced by adding power-ups (ie, objects that add
temporary extra abilities to the game character, such as
increasing speed, a shield protecting against enemies; Figure
3) to the environment. Once enough coins had been collected,
they could be used to personalize the avatar (Figure 3).
In addition, we considered the visual presentation of the game
to be important. The appealing and motivating effect of visual
features had to be balanced against the risk of confusion or
https://games.jmir.org/2021/3/e26028
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distraction from the basic task, which can be particularly
important for children with a recently acquired brain injury.
With glasses simulating a strong visual impairment (provided
by the Swiss National Association of and for the Blind), we
verified that contrasts between essential gaming elements were
high, as more than 50% of the children with CP experience
visual impairments [26].

Game Controllers
We pursued the following two control strategies for the ICP to
improve SVMC: (1) a strategy based on muscle activity and (2)
a strategy based on joint movements (Figure 4). The first
approach trained the selective activation of a target muscle
(group) while reducing activity in another muscle (group) that
should remain inactive (similar to Rios et al [13] and Yoo et al
[27] but not restricted to agonist-antagonist muscle pairs). The
sEMG signals of these two selected muscle groups were
recorded using a varioport-e device (Becker Meditec) at a
sampling frequency of 1000 Hz. The sEMG signals were
transferred via Bluetooth to the ICP computer, where they were
filtered (exponential smoothing with a smoothing factor of
0.0015, followed by taking a moving average with a window
size of 10 frames) and fed into the game. The avatar was steered
up by increasing the activation of the target muscle (group),
JMIR Serious Games 2021 | vol. 9 | iss. 3 | e26028 | p. 5
(page number not for citation purposes)

JMIR SERIOUS GAMES
while lowering the sEMG activity caused a downward
movement of the avatar. The warning feedback signal was
triggered by activity in the muscle (group) that should remain
inactive.
For the second approach, we used the ArmeoSenso system
(version 1.0; Hocoma AG). This motion capture system was
developed for arm rehabilitation and included three wearable
inertial measurement units to detect movements of one arm and
trunk movements. Although it was originally intended for
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unilateral upper extremity rehabilitation, it could also be used
to track lower extremity movements (unilateral). Joint angles
delivered by the inbuilt software were transferred via the user
datagram protocol to the ICP computer and served as input
signal for the game to train selective movement of the chosen
target joint and record involuntary movements in another joint.
The upward and downward movements of the avatar were
caused by moving the target joint in an upward and downward
direction, respectively. Movements of the joint that should not
move activated the warning feedback signal.

Figure 4. Game controllers. (A) Electromyography-based control of the game via activation of the right tibialis anterior muscle (green cables). Mirror
activity on the left side (red cables) would trigger the feedback signal. (B) ArmeoSenso with its three sensors (chest, upper arm, and lower arm). In this
example, the game was controlled by elbow flexion and extension without simultaneously moving the shoulder (ie, shoulder abduction would lead to
a warning feedback signal).

Pilot Tests
Before testing the game in children and adolescents with
impairments in SVMC, we performed pilot sessions in healthy
adults and children to identify and resolve bugs in the game
design and explore different hardware configurations.

Participants
For the feasibility trial, we recruited children and adolescents
with impaired SVMC due to upper motor neuron lesions.
Improving SVMC was identified by their physical or
occupational therapist as a reasonable rehabilitation goal of their
inpatient stay at the Swiss Children’s Rehab. All participants
and their parents were informed verbally and in writing about
the protocol and provided written informed consent.

Study Design
The study encompassed six sessions of 40 minutes scheduled
over 2 weeks. In the first two sessions, we tested each control
system (one system per session in randomized order). In the
following four sessions, we used the more appropriate system.
Together with the participants’ physical or occupational
therapist, who treated each participant, we determined the
muscle group or movement that had to be trained (target joint)
and the involuntary muscle activation or movement that needed
to be suppressed.

Outcomes
Study participants were characterized by age, sex, diagnosis,
and SVMC impairment measured using the Selective Control
Assessment of the Lower Extremity or Selective Control of the
https://games.jmir.org/2021/3/e26028
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Upper Extremity Scale [28-30]. We evaluated the domains’
practicability and acceptability, as described in the model of
clinical utility by Smart [31]. We recorded any technical issues
related to setting up the ICP, playing the game, and whether the
game’s purpose was clear to the participant. To compare the
hardware approaches and hints on which strategy to pursue
further, participants decided on their preferred system and the
therapist indicated which system was more appropriate in terms
of reaching the therapy goal. In view of using the ICP in an
intervention study in the future, we assessed the time the
participant was actively playing. Therefore, the game logged
the time when levels were played, excluding all breaks.
After each session, participants were verbally asked whether
they enjoyed the game (three-point Likert-scale with answers
“no,” “a little,” and “a lot of fun”), whether they would like to
play again, and if they experienced any discomfort or harm.

