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Abstract. Cerebral refers to the brain, specifically the outer layer while palsy
refers to the loss or impairment of motor function. Interactive tangible systems
have been widely designed with aims of rehabilitation for users with cerebral
palsy. However, there is still a lack of tangible systems that can support collabo-
rative play between children with cerebral palsy. This paper describes the process
of research, design, and development as well as evaluation of an interactive tan-
gible game system with the purpose of supporting collaborative play as well as
rehabilitation. Based on results of a pilot study, a new prototype iteration of tangi-
ble system incorporates multiplayer games with an accessible tangible interface.
Two user experiments were conducted virtually with 8 participants from the Spas-
tic Children’s Association of Selangor and Federal Territory (SCAS&FT) who
provided positive feedback and to gain a general population’s point of view on
system’s usability, with results of 75 on the System Usability Score (SUS) show-
ing that the system’s functionalities were deemed effective and easy to use. Main
findings of this paper are that children with cerebral palsy prefer playing with
friends rather than alone and the system provides motivation for rehabilitation as
well as social collaboration during use due to its multiplayer function. We further
discuss future work that can improve the development of interactive tangible game
for collaborative play between children with cerebral palsy.
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1 Introduction

Cerebral palsy (CP) is the most common motor disability in childhood and affects approx-
imately 17 million people worldwide. In every 2000 babies born, 1-2 of them are diag-
nosed with cerebral palsy. Caused by damage to or abnormalities inside the developing
brain during pregnancy of birth or within the first 2 to 3 years of a child’s life, this perma-
nently affects a person’s ability to move and maintain balance [1]. There are three types
of CP namely spastic CP (stiff muscles), dyskinetic CP (uncontrollable movements) and
ataxic CP (poor balance and coordination) [2]. The severity of these disabilities’” ranges
from mild to severe in correlation with the degree of injury to the brain. Some children
are diagnosed with a level of intellectual disability and impaired sensations as well as
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other medical disorders. This impairs the quality of life, independence, and all aspects
of health ranging from physical to emotional.

Children with cerebral palsy may experience mobility limitations due to problems
in fine motor control, strength, and range of motion [3]. This reduces their ability to
participate in community and leisure activities such as sports and games which leads
to disassociation from the community and the feeling of exclusion. Differences in their
functional abilities can be seen in their daily activities such as sitting, walking and
mobility. Children with cerebral palsy may also have impacted speech especially if the
muscles of the tongue, mouth and throat are affected. This makes it difficult for a child
to verbally express themselves with confidence. Hence, they are unable to make friends
easily in comparison to healthy peers and this affects their ability to develop a concept of
self and find meaning in life [4], causing them to develop a shy and reserved personality
due to lack of social interaction.

Besides, collaboration is an important aspect in a child’s growth and is a skill they
must hone. The ability for a child to collaborate when they grow up is increasingly
important in an era where work is done in teams of people rather than in isolation.
Collaboration can be in the form of social interaction, engagement, and cooperative
activities. Developing collaboration as a skill allows children to engage with each other
It enables them to discover each other’s strengths, weaknesses, interests, and capabilities
[5]. In this environment of positivity, self-confidence and self-esteem may be boosted,
allowing them to communicate comfortably. Clear and effective communication is a
vital skill to have to convey ideas and messages [6]. There have been attempts to develop
tangible interfaces for children with CP, however they do not place an emphasis on
collaborative play, rather on single player games. There is research ongoing for designing
tangible interfaces for collaborative play, however they have less focus on children with
limited physical movement [7].

Therefore, this project aims to design an interactive tangible game system that allows
collaborative play for children with CP between the ages of 12 to 17. The project incor-
porated games and an accessible interface inclusive to wheelchair bounded users. The
system consists of multiplayer games to encourage socialization and collaboration when
children play together. Having multiple games to choose from that are both fun and
engaging increases the replay value of the system. The games included different level
of difficulties to cater for children with varying severities. The project investigated ways
that an interactive tangible game system could support both physical rehabilitation as
well as social interaction between children with CP.

This paper begins with reviewing related work to give an overview of necessary
background and describe the methods used for design to include initial ethnography and
pilot study and user evaluation. Next, design guidelines and implications are discussed
before final discussions and conclusions are made.

