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ABSTRACT
Motor Imagery Brain-computer interfaces (MI BCIs) are used in

neurorehabilitation of cerebral palsy. An otherwise tedious experi-

ence of rehabilitation can be enhanced by applyingMI BCI exercises

to a game to improve users motivation. Some BCI rehabilitation

games integrate non-BCI interactions between the BCI exercise

repetitions, however, the impact of users’ enjoyment and mental

fatigue by adding longer non-BCI breaks, similar to the structure of

physical workout routines, remains unexplored. This gap was inves-

tigated by testing three different game structures with 12 healthy

participants. Two of the game structures were made to have a high

or low intensity of MI BCI exercise repetitions, featuring either few

but lengthy non-BCI breaks or frequent but brief non-BCI breaks,

respectively. While the last game structure gave the participants

control of when to take a non-BCI break.

There was no significant difference between the structures in

regards to enjoyment and mental fatigue, although participants

had a significantly better task performance in the high intensity

structure. Despite the qualitative data indicated an average of 8±2
MI BCI exercises before participants wanted a break from perform-

ing MI BCI, their actions showed different results when they had

control of the intensity in the third game structure. Therefore, the

preferred number of MI BCI exercise repetitions before a non-BCI

break is required was inconclusive.

0.0.1 KEYWORDS: brain-computer interface, motor imagery, cere-
bral palsy, video game, game design.

1 INTRODUCTION
Brain-Computer Interface (BCI) is a technology that utilises elec-

troencephalography (EEG) to capture brain activity [1], providing a

communication between the brain and an external device. In recent

years, a major BCI application is for neurorehabilitation, where

motor imagery (MI) BCI is used to induce neural plasticity in peo-

ple with neuromuscular disorders [1], e.g., cerebral palsy (CP) [2].

MI is the cognitive process of which a subject perform a mental

image of a motor movement without actually performing the motor

movement.

A known issue with BCI rehabilitation is how patients lose in-

terest and focus, because of the repetitive exercises [3], and as the

rehabilitation takes a considerable amount of time to perform, men-

tal fatigue also plays a role in declining performance [4]. A way

to negate this is by turning the rehabilitation tasks into a game to

promote user engagement and motivation [5, 3].

There have been an increased interest in the effect of using

commercial video games in physical rehabilitation [6]. The studies

found that video games were at least as efficient as conventional

therapy and most of the participants, with a few exceptions of some

elderly, preferred them compared to their traditional exercises. The

positive results were achieved despite of the video games used, not

being designed for clinical purposes [7].

Our research of BCI neurorehabilitation games has been divided

into two sub sections, where we first investigate the different uses

of the BCI signal and then investigate different game structures.

1.1 BCI Signal
BCI provides the system with a continuous signal; a signal showcas-

ing how confident it is that the user is performing the MI exercise.

To be able to detect when the user is successfully performing MI,

the continuous signal is often turned into a binary signal using a

threshold, when used in rehabilitation applications [? ]. The binary
signal is interpreted as an activation, where a program reacts once

whenever the person have performed MI.

BCI games typically have an input window; a set amount of time,

where the user attempts to perform the MI exercise, to limit the

amount of noise or false positives that may be registered when not

performing the exercise [8]. The program would therefore only

interpret the signal during the input window. The input window

would most often stop the moment it registered a successful per-

formance. The interpreted signal is then typically used to provide

some sort of feedback, dependent on if the performance was suc-

cessful or not [8], e.g. either a mouse will steal your cheese or get

scared away by your hand movement [9].

Another important aspect to limit false positives is mirror neu-

rons. Mirror neurons become active during the execution of an

action or the observation of an action [10], which makes them im-

portant to control for, when performing MI exercises. This is why

it is important that the mirror neurons are not triggered while MI

BCI is performed, e.g., observing a hand animation that performs

the BCI exercise.

Before the input window, the user would have a resting phase,

where the user doesn’t have to use BCI. When the resting phase

is done, the user enters the preparing phase, where they need to

mentally prepare for the input window showing up soon after.