Procedures
Each session started by attaching the sensors or electrodes and
calibrating the game, which was accomplished by moving the
joint once through the active range of motion or maximally
contracting the muscle. In the sEMG mode, the limb was then
strapped to a custom-made board with loops for Velcro straps
to prevent any movement of the target joint. We decided to
control the game by isometric muscle activation after pilot tests,
which revealed that when movement was allowed, the joint was
mostly held in a position at the end of the range of motion. This
led to pain only after a short period of playing. We used
standardized, tutorial-like, step-by-step instructions to guide
participants in the game environment. Participants decided on
JMIR Serious Games 2021 | vol. 9 | iss. 3 | e26028 | p. 6
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their own level of play and which challenge to tackle. In the
first two sessions, played with the different control systems,
participants started at level 1 with separate game profiles. This
enabled participants to start at the easiest level with both control
systems. Sessions 3-6 continued progressively with the system
the therapist deemed more appropriate (also considering the
participant’s opinion).

Results
Motivating Game Features
We interviewed 19 inpatients from our rehabilitation center (9
males; mean age 14.3, SD 2.5 years; range 8.0-17.0 years). The
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most common diagnosis was traumatic brain injury (n=6).
Participants mentioned 29 games, of which Minecraft was
mentioned three times, followed by 4 Elements, Clash of Clans,
and Fortnite, each mentioned twice. They considered requiring
a strategy to play the game as the most important feature of the
game (13/29, 45% of all answers), followed by having multiple
options (6/29, 21%). The term options encompasses that the
game allows the player to decide between multiple possibilities
to achieve the goal. Further characteristics that participants liked
were the possibility of playing in a multiplayer mode,
power-ups, and character evolution (Table 1). A full list of
answers can be found in Multimedia Appendix 2.

Table 1. Features of the participants’ favorite games. Several game features could be mentioned per game (n=29).
Game feature

Answers, n (%)

Multiplayer

13 (45)

Strategic gameplay

13 (45)

Power-ups

11 (38)

Multiple options

8 (28)

Character evolution

7 (24)

Creativity

3 (10)

Fighting

3 (10)

Animations

2 (7)

Shooting

2 (7)

Speed

2 (7)

Timing challenge

2 (7)

Machines

1 (3)

Simple idea

1 (3)

Sport

1 (3)

Feedback Modalities
A total of 10 children and adolescents (male: n=9; age: mean
12.6 years, SD 3.5 years; range 7.3-16.3 years) participated.
The participants’ diagnoses were bilateral spastic CP (n=5;
Gross Motor Function Classification System I-IV and Manual
Ability Classification System I-II), sensory-motor neuropathy
(n=1), epilepsy (n=1), congenital hemiplegia (n=1),
anti–N-Methyl-D-aspartate receptor encephalitis (n=1), and
intracranial hemorrhage (n=1). The RTs are shown in Figure 5.
They differed significantly between the conditions (χ23=26.2;
P<.001). Pairwise comparisons revealed that the RT was
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significantly longer (P=.01) in conditions without the acoustic
feedback signal (conditions 1 and 3) than in conditions that
included the alarm sound (conditions 2 and 4). RT tended to be
longer (P=.06) in the baseline condition (1), where only the
velocity was reduced, compared with the background color
condition (3). RTs in conditions 2 and 4 did not differ (P=.99).
Although none of the participants missed responding in any
acoustic feedback signal trial, 14% (7/50) of responses in total
were missed in the baseline condition of only velocity reduction,
whereas 6% (3/50) were missed in the background color
condition.
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Figure 5. Boxplots of the reaction times for each feedback mode (1-4). In the baseline condition, only the speed of the avatar was reduced. In the other
conditions, velocity reduction was combined with an additional feedback signal, that is, an acoustic alarm or a change of the background color. The
colors represent individual participants. The small circles show the reaction time of each individual trial, whereas diamonds show the mean reaction
time over all 5 trials per participant.

Feasibility Trial
The ICP was piloted in 11 sessions with healthy participants;
5 children and adolescents with impaired SVMC were recruited,

and their characteristics are shown in Table 2. One participant
(ID 2) stopped the study after two sessions owing to the
premature end of rehabilitation because of the COVID-19
pandemic.