2 Related Work

Tangible interactive systems are perceptible by touch and require significant amounts of
interaction between users and the system. It can provide feedback in the form of visual
or auditory in response to an interaction with the user. Through extensive research, we
have come across several tangible interactive systems designed for cerebral palsy users.
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2.1 Interactive Rehabilitative Game Systems for Children with Cerebral Palsy

Previous work on interactive rehabilitative systems shows positive effects in training
the upper limbs of children with CP. They include hand therapy exercises that include
wrist and thumb extension and flexion, wrist stretch, wrist side movement, finger curl,
finger flexion and extension as well as finger spread [8]. There is evidence that passive
stretching increases the overall agility of children [9]. For example, Kinect2Scratch is a
motion game that focuses on improving the upper extremities of children with CP with
training on shoulder holding, hand-eye coordination and reaction time [10]. Results of
the study show that although the system allows them to enjoy training, it was highlighted
in the paper that a lack of multiplayer game mode eventually cause the children to lose
interest gradually. Another similar project uses a multi-touch Microsoft Surface display
combined with tangible inputs — wands with custom grips, foam balls and wearable
kinematic sensor for monitoring [11]. It focuses on improving the fine motor skills of
the upper limbs in children with CP by combining an immersive play environment and
rehabilitative exercises.

Other studies further explored the use of tangible user interface with gamification in
the rehabilitation of children with CP. For example, ShaRki is atangible system that incor-
porates gamification to encourage enhanced hand movement for children with unilateral
cerebral palsy [12]. Users will have to grasp a cylindrical tangible controller, equipped
with sensors to measure arm movements, to play a game of feeding the crocodile. Grasp-
ing and releasing the tangible closes and opens the crocodile’s mouth and rotating the
wrists turns the crocodile’s head. There are different levels and game modes designed
for each motoric level. The system shows some success in using a tangible user interface
to meet the therapeutic needs of targeted users. However, it does not support multiplayer
and social engagement. There still exists a gap in understanding how to design tangi-
ble systems that can provide sustained interest and motivation in children’s physical
rehabilitative exercises.

2.2 Interactive Tangible Game System for Collaborative Play

There are several projects that aim to support collaborative play among children with
special needs. However, current research on the development of collaborative technology
for children with cerebral palsy is still lacking as most have focused on designing for
children with Autism Spectrum Disorder (ASD) [7]. For example, Mazi is a tangible
user interface which encourages play between 6 and 9-year-olds diagnosed with ASD
[13]. However, this system is not suitable for children with a more severe case of cerebral
palsy since it requires full body movement to fully engage with the system. In another
example, POMA uses pretend play toys equipped with conductive foam to create unique
touch-point patterns to use with an iPad in a gameplay [14]. However, collaborative
gameplay only begins at level 6 which most children are unable to reach due to an
eventual lack of interest to its repetitiveness.

There are only a few interactive tangible game systems that have been designed
for children with CP to support collaborative play. For example, in PhysiTable, a pro-
grammable board game uses an accelerometer to detect the smoothness of the hand
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movement of children with CP [15]. It is a multiplayer game, where two children com-
pete to see who can move the object to the destination first. However, the result of the
study shows that children with severe CP tend to dislike the game as it is difficult for them
to maintain smooth movements. The game mainly functions as an assessment tool hence
there is little replay value as the game could easily become repetitive. Another study
explores the use of interactive toy modules with sensors, light, and audio feedback, which
can be combined with basic blocks from LEGO for specific hand and arm functional
exercises [16]. It proposes collecting user performance data and tracking the systems’
long-term effect in rehabilitation training and more tangible systems to support compet-
itive and cooperative gameplay for both physical exercises and social development to
help children with CP communicate with peers properly.