Instead of using a threshold on the continuous signal to get a

binary signal, the continuous signal can be used directly. BCI games

that uses the continuous signal were found to use it to change an

important variable of the game, such as the speed of the player

avatar [11] or the position in a steering game [12]. This allowed

for more skillful action-oriented gameplay that can be considered

closer to non rehabilitation games. We were not able to find any

literature regarding the continuous signal as input, in the context

of MI BCI rehabilitation. This might because the stability of the

continuous signal easily can be decreased by things like fatigue,

lack of concentration, spasms or tremors [3], which are things that

often happen to people with CP [13]. In a MI BCI rehabilitation



context, the continuous signal has instead been used as feedback,

to make the user more aware of how they are doing.

Kjeldsen et al. used the continuous signal to mimic the hand

movements of the player in the game while they performed MI [14].

This was done to have a natural time coupling, meaning that the

feedback occurs as soon as an input is made [15], which is important

since having a weak natural coupling can discourage users and

can reduce their performance [16, 14]. Using the continuous input

as feedback this way, they found that it may have improved the

perceived feeling of agency in users with bad BCI performance, but

ultimately found it had no impact on their MI performance.

1.2 Pacing of Game Structure
A trend can be seen in the game designs for people with CP, which

follows an often relaxed and forgiving approach [17]. This rule-set

of how CP games should be made, have been experimented with, in

terms of making it more action oriented [18]. As long as simplicity

was kept in the game, and the input options were restricted in what

CP participants could do at any one time, people with CP could

play the game just fine.

Jochumsen et al. [19] implemented a BCI fishing game for stroke

rehabilitation, where they used keyboard as well as BCI. The game

used the up and down arrow on a keyboard to move the fishing

hook, and then used BCI to reel the fish in. Here the BCI was used

in intervals, alternating between the BCI input and the non-BCI

input of keyboard-presses, which would lead to breaks between

training. The paper did not look into how long or how frequently

breaks should be, and what effects these may have on the game.

This type of structure, in regards to BCI exercises and non-BCI

gameplay, has to our knowledge been explored in a limited manner.

Kiholm et al. [20] tried to find the best game structure of BCI

exercises and non-BCI gameplay. They constructed two different

game structures "Interval", where the user would keep switching

between doing MI and playing the non-BCI part of the game, and

"Battery", where the user had to perform multiple MIs in a row,

and then play the non-BCI part of the game for longer. Ultimately

their results are non-conclusive due to sources of error, such as

the participants having an advantage in "Battery" compared to

"Interval", built into the design of their game. While avoiding these

sources of error, this study compares different game structures of

BCI exercises and non-BCI gameplay, to find out how they influence

the mental fatigue and enjoyment of users.

2 BCI DESIGNWORKSHOP
We took part in conducting a workshop, to facilitate BCI game ideas

to improve the rehabilitation exercises for people with CP. Anyone

were welcome to participate, but the 22 participants who attended

were students at Aalborg University studying either Medialogy

or Health Science and Technology. Aside from the participants,

a CP adolescent, CP expert, and a BCI expert were present at the

workshop, to help the participants get more insight in the life of a CP

adolescent, or understand the BCI functionalities. At first everyone

were introduced to CP by the CP expert, and afterwards the BCI

expert explained BCI usage in regards to CP rehabilitation. With

this knowledge, the participants were asked to play an Association

game that went through ten various questions to create connections

between BCI, CP, and other things, e.g., if BCI was an animal, which

animal would it be? This question made some participants think

about ants or bees, because of their hive mind behaviour, which

made them think about a brain and thus a BCI. The newly created

connections were then used as a foundation to brainstorm BCI

game ideas with the use of the next activity called Post-Up [21].

In the beginning, participants individually wrote down their ideas

on post-its to avoid others influence. Then later they shared the

ideas within groups to allow further discussions and potentially

new ideas would emerge. Afterwards Value Mapping [21] was used

to vote within groups to find the preferred BCI game idea. The

number of votes each participant had were one third of the total

number of BCI game ideas within their group, e.g., if there were

six BCI game ideas then each person had two votes. Once every

group had decided on an idea, everyone were introduced to how

to create paper prototypes. Everyone were shown two examples

of paper prototypes, while more were available at the workshop if

individuals needed more inspiration. At the end of the workshop

each paper prototype was presented between groups and assessed

by a jury.