Table 2. Characteristics of participants in the feasibility study (n=5).
ID num- Age
ber
(years)

Sex

1

Female

7.8

Diagnosis

SVMCa total SVMC target
(points)
joint (points)

System

muscle groupb

Bilateral spastic

5e

0e

sEMGf

Ankle dorsiflexion Ipsilateral knee extension

CPc, GMFCSd III

Target joint or

Involuntary movement

2

13.0

Male

Bilateral spastic CP, 8e
GMFCS II

0e

ArmeoSenso

Knee flexion and
extension

Trunk flexion and extension

3

12.7

Female

Bilateral spastic CP, 7e
GMFCS III

1e

sEMG

Knee extension

Contralateral knee extension

4

12.5

Female

Traumatic brain injury

16e

1e

sEMG

Ankle dorsiflexion Contralateral ankle
dorsiflexion

5

16.1

Male

Unilateral spastic

20h

2h

ArmeoSenso

Shoulder abduction Ipsilateral elbow flexand adduction
ion and extension

CP, MACSg III
a

SVMC: selective voluntary motor control; SVMC total: total Selective Control Assessment of the Lower Extremity (SCALE) score (maximum of 2
points per joint; total of 20 points) or Selective Control of the Upper Extremity Scale (SCUES; maximum of 3 points per joint; total of 30 points);
SVMC target score: SCALE or SCUES item scores for the target joint that was practiced with the game.
b

Refers to the target joint when the ArmeoSenso system was used and to the target muscle group when the electromyography-based system was used.

c

CP: cerebral palsy.

d

GMFCS: gross motor function classification system (it standardizes the classification of gross motor function, emphasizing the trunk control and
walking ability of children with cerebral palsy [32]. Level 1 means that children perform all the activities of neurologically intact children of the same
age, allowing for slight limitations in speed and quality of movements. Level 5 means that children exhibit difficulties in head and trunk control in most
positions or in achieving any voluntary control of movement at all).
e

Selective voluntary motor control assessed with the Selective Control Assessment of the Lower Extremity.

f

sEMG: surface electromyography.

g

MACS: manual ability classification system (it classifies how children with cerebral palsy handle objects in daily activities [33]. Level 1 means that
the child can handle objects easily and successfully, whereas children at level 5 do not handle objects at all).
h

Selective voluntary motor control assessed with the Selective Control of the Upper Extremity Scale.
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In one case, the ArmeoSenso was favored (ID 5) and also once,
the participant and therapist clearly preferred the
electromyography-based system (ID 1), because steering the
game with the ArmeoSenso proved to be challenging in the case
of a small active range of motion. No comparison of systems
was possible for the other participants. In two cases, because
the unilateral ArmeoSenso system is not able to track mirror
movements (IDs 3 and 4), we could only use the sEMG system;
in the third case, the patient withdrew (ID 2), but the motion
capture system was working reliably until then.
It took more time than expected to set up the ICP until game
control functioned reliably, because we encountered difficulties
in conducting and standardizing the calibration. Recalibration
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was necessary more frequently than expected, because problems
occurred with steering. Participants were actively playing for
18.3 (SD 5.4) minutes per session on average (range 9.8-30.4
minutes) with training time increasing over the course of the
study (15.8 minutes in first session vs 20.3 minutes in fifth
session).
Only one participant answered having experienced “no fun at
all” (ID 5), while having “a lot of fun” represented the majority
of answers. ID 5 remained uninterested over all sessions,
whereas two that were a little skeptical in the beginning became
more enthusiastic over time (Figure 6). None of the participants
reported any discomfort or harm.

Figure 6. Participants’ ratings of enjoyment. Scores indicated how much they liked the game and whether they would like to play it again. Only sessions
with the more appropriate system are shown.

Discussion
Principal Findings
This study describes the development of an ICP to specifically
enhance SVMC in children and adolescents. The game-based
intervention trains movement control while simultaneously
providing feedback to reduce involuntary movements. We
designed the game environment based on the favorite game
features that children reported in a survey. Subsequently, we
tested various feedback conditions to identify the auditory signal
as the modality that patients perceived the fastest. An ensuing
investigation of usability revealed that children enjoyed the
game despite some technical issues.
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Motivating Game Features
Interestingly, the features mentioned most frequently, strategic
gameplay, and having multiple options depend on each other.
If a game provides many options, the player needs a strategy to
succeed, and vice versa, players can only develop a strategy if
they are provided with more than one option. These features
are comparable with the interdependent construct choice and
interactivity, which are considered key principles of game design
to increase motivation [24]. Strategic gameplay was also one
of the motivators of video games for therapy mentioned by
children with hemiparesis in a focus group [34]. Furthermore,
variability, challenge, and competition were identified as
common elements that increased motivation in a study
investigating the effect of several ICP environments on
motivational behaviors in children with CP [35]. Although
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variability was not a specific response in this study, the features
of multiple options, power-ups, and character evolution
introduce variability and help to avoid the fact that a game looks
the same every time it is played.
Multiple options were incorporated into the game design in
several ways. The game did not follow one particular trajectory
with the game avatar but allowed different ways through the
environment. Furthermore, players could choose the level to
play and which challenge to tackle on their own. Presenting
three challenges for each level forced the player to develop and
use varying strategies to fulfill each of them. Finally, we
included power-ups, the possibility to personalize the game
character, and varied the visual appearance of the game with a
thematic design of the worlds.