3 Context and Design Requirements

This project is carried out as part of research collaboration with Spastic Children’s
Association of Selangor & Federal territory (SCAS&FT). The SCAS&FT runs a spastic
children’s centre that provides services, facilities and activities that are used to care and
treat these special children. Initial ethnographic study and interview sessions were con-
ducted at the centre involving teachers and parents over a 2-month period which results
showed that encouraging actions that rely on hands and/or fingers and stretching are
extremely important to increase their motor movements and intellectual development by
giving meaning to their movement. Furthermore, any features of the systems developed
should aim to build confidence, be enjoyable as this will lead to prolonged attention and
concentration spans and promote creative expression. We further identified the follow-
ing 4 rehabilitation requirements that an interactive tangible system for children with
CP should support: 1) Movement of the shoulder, 2) Pronation or flexion of the wrist,
3) Extension of the fingers, and 4) Smiling or laughing while interacting. A pilot study
was carried out at the centre showcasing our early idea of a tangible musical soundscape
developed using a Bare Conductive Touch Board. The system was designed to support
physical rehabilitation and recreation for children with CP in the form of music play-
ing and making. Suggestions from the study given by the teacher and parents was to
introduce game elements to motivate users to interact with the system. Participants also
expressed wishes to play together.

4 System Iteration

4.1 System Design

Based on results of the pilot study, our new prototype iteration became focused on sup-
porting collaborative play as well as rehabilitation. Figure 1 shows the system architec-
ture of the improved interactive tangible game system consisting of two sets of tangible
input controllers to support collaborative play involving two players. To set up the sys-
tem, users will have to plug in the Arduino USB cable into their computers to power
up the controller. The controller consists of an Arduino and touch sensors. The touch
sensors used to design the controllers are Trill Sensors in the shape of a Bar, Square,
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Ring, and TTP223 Capacitive Touch Sensor Modules. Users can then play and control
the games using the touch sensor equipped controller. The sensors can read the touch
inputs, made by children with CP when they extend their fingers to tap on the sensors
and translating them to in-game actions.

Interactive Game

USB Connection

‘P? P2 controller
0% e

il 8ar Tl ing il Square

Fig. 1. General layout of the interactive tangible system (left), P2 and P1 controller (right)

4.2 Hardware

Arduino and Unity. The games can be played by two players, thus requiring the use of
two Arduino controllers. Player 1’s Arduino Uno controller has the Trill Bar, Trill Ring,
and 4 capacitive touch sensors attached. Player 2 has the Trill Square and 4 capacitive
touch sensors attached. The Arduino controllers were programmed to read the values
from sensors continuously. It will then send the data information through the COM3
port, signaling that the third capacitive touch sensor has been pressed. Port COM4 was
used for player 2. In Unity, a library called Ardity was used to receive data from the
serial ports. Ardity allows Unity to read and process serial data. The data is stored in
a queue and can be processed by a message listener. The message listener oversees the
interpreting of data, translating them into in-game actions.

Tangible Input Controller. A cardboard box was used to develop the tangible input
controller (Fig. 1). The 4 capacitive sensors were placed on top of a foam sheet to absorb
pressure since users will have to press on them and the pins on this sensor are at the
bottom. The foam was then covered with color paper to improve the aesthetics and
allowed easy understanding of the Rhythm game.

4.3 Game Design

The games in the system were designed based on guidelines for making video games
accessible to users with CP [17]. Motivation both in the form of extrinsic (external
incentive) and intrinsic (personal satisfaction) are key to designing a fun game. Besides,
progressiveness also allows users to enter a state of flow when playing the game. To
establish a flow, there is a structure of levels so that users will feel accomplished when
they overcome a level. The following game features were integrated into the system:
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e Dual player gameplay in either cooperative or competitive mode.

e Various game difficulty to cater for children with different abilities.

e High score system which logs user’s performance and can record any improvements
throughout usage. This also acts as a motivational factor.

Children can play freely with minimal supervision.

Incremental difficulty to enhance motivation.

Trial and error where mistakes should be forgiving so users can learn from errors.
Immediate feedback allowing cause-effect learning when immediate feedback is given
upon every action.

e Social component to encourage collaboration and social interaction between players.

4.4 Software Development

The programming platform used in developing the interactive game system is Unity
which uses C# for game creation. The sensors were set up correctly on the Arduino
controllers before connecting to Unity. This is essential to allow the sensors to sense touch
input and send the data to Unity for in-game actions. Two new games were developed
to support collaborative as well as competitive play modes respectively:

Asteroids. The Asteroids game detects touch input from Trill Bar sensor for Player One
and Trill Square sensor for Player Two. The sensor input will be translated to position a
player’s spaceship. The Trill Ring sensor input is used to adjust the volume. The game
interface consists of the Main Menu, Difficulty setting and Game Play. The game play is
cooperative where both players share 5 lives and work together to increase player scores
by destroying asteroids and aliens. There are two spaceships and each player control
their respective sprites by dragging along the sensors. The spaceships automatically
shoot bullets, so no additional controls are required (see Fig. 2).