2.1 Workshop Takeaways
While brainstorming BCI games, the CP adolescent brought it to

our attention that opening or relaxing ones fist, after grasping it,

can be equally, or even more difficult for people struggling with CP.

Because of this insight, the mapping was changed for the MI train-

ing of the hand to that of opening it, instead of closing the hand.

Additionally, both the CP- and BCI expert said that the priority of

CP rehabilitation should always be that there was an attempt made

at MI BCI, rather than focusing on how well the attempt was.

The BCI game idea ’Aim for the Moon’ rewarded the player re-

gardless of their performance by not giving negative feedback to

the user, when they failed to perform MI and instead giving them

positive feedback, see Figure 1 to the right. They achieved it by

making every successful MI BCI input hit the moon, while a failed

MI BCI input would miss the moon, but turn the shot into a star.

This meant failing in performing the task would not demotivate

them as strongly.

The BCI game idea ’Pokemon Snap-like’ explored the interactions

the player could do while they were supposed to be in the rest-

ing phase, in between each MI BCI exercise.They had chosen a

metaphor of taking pictures, where taking a picture was done with

MI BCI input, and the breaks in between BCI usage was used to

adjust the camera frame, by moving to the left or right, see Figure 1

to the left. This would provide the player with something to do, that

is important to the game, in their downtime. Being in the resting

phase would therefore not feel like wasted time, and by extension,

can maybe keep them more motivated to continue.

The ’Phase Shifting’ BCI game idea used the same MI BCI input for

different sub-tasks, the first subtask being to kill and loot enemies

for resources, and the next for spending the resource and building,

see Figure 2. The game swaps between these two phases, where the

MI BCI input is required to defeat incoming enemies or build the

house.
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Figure 1: Left �gure shows the 'Pokemon Snap-like' game, which have the player move left or right, for then to snap pictures of
animals. Right �gure shows the game 'Aim for the Moon' where the player shoots stars in a pattern, creating a constellation.

Figure 2: 'Phase Shifting' Prototype. Left Picture shows the
�rst phase, where the player shoots enemies, which gives
resources. Right picture shows phase two, where the player
spends resources to build houses.

2.2 CP Adolescent Interview
As part of the workshop we had a combined interview with the CP
adolescent and CP expert to gain better insight of their personal
and professional experiences with CP. We asked them about how
it is to stay concentrated throughout a session or if they have any
experiences with video games. The interview transcription was
analysed, which gave the following insights: a) CP expert men-
tioned how the ability to stay concentrated varied a lot between CP
adolescents, some may only stay concentrated for 5 min. "But then
it might be that if you do something that catches [attention], like
a computer game, if that's what catches [attention], then you can
actually spend more time." (translated to English from Danish). b)
The CP expert said the game should be challenging, but in the end
you still succeed. "(...) It is what we aim for, that one should make an
e�ort, but succeed. That is awesome. It creates motivation, and then
you can stick with it longer. I mean, there is nothing worse than
constantly losing." (translated to English from Danish). c) CP ado-
lescents can easily feel overwhelmed by too much stimulation from

both visual- and auditory feedback. The CP adolescent mentioned
games that has the option of reducing feedback, but due to missing
signi�ers, or di�culty of discoverability, it is a hidden a�ordance in
most of the games. Therefore there should be minimal visual- and
auditory feedback, or an option to lower the amount of feedback.
d) The CP adolescent from the interview does not play many video
games but do like to play the app game called Candy Crush Saga
on their smartphone, which is a turn based grid puzzle, where the
player clicks on matching icons, when more than 3 are adjacent,
where they will then disappear, giving points, and a rearranging
will happen of the icons, to �ll in the empty space, before the game
repeats. The icons are generally very saturated colours, depicting
candy, overlaid on an environment. It does however keep a very
simplistic style, which might help to not visually overstimulate.
The CP adolescent at the workshop mentioned their di�culty of
holding a game controller due to their limited hand function, but
were able to play games on their smartphone. Therefore, a touch
screen was used as input alongside the BCI due to its accessibility.
The BCI expert also recommended reaching a requirement of 80-100
MI BCI exercises in total within 30-60 minutes of playtime, which
also corresponds with non-BCI CP rehabilitation exercises [22, 23,
24].