Feedback Modalities
Unlike common simple RT tasks, this study investigated a
dual-task situation. While participants focused on collecting
coins and avoiding obstacles, the feedback signals had to attract
their attention. The game already provided many visual inputs,
which might have complicated the detection of other visual
stimuli (such as reducing speed or changing background color)
due to overloading visual perception [36]. In particular, during
parts of the game with many obstacles, the visual load could
have been high. Although the game sounds and background
music were not relevant for playing the game, the alarm sounds
were easy to distinguish. The RTs and their variability were
considerably lower in conditions with an auditory feedback
signal than in conditions with only visual signals. This suggests
that the alarm sound had the highest contrast to the game
environment and attracted attention most easily.

Feasibility Trial
On the basis of most participants expressing moderate-to-high
enjoyment and no discomfort, the ICP intervention can be
considered acceptable. One child’s spontaneous comment (“I
cannot reach this [next] world with only one more session, can
I come more often?”) revealed that the design of the game
environment created long-term motivation and engagement.
These results confirm that game-like interventions can lead to
high levels of compliance and motivation [37]. Increased fun
and interest in the game-based intervention was also shown in
a study directly comparing conventional ankle dorsiflexion
training with an ICP protocol [38]. High levels of motivation
increase the time dedicated to an intervention and would thereby
contribute to the success of a therapy, which depends on
adherence over an extended period. We can only speculate why
one participant did not like the ICP based on our observations
during the training sessions. The target movement proved rather
difficult for this participant, and the ICP did not allow control
of the game by the compensatory movement pattern he usually
used. This frustrated him, and it seemed that he was not
motivated to practice something challenging in general. Lower
levels of motivation to persevere in challenging situations have
already been reported in children with CP [39]. We have to be
aware of such personal reactions and need to seek solutions to
prevent frustration, resulting in loss of compliance.
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Some issues encountered with the game calibration interfere
with the practicability of the ICP. The time needed to solve
these issues automatically reduced the active training time
because the overall duration of sessions was determined by the
clinic schedule. Moreover, the occurrence of technical problems
sometimes seemed to coincide with lower levels of enjoyment.
Difficulties arose during the first sessions and resolved during
later sessions. This also finds reflection in a longer active
training period during later sessions. Further measures are
needed to increase the active training time because we think
that 15-20 minutes is a rather low amount of training during
sessions lasting 40 minutes. Adult patients with stroke engaged
in physical activity for 60% of the time during a physical therapy
session [40]. Activity rates during technology-assisted
rehabilitation were higher than those during conventional
therapy [41]. However, we must acknowledge that exploiting
the game features we included to increase motivation and
engagement (ie, choice, challenges, and personalization) took
time. Moreover, by selecting a single target joint, our
intervention was very specific, and the active time was fully
dedicated to train one particular movement. At the same time,
this might cause children to need more breaks because switching
between different tasks for a change was not possible.
The comparison of hardware systems (game controllers) did
not reveal a clear favorite but showed that both systems were
required. The use of the sEMG system was obligatory to address
mirror movements during training because ArmeoSenso cannot
track contralateral movements. The sEMG system was also
superior in the case of a small active range of motion, where
motion tracking with ArmeoSenso failed. However,
ArmeoSenso was particularly useful for recording trunk
movements, where the selection of one representative muscle
would be difficult. These findings further strengthen our view
of an individualized approach to improving SVMC in children
and adolescents with upper motor neuron lesions.