The difficulty of the game gradually increases as the number of asteroids increases
with each level progression. An alien will spawn targets and attack a player. So, players
will have to work together to destroy it. Each level ends when the alien and asteroids are
cleared. Lastly, there is a scoreboard which acts as a motivational factor for players to
improve and beat their previous best score.

Rhythm. The Rhythm game processes touch input from a total of 8 capacitive touch
sensors, each player uses 4 capacitive touch sensors respectively. The Trill Ring sensor is
used to adjust the volume. The sensor input will be translated into a note hit if players tap
on the sensor when a falling arrow enters a colored tile. The game interface consists of
the Main Menu, Difficulty setting, Song Selection and Game Play. There are three song
choices that may be selected by players, each ranging between 30 to 45 seconds, in a
length not to be too tiresome for users. The Game Play corresponds to a chosen difficulty.
There are a few differences between each level besides the speed of arrows falling down.
In the easy and medium modes, two fingers are required to tap on the sensors whereas
in hard mode four fingers are required illustratied in Fig. 2. Users can use either their
dominant or non-dominant arm. The speed increases with difficulty but it is set at a
managable speed for CP users. The square tiles decrease in size for harder difficulties.
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During game play, player scores and visual feedbacks will be displayed depending on
how precise the players tap on the sensor once an arrow enters a tile. Higher scores will
be awarded if the accuracy in players’ response improve. A scoreboard will be shown at
the end of game play.

Fig. 2. Game play of asteroids (left) and rhythm (right)

5 Results

5.1 Results of Remote Usability Evaluation

An initial user evaluation was conducted to involve a general population sample. Due
to the pandemic and Movement Control Order (MCO) imposed in Malaysia, the user
evaluation was carried out remotely and limited to virtual demonstrations in order for
participants to have an in-depth understanding of the system and also learn how users
can interact with the system using the tangible input controller. The evaluation involved
52 participants in total. 28 of the participants were male, while 24 were female. 90.4% of
the participants were in the age range of 18-25 years old, while others in the age range
of 26 and above. The standard System Usability Scale (SUS) was used to investigate
the usability of the interactive tangible game system. The SUS consists of ten ques-
tions, implemented on a 5-point Likert scale which 1 represented ‘Strongly Disagree’
and 5 represented ‘Strongly Agree’. Additional closed and open-ended questions were
included in the questionnaire to gain feedback on the perceived ease of use and effec-
tiveness of the system to support collaborative play, in addition to recommendations on
possible ways to improve the system. Table 1 shows the results of the SUS test. Overall,
the SUS score is 75 which lies on the 3rd quartile, within the rating of ‘Good’. Results
indicated the system’s functionalities were perceived as usable and acceptable, and par-
ticipants were clear with the objective of the app. This would allow the system to be
tested and used by children with CP in future.

In response to the questions to gain feedback on the effectiveness of collaborative
play: a) to motivate users to use the system more often, and b) to increase social interaction
during use, results showed that most participants agreed, where the average score to both
questions was 4 (Agree) (see Fig. 3). Hence, most participants believed that using the
interactive tangible game system in multiplayer mode may encourage users to use the
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system as they get to play along with a peer and engage in social interactions. Results
also suggest that majority of participants consider the controller as straightforward and
easy to use with an average score of 2.

Table 1. Results of system usability scale test

No | System usability scale questions Average score
1 | I think that I would like to use this system frequently 3
2 | I found the system unnecessarily complex 2
3 | I thought the system was easy to use 4
4 | I think that I would need the support of a technical person to be able to use | 2

this system

5 | I found the various functions in this system were well integrated
I thought there was too much inconsistency in this system
7 | I would imagine that most people would learn to use this system very 4

quickly

I found the system very cumbersome to use

9 |Ifeel very confident using the system

10 | I needed to learn a lot of things before I could get going with this system |2

Would collaborative play motivate you to use the system more often? Would the system increase social interaction during use?