To summarise, it is important to design with a touch screen
in mind and not add too many visual or auditory elements that
can overstimulate. We should also avoid having gameplay that
require the player to display good precision skills, and prioritise
motivating them to play, by making them succeed regardless of their
game performance. Lastly the game should have the requirement
of having 80-100 MI BCI exercises during 30-60 minutes playtime.

3 GAME DESIGN
Similar to the 'Phase Shifting' BCI game idea of switching between
phases (see Figure 2), our game switches between two phases of
non-BCI and BCI, where the non-BCI phase will work as the break
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in between the sets of MI BCI repetitions. The reason for separating
these, is to provide us with more control over the variables, so
we can make all of them static, and as such make sure the output
(mana) is identical for each participant. Time is the only variable
that may di�er between participants. This is in�uenced by the
physical exercise structure and CP physical rehabilitation, where
each exercise is done in a number of repetitions per set with breaks
in between each set [23].

To make it less punishing for CP players, it was decided to only
use BCI input during the second phase, which involved building, as
it lacks the time-sensitive nature of action games, and can instead
be kept very simple, which follows more in line of some of the CP
game guidelines compiled by Hernandez et al. [18].

In the non-BCI phase, the player taps the touch screen to launch
an attack on the tapped location, which will kill anything within a
large radius, during the sub phase 'Tap to attack' in Figure 3. After
successfully killing an enemy, the player gains mana as seen in
the sub phase 'Attack cooldown' in Figure 3. Additionally, there
is technically a two seconds attack cooldown, where one second
is due to the animation of �ring the magic projectile from the top
of the castle down to the enemies, and the other second being the
lingering e�ect on the ground.

Several things was done to improve the experience of CP players,
to motivate them. To make use of the "unit e�ect", the player would
get 100 mana when enemies died instead of just one, as it should
in�ate the perceived worth they experience [25].

The enemies that approach the castle are also automatically killed
after on average 20� 3 seconds and the player is then rewarded with
mana. This ensures players can not fail the game, and to make sure
that all participants have the same amount of resources, regardless
of their own ability to click and kill the enemies.

The non-BCI phase makes it so we can control the output (mana)
of the non-BCI phase, and make sure that it is identical for each
participant.

Figure 3: Non-BCI phase where the player gathers mana.

In the beginning of the BCI phase seen at Figure 6, the player is
required to choose between various building blocks, and selection
is done by tapping the touch screen (in the 'Tap to select block' sub
phase in Figure 6). There are nine di�erent building blocks, where
three of them are walls, and six are decorations that are layered
on a placed wall-piece. Then the player is given three seconds to
mentally prepare themselves before they need to perform MI BCI (in
the 'Prepare' sub phase in Figure 6). In those three seconds, the in-
game character goes from an idle animation, where the character's
arms are relaxed, to a prepare-animation where the character has
raised their arm holding the wand. Additionally, an animated hand
will appear and continuously demonstrate the MI BCI exercise, by
going from closed �st to open hand. It will then disappear to avoid
triggering any mirror neurons when the program starts recording
the actual exercise performance, see 1.1. The sub phase 'Conjure
block' then starts (see Figure 6), which is a BCI input window of
�ve seconds. During the input window the player has to perform
MI BCI in order to conjure the chosen building block by visualising
their hand opening.

Inspired by the 'Phase Shifting Game' and word association
game from the workshop, we saw a connection between magic
and the MI BCI exercise, as the practice of opening the hand felt
close to casting a spell of conjuring something. As such we wanted
to establish a strong connection, so the MI exercise felt natural to
do, as this could lead to a more intuitive play experience for the
user. We attempted to establish a natural time coupling, by adding
changes to the e�ects depending on the performance of the MI BCI
input, to better provide the player with feedback. Magical particles
therefore appear above the player character as continuous feedback
that changes size and colour depending on the con�dence level of
the continuous signal, to provide the player with a stronger sense
of agency (See Section 1.1), where it goes from small red to large
green the more con�dent the MI BCI model is that the player is
performing MI BCI (see Figure 4).