Limitations
With the survey in the first part of our study, we only assessed
the subjective preferences of children and adolescents about
game features, assuming that the preferred game elements are
motivating. However, it would require a longitudinal study in
which these features were systematically manipulated to
investigate their influence on long-term engagement.
A limitation of the investigation of feedback modalities is that
the game was played with the arrow keys and not with the
intended way of steering through muscle activation or joint
movement. Nevertheless, we would not expect the results to be
different because both steering modes require coordination of
one’s movement according to what is displayed in the game.
Using the arrow keys might have shortened RTs (for all
feedback modalities), as this mode of control is likely more
common and therefore less challenging than controlling a game
by body movements.
Although the overall aim was to develop an intervention for
patients with reduced SVMC due to an upper motor neuron
lesion, we recruited children with various diagnoses undergoing
neuro-orthopedic rehabilitation for the first two subprojects, as
we considered these research questions unrelated to SVMC. An
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advantage of investigating a more general population of children
undergoing rehabilitation is the higher generalizability of the
results to the ICP design for other pediatric patient groups.

potential improvements in SVMC are meaningful to children
and translate to improvements in activities of daily life.

We could not evaluate the preliminary effectiveness of the ICP
to determine its appropriateness, although we had intended to
do so with an assessment integrated with the ICP, similar to a
previously developed assessgame [42,43]. Difficulties in
standardizing the calibration prevented comparability between
sessions or after recalibration. We are planning a single-subject
research design study to evaluate the effectiveness of the game
in improving motor control and reducing the occurrence of
involuntary movements compared with regular multimodal
rehabilitation in children and adolescents with impairments in
SVMC. After showing effectiveness in a clinical setting, a future
plan could be to implement the intervention in a home-based
setting. It would also be interesting to investigate whether

This study revealed that strategic gameplay and having multiple
options are favorable and likely motivating features of games
for children and adolescents undergoing rehabilitation. This
indicates that they prefer to choose their own strategies among
several options to influence the course of a game. We
incorporated these findings in the design of an ICP to train
SVMC, as well as the finding that an acoustic warning signal
was perceived more quickly than the other modalities that we
tested. Feasibility testing revealed that participants enjoyed
playing, but some technical issues impeded user experience and
should be addressed to optimize practicability. The results of
this study could be considered by designers of other interactive
computer games if long-term engagement of children, such as
during a rehabilitation period, is needed.

Conclusions

Acknowledgments
This research project was funded by the Swiss National Science Foundation (grant 32003B_179471). The funders were not
involved in the study design, data collection, analysis, or manuscript preparation. The authors thank all therapists of the Swiss
Children’s Rehab that collaborated with this project. We are very grateful to the participating children, adolescents, and their
families.

Authors' Contributions
AF conceived the study, performed measurements, conducted the analysis, and wrote the initial draft. JWK conceived the study
and performed the measurements. AK conceived the study, was responsible for game software development, and performed
measurements. HJAVH supervised the project and acquired funding. All authors critically reviewed the manuscript and agreed
with the final version.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Video of the game. This shows the avatar being navigated through the game environment, collisions with obstacles, and the
effects of a power-up.
[MP4 File (MP4 Video), 22803 KB-Multimedia Appendix 1]

Multimedia Appendix 2
List of all answers during the interview.
[PDF File (Adobe PDF File), 276 KB-Multimedia Appendix 2]

References
1.
2.

3.
4.
5.

Ivanhoe CB, Reistetter TA. Spasticity: the misunderstood part of the upper motor neuron syndrome. Am J Phys Med Rehabil
2004 Oct;83(10 Suppl):3-9. [doi: 10.1097/01.phm.0000141125.28611.3e] [Medline: 15448572]
Sanger TD, Chen D, Delgado MR, Gaebler-Spira D, Hallett M, Mink JW, Taskforce on Childhood Motor Disorders.
Definition and classification of negative motor signs in childhood. Pediatrics 2006 Nov;118(5):2159-2167. [doi:
10.1542/peds.2005-3016] [Medline: 17079590]
Addamo PK, Farrow M, Hoy KE, Bradshaw JL, Georgiou-Karistianis N. The effects of age and attention on motor overflow
production - a review. Brain Res Rev 2007 Apr;54(1):189-204. [doi: 10.1016/j.brainresrev.2007.01.004] [Medline: 17300842]
Perry J. Determinants of muscle function in the spastic lower extremity. Clin Orthop Relat Res 1993 Mar(288):10-26.
[Medline: 8458121]
Adler C, Berweck S, Lidzba K, Becher T, Staudt M. Mirror movements in unilateral spastic cerebral palsy: specific negative
impact on bimanual activities of daily living. Eur J Paediatr Neurol 2015 Sep;19(5):504-509. [doi: 10.1016/j.ejpn.2015.03.007]
[Medline: 26004994]

https://games.jmir.org/2021/3/e26028

XSL• FO
RenderX

JMIR Serious Games 2021 | vol. 9 | iss. 3 | e26028 | p. 11
(page number not for citation purposes)

JMIR SERIOUS GAMES
6.

7.
8.

9.

10.

11.

12.

13.

14.

15.

16.
17.
18.
19.
20.

21.
22.
23.
24.

25.
26.
27.

28.

Ostensjø S, Carlberg EB, Vøllestad NK. Motor impairments in young children with cerebral palsy: relationship to gross
motor function and everyday activities. Dev Med Child Neurol 2004 Sep;46(9):580-589 [FREE Full text] [doi:
10.1017/s0012162204000994] [Medline: 15344517]
Noble JJ, Gough M, Shortland AP. Selective motor control and gross motor function in bilateral spastic cerebral palsy. Dev
Med Child Neurol 2019 Jan;61(1):57-61 [FREE Full text] [doi: 10.1111/dmcn.14024] [Medline: 30203469]
Vos RC, Becher JG, Voorman JM, Gorter JW, van Eck M, van Meeteren J, PERRIN+ Study Group. Longitudinal association
between gross motor capacity and neuromusculoskeletal function in children and youth with cerebral palsy. Arch Phys
Med Rehabil 2016 Aug;97(8):1329-1337. [doi: 10.1016/j.apmr.2016.03.012] [Medline: 27085848]
Voorman JM, Dallmeijer AJ, Knol DL, Lankhorst GJ, Becher JG. Prospective longitudinal study of gross motor function
in children with cerebral palsy. Arch Phys Med Rehabil 2007 Jul;88(7):871-876. [doi: 10.1016/j.apmr.2007.04.002] [Medline:
17601467]
Zhou JY, Lowe E, Cahill-Rowley K, Mahtani GB, Young JL, Rose J. Influence of impaired selective motor control on gait
in children with cerebral palsy. J Child Orthop 2019 Feb 01;13(1):73-81 [FREE Full text] [doi: 10.1302/1863-2548.13.180013]
[Medline: 30838079]
Fahr A, Keller JW, van Hedel HJ. A systematic review of training methods that may improve selective voluntary motor
control in children with spastic cerebral palsy. Front Neurol 2020;11:572038 [FREE Full text] [doi:
10.3389/fneur.2020.572038] [Medline: 33343485]
Wu Y, Hwang M, Ren Y, Gaebler-Spira D, Zhang L. Combined passive stretching and active movement rehabilitation of
lower-limb impairments in children with cerebral palsy using a portable robot. Neurorehabil Neural Repair 2011
May;25(4):378-385. [doi: 10.1177/1545968310388666] [Medline: 21343525]
Rios DC, Gilbertson T, McCoy SW, Price R, Gutman K, Miller KE, et al. NeuroGame Therapy to improve wrist control
in children with cerebral palsy: a case series. Dev Neurorehabil 2013 Dec;16(6):398-409. [doi:
10.3109/17518423.2013.766818] [Medline: 23617243]
Adler C, Hessenauer M, Lipp J, Kunze S, Geigenberger C, Hörning A, et al. Learning to cope with mirror movements in
unilateral spastic cerebral palsy: a brief report. Dev Neurorehabil 2019 Feb;22(2):141-146. [doi:
10.1080/17518423.2018.1474501] [Medline: 29787338]
Meyer-Heim A, van Hedel HJ. Robot-assisted and computer-enhanced therapies for children with cerebral palsy: current
state and clinical implementation. Semin Pediatr Neurol 2013 Jun;20(2):139-145. [doi: 10.1016/j.spen.2013.06.006]
[Medline: 23948688]
van Hedel HJ, Aurich T. Clinical application of rehabilitation technologies in children undergoing neurorehabilitation. In:
Reinkensmeyer DJ, Dietz V, editors. Neurorehabilitation Technology. Switzerland: Springer; 2016:283-308.
Weiss PL, Tirosh E, Fehlings D. Role of virtual reality for cerebral palsy management. J Child Neurol 2014
Aug;29(8):1119-1124. [doi: 10.1177/0883073814533007] [Medline: 24799367]
Fehlings D, Switzer L, Findlay B, Knights S. Interactive computer play as "motor therapy" for individuals with cerebral
palsy. Semin Pediatr Neurol 2013 Jun;20(2):127-138. [doi: 10.1016/j.spen.2013.06.003] [Medline: 23948687]
Tieri G, Morone G, Paolucci S, Iosa M. Virtual reality in cognitive and motor rehabilitation: facts, fiction and fallacies.
Expert Rev Med Devices 2018 Feb;15(2):107-117. [doi: 10.1080/17434440.2018.1425613] [Medline: 29313388]
Sandlund M, McDonough S, Häger-Ross C. Interactive computer play in rehabilitation of children with sensorimotor
disorders: a systematic review. Dev Med Child Neurol 2009 Mar;51(3):173-179 [FREE Full text] [doi:
10.1111/j.1469-8749.2008.03184.x] [Medline: 19191834]
Burdea G, Coiffet P. Virtual Reality Technology, Second Edition. Hoboken, New Jersey, United States: Wiley-IEEE Press;
2003:1-464.
Mears D, Hansen L. Technology in physical education article #5 in a 6-part series: active gaming: definitions, options and
implementation. Strategies 2009 Nov;23(2):26-29. [doi: 10.1080/08924562.2009.10590864]
Holden MK. Virtual environments for motor rehabilitation: review. Cyberpsychol Behav 2005 Jun;8(3):187-212. [doi:
10.1089/cpb.2005.8.187] [Medline: 15971970]
Lohse K, Shirzad N, Verster A, Hodges N, Van der Loos HF. Video games and rehabilitation: using design principles to
enhance engagement in physical therapy. J Neurol Phys Ther 2013 Dec;37(4):166-175. [doi:
10.1097/NPT.0000000000000017] [Medline: 24232363]
Create a blocked randomisation list. Sealed Envelope Ltd. 2021. URL: https://www.sealedenvelope.com/simple-randomiser/
v1/lists [accessed 2019-06-09]
Odding E, Roebroeck ME, Stam HJ. The epidemiology of cerebral palsy: incidence, impairments and risk factors. Disabil
Rehabil 2006 Feb 28;28(4):183-191. [doi: 10.1080/09638280500158422] [Medline: 16467053]
Yoo JW, Lee DR, Cha YJ, You SH. Augmented effects of EMG biofeedback interfaced with virtual reality on neuromuscular
control and movement coordination during reaching in children with cerebral palsy. NeuroRehabilitation 2017;40(2):175-185.
[doi: 10.3233/NRE-161402] [Medline: 28222541]
Fowler EG, Staudt LA, Greenberg MB, Oppenheim WL. Selective Control Assessment of the Lower Extremity (SCALE):
development, validation, and interrater reliability of a clinical tool for patients with cerebral palsy. Dev Med Child Neurol
2009 Aug;51(8):607-614 [FREE Full text] [doi: 10.1111/j.1469-8749.2008.03186.x] [Medline: 19220390]