Depending on the player's BCI performance during the sub phase
of Conjure block, the chosen appearance of the building block
change accordingly (see Figure 5). Inspired by 'Aim for the Moon'
game idea from the workshop, as well as the PAM called Mitigated
Failure [26], the system does not punish the player as harshly for a
failed input. Instead of having a failed output, such as the building
block not conjuring, and losing the mana. A failed input leads to a
more neutral output of conjuring a less appealing building block,
e.g. a cracked stone wall (see Figure 5). A successful input gives
a successful output of conjuring a building block without cracks.
Additionally, another threshold called shiny was made above the
successful input, where if the player reaches this threshold, they
would conjure a shiny building block that was more opulent than
the normal block.

After a building block has been conjured, the player taps the
screen to place the building block at the desired location (see sub
phase 'Tap to place block' in Figure 6). The placement of building
blocks use a snapping grid-base method to limit the need for precise
positioning and aiming, of which people with CP have been found
to struggle with [18].
For the evaluation, a time limit of nine seconds was implemented
for the 'Tap to select block' sub phase, and 10 seconds for the
'Tap to place block' sub phase in Figure 6. This was done to avoid
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participants exploiting the game, if they decided to do nothing for
a prolonged time period, which in turn extends the duration of
the overall test. But for a �nal version of this game, this time limit
should be removed, as people with CP have a harder time when it
comes to time constraints [18]. The 'Tap to select block' sub phase
is 9 seconds, one second shorter, because it takes the block one
second to be placed after the 'Tap to place block' sub phase.

Figure 4: A low con�dence level, close to zero, would result
in a low, dense quantity of red magical particles while a high
con�dence, close to one, would result in a large, scattered
quantity of green magical particles.

Figure 5: Three building block examples of the three di�erent
outcomes: cracked, normal, and shiny.

3.1 Game Structure
We had a game design requirement of reaching 80-100 BCI exercises
in total within 30-60 minutes of playtime as it was recommended
by the BCI expert. A paper prototype was made of the initial game
idea to test how many building blocks could be placed before a
break was required. The paper prototype was tested within the
group and we concluded 24 MI BCI repetitions per set (reps per set)
as a maximum. The minimum MI BCI reps per set was considered
to be �ve, which was derived from a previous study [20]. However,
the design of the game went through many iterations since the
paper prototype was made, and with the �nal game design, it was
also decided to test the extremities of low and high intensity game
structures. To ful�l the game design requirement, we calculated
and playtested within the group, di�erent game structures with
varying low and high intensity number of MI BCI reps per set,
where �ve and 24 were used as a baseline to work from. Finally,
we decided on a low intensity of six MI BCI reps in sets of 15,
while the high intensity was set to 30 MI BCI reps in sets of three.
Both of these intensities result in a total of 90 MI BCI exercises
in an estimate of 60 minutes of playtime. For evaluation purposes,
the playtime of each game structure is cut down to 1/3, which
means participants will reach 30 MI BCI exercises in total within
20 minutes of playtime for each game structure. Figure 7 shows the
low- and high intensity game structures that will be referred to as
Low Intensity A and High Intensity B respectively. Additionally, a
control game structure called Control C was made (see Figure 7),
where the participants could swap freely between the non-BCI
phase and BCI phase, but with a limit of 30 MI BCI exercises in total.
Thus, when the participant gathered enough mana to perform 30
MI BCI exercises, they would be forced back to the BCI phase, to
�nish the MI BCI exercises.

Figure 7: Game structures of Low Intensity A, High Intensity
B, and Control C, where the yellow gems are non-BCI phases,
the magic wands are BCI phases, and the combined yellow
gems with a magic wand indicate the free choice of swapping
between phases.