https://games.jmir.org/2021/3/e26028

XSL• FO
RenderX

Fahr et al

JMIR Serious Games 2021 | vol. 9 | iss. 3 | e26028 | p. 12
(page number not for citation purposes)

JMIR SERIOUS GAMES
29.

30.

31.
32.

33.

34.

35.
36.
37.

38.

39.

40.

41.

42.

43.

Fahr et al

Balzer J, Marsico P, Mitteregger E, van der Linden ML, Mercer TH, van Hedel HJ. Construct validity and reliability of the
Selective Control Assessment of the Lower Extremity in children with cerebral palsy. Dev Med Child Neurol 2016
Feb;58(2):167-172 [FREE Full text] [doi: 10.1111/dmcn.12805] [Medline: 25991061]
Wagner LV, Davids JR, Hardin JW. Selective Control of the Upper Extremity Scale: validation of a clinical assessment
tool for children with hemiplegic cerebral palsy. Dev Med Child Neurol 2016 Jun;58(6):612-617 [FREE Full text] [doi:
10.1111/dmcn.12949] [Medline: 26526592]
Smart A. A multi-dimensional model of clinical utility. Int J Qual Health Care 2006 Oct;18(5):377-382. [doi:
10.1093/intqhc/mzl034] [Medline: 16951425]
Palisano R, Rosenbaum P, Walter S, Russell D, Wood E, Galuppi B. Development and reliability of a system to classify
gross motor function in children with cerebral palsy. Dev Med Child Neurol 1997 Apr;39(4):214-223 [FREE Full text]
[doi: 10.1111/j.1469-8749.1997.tb07414.x] [Medline: 9183258]
Eliasson A, Krumlinde-Sundholm L, Rösblad B, Beckung E, Arner M, Ohrvall A, et al. The Manual Ability Classification
System (MACS) for children with cerebral palsy: scale development and evidence of validity and reliability. Dev Med
Child Neurol 2006 Jul;48(7):549-554 [FREE Full text] [doi: 10.1017/S0012162206001162] [Medline: 16780622]
Lam MY, Tatla SK, Lohse KR, Shirzad N, Hoens AM, Miller KJ, et al. Perceptions of technology and its use for therapeutic
application for individuals with hemiparesis: findings from adult and pediatric focus groups. JMIR Rehabil Assist Technol
2015 Feb 10;2(1):e1 [FREE Full text] [doi: 10.2196/rehab.3484] [Medline: 28582236]
Harris K, Reid D. The influence of virtual reality play on children's motivation. Can J Occup Ther 2005 Feb;72(1):21-29.
[doi: 10.1177/000841740507200107] [Medline: 15727045]
Sigrist R, Rauter G, Riener R, Wolf P. Augmented visual, auditory, haptic, and multimodal feedback in motor learning: a
review. Psychon Bull Rev 2013 Feb;20(1):21-53. [doi: 10.3758/s13423-012-0333-8] [Medline: 23132605]
Lopes S, Magalhães P, Pereira A, Martins J, Magalhães C, Chaleta E, et al. Games used with serious purposes: a systematic
review of interventions in patients with cerebral palsy. Front Psychol 2018;9:1712 [FREE Full text] [doi:
10.3389/fpsyg.2018.01712] [Medline: 30283377]
Bryanton C, Bossé J, Brien M, McLean J, McCormick A, Sveistrup H. Feasibility, motivation, and selective motor control:
virtual reality compared to conventional home exercise in children with cerebral palsy. Cyberpsychol Behav 2006
Apr;9(2):123-128. [doi: 10.1089/cpb.2006.9.123] [Medline: 16640463]
Majnemer A, Shevell M, Law M, Poulin C, Rosenbaum P. Level of motivation in mastering challenging tasks in children
with cerebral palsy. Dev Med Child Neurol 2010 Dec;52(12):1120-1126 [FREE Full text] [doi:
10.1111/j.1469-8749.2010.03732.x] [Medline: 20646031]
Kaur G, English C, Hillier S. How physically active are people with stroke in physiotherapy sessions aimed at improving
motor function? A systematic review. Stroke Res Treat 2012;2012:820673 [FREE Full text] [doi: 10.1155/2012/820673]
[Medline: 22567542]
Brunner I, Skouen JS, Hofstad H, Aßmuss J, Becker F, Pallesen H, et al. Is upper limb virtual reality training more intensive
than conventional training for patients in the subacute phase after stroke? An analysis of treatment intensity and content.
BMC Neurol 2016 Nov 11;16(1):219 [FREE Full text] [doi: 10.1186/s12883-016-0740-y] [Medline: 27835977]
Keller JW, Balzer J, Fahr A, Lieber J, Keller U, van Hedel HJ. First validation of a novel assessgame quantifying selective
voluntary motor control in children with upper motor neuron lesions. Sci Rep 2019 Dec 30;9(1):19972 [FREE Full text]
[doi: 10.1038/s41598-019-56495-8] [Medline: 31889062]
Keller JW, Fahr A, Balzer J, Lieber J, van Hedel HJ. Validity and reliability of an accelerometer-based assessgame to
quantify upper limb selective voluntary motor control. J Neuroeng Rehabil 2020 Jul 13;17(1):89 [FREE Full text] [doi:
10.1186/s12984-020-00717-y] [Medline: 32660569]

Abbreviations
CP: cerebral palsy
ICP: interactive computer play
RT: reaction time
sEMG: surface electromyography
SVMC: selective voluntary motor control
VR: virtual reality

https://games.jmir.org/2021/3/e26028

XSL• FO
RenderX

JMIR Serious Games 2021 | vol. 9 | iss. 3 | e26028 | p. 13
(page number not for citation purposes)

JMIR SERIOUS GAMES

Fahr et al

Edited by N Zary; submitted 02.12.20; peer-reviewed by GC Burdea, M Wittstein, J Salisbury; comments to author 27.02.21; revised
version received 30.03.21; accepted 08.05.21; published 28.07.21
Please cite as:
Fahr A, Kläy A, Keller JW, van Hedel HJA
An Interactive Computer Game for Improving Selective Voluntary Motor Control in Children With Upper Motor Neuron Lesions:
Development and Preliminary Feasibility Study
JMIR Serious Games 2021;9(3):e26028
URL: https://games.jmir.org/2021/3/e26028
doi: 10.2196/26028
PMID: 34319236

©Annina Fahr, Andrina Kläy, Jeffrey W Keller, Hubertus J A van Hedel. Originally published in JMIR Serious Games
(https://games.jmir.org), 28.07.2021. This is an open-access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work, first published in JMIR Serious Games, is properly cited. The complete bibliographic
information, a link to the original publication on https://games.jmir.org, as well as this copyright and license information must
be included.

https://games.jmir.org/2021/3/e26028

XSL• FO
RenderX

JMIR Serious Games 2021 | vol. 9 | iss. 3 | e26028 | p. 14
(page number not for citation purposes)