4 EXPERIMENTAL DESIGN
For our study, the dependent variables are enjoyment and mental
fatigue, while the independent variable is number of MI BCI reps
per set. We created the three conditions called: Low Intensity A,
High Intensity B, and Control C. Low Intensity A (see Figure 7) has
longer breaks followed by longer exercise sessions where the partic-
ipant is required to perform 30 MI BCI reps per set. High Intensity
B (see Figure 7) has shorter breaks followed by shorter exercise
sessions where the participant is required to perform six MI BCI
reps per set. The required numbers of MI BCI reps per set used for
Low Intensity A and High Intensity B were attained through lo-�
and hi-� prototype testing within the research group. In Control C,
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Figure 6: BCI phase where the player builds their castle.

the participant decides when to switch between break and exercise,
however, there is a limit to the break duration, which eventually
forces the participant to exercise until they reach the evaluation
limit of 30 MI BCI exercises in total (see Figure 7).
We will evaluate these conditions using a within-subjects exper-
imental design, incorporating a Latin square method to vary the
order of conditions. The following hypotheses were made:
1. Low Intensity A results in a low mental fatigue and high enjoy-
ment.
2. High Intensity B results in a high mental fatigue and low enjoy-
ment.
3. The task performance of Low Intensity A will have a lower failure
rate compared to High Intensity B.
4. Control C results in game structures closer to Low Intensity A
than High Intensity B, but with more MI BCI exercises per set than
six.

Mental fatigue and enjoyment will be quanti�ed through a cus-
tom made questionnaire, where the questions are inspired by NASA-
TLX[27] and Player Experience Inventory (PXI)[28]. There is at min-
imum two questions that each inquire about the same, but worded
semantically di�erent. There are three categories, the �rst being in
regards to 'Perform BCI'. Here we looked for their sense of mastery
at performing MI BCI, their e�ort, and mental strain, e.g., "It was
mentally demanding to perform BCI". Then the second category
'Castle' was in regards to the feedback given through the quality of
the building blocks, which we considered our control category so
we do not expect any di�erences between the participants' answers.
Lastly was the 'Game structure', here the questions were similar
to 'Perfrom BCI' but were directed towards the game structure
itself rather than performing BCI, e.g., "It was mentally demanding
to play this game structure". Additionally, we had two sub cate-
gories: 'Enjoyment' and 'Mental Fatigue', which are both positive
and negative loaded questions within the categories of 'Perform
BCI' and 'Game structure', e.g., "I thought it was fun to play this

game structure". The questionnaire were answered using a 5-point
Likert scale going from strongly disagree to strongly agree.

4.1 Participants
Twelve healthy participants took part in the study. One female and
11 male participants between the ages 21-28 years. Six participants
had previously tried BCI once or twice in another experiment. All
12 participants described themselves as having a lot of gaming
experience.

4.2 BCI System
The BCI used in this study was a project made in OpenVIBE De-
signer [29] that was given to us by our institution. We used a Cyton
Biosensing Board and EEG Electrode Cap Kit with the OpenVIBE
project, to get continuous EEG signal. We recorded the EEG sig-
nal from F3, F4, C3, CZ, C4, P3 and P4, where the signals were
grounded at FZ and referenced to PZ. The signal were sampled
with a sampling rate of 250 Hz.

A �owchart showing the process, from calibrating the BCI to
using it as a classi�er, can be seen in Figure 8. First the calibration
of the BCI was done by the participant, where they had to mentally
perform 30 movements of the left hand opening. When doing the
calibration, the participant would sit and either perform MI or relax.
The calibration consists of an input window of 3.75 seconds, where
they have to perform MI. Before that an arrow pointing to the left
is shown for 1.25 seconds, indicating that they need to perform MI
soon. After the input window, the participants have a rest window
of 5 seconds, where they need to rest and not focus on doing MI.
Between phases, there is a time window of 1.5 seconds, where the
participants can do what they want. When the participant has done
this 30 times, we now have data of them when they relax and when
they perform MI, which can be used to classify.

A 5th order Butterworth Band pass �lter, which �ltered between
8-30 Hz was applied to the calibration data. Afterwards the signal
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