30

20

2(38%) 3(5.8%)

[
Strongly Disagree  Disagree Neutral Agree strongly Agree Strongly Disagree  Disagree Neutral Agree Strongly Agree

Fig. 3. Users’ feedback on effect of collaborative play — (a) motivation (left) and (b) social
interaction (right)

The questionnaire also included 2 open-ended questions where participants were
asked to suggest genres of games that they would like to see added into the tangible
interactive game system. 20% of participants suggested including retro or classic games
such as Tetris. 18% of participants proposed including adventure games with an interac-
tive story, while 16% of participants suggested fighting or first-person shooting games.
Another 16% of participants suggested educational games such as puzzles. 11% of par-
ticipants suggested racing games. 4% of participants suggested games of other genres
such as horror. Virtual instruments and more music-based games were suggested by 7%
of participants. Lastly, 4% of participants hoped to see sports related games.

Finally, participants were asked to suggest improvements to be made to the system. A
total of 23% of participants commented on the design of the controller with suggestions
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to make it more compact, aesthetic, with a robust casing. 17% of the participants gave
some suggestions to improve the games. For instance, rewards or powerups in the game
to encourage players. Furthermore, 6% of participants suggested improvements to the
portability of the system by using wireless controller and providing compatibility of
the game with mobile phones. 8% of participants suggested improvements to the game
user interface. For instance, they suggested to place instructions at the start of the game
rather than using a separate instruction button and to combine all games into a single
application. The rest of the participants commented that the system was great and hoped
to see more games on the system.

5.2 Results of User Evaluation Involving Participants from SCAS&FT

Due to the pandemic, we were unable to conduct a physical user evaluation with targeted
users involving children with CP at SCAS&FT. A virtual evaluation was conducted via
Zoom to involve a live demonstration of the developed prototype system, followed
by an interview session. The evaluation objectives were to evaluate the usability and
effectiveness of the interactive tangible game system in motivating children to carry out
physical rehabilitative exercises and encouraging social interaction through collaborative
play. The participants involved were eight in total to include 3 children with CP, 1 female
(F1) aged 14 years old, and 2 males (M1 and M2) aged 15 and 13 years old respectively.
The three children have only mild CP with high functioning mobility and can move their
fingers well. Other participants included 3 teachers and 2 parents. The interview questions
aimed to gain feedback on various evaluation aspects such as usability, feasibility, ease
of adaptation and accessibility.

Results of the interview showed that the system would be easy to use by all 3 children
(F1, M1 and M2) where the children feedback that they would be able to play the games
themselves without any assistance. One of the teachers affirmed this by saying, “It is
easy for M3 to play as he can move his fingers very well. M2 also enjoys playing
video games. He can type on his iPad, but it takes some time.” The children confirmed
that they would be able to reach out to touch the sensors easily and the arrangement
of the sensors were comfortable. When participants were asked if they agree that the
system would increase social interaction among children with CP, all of them agreed.
Additional feedback revealed that the user interaction with the system was similar to
physical occupational therapy that the children carry out in the center. As highlighted by
a teacher, the system supports “typing” movements with fingers that the children carry
out. She further suggested that extending the system to support the stretching of the
shoulders and arms would increase the rehabilitative benefits to children with CP. All
participants agreed that the incorporation of games would increase children’s motivation
to carry out physical therapy. The children were particularly interested in the multiplayer
feature of the system.

Lastly, a suggestion was made by one of the teachers to allow the Rhythm game to
be played with only one hand in the medium mode as it would be hard for children with
CP to interact with 3 sensors. So, changes were made to the arrangement of sensors to
allow the board to be placed horizontally such that upper arm movement is encouraged.
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6 Discussion

Play is vital for a child’s development in areas ranging from motor, cognitive, emotional,
and social. Most participants believed that collaborative play is a preferred game mode
for children, and has the potential of enhancing their social skills. This result built on
existing evidence that children with cerebral palsy prefer multiplayer conditions [18].
Positive effects that collaborative play bring included motivation for rehabilitation as
well as social collaboration. However, this requires more concrete confirmation and to
study the systems’ long-term effect on rehabilitation training and social collaboration.
Despite the benefits that collaborative play brings, it should also be used with caution as
users may be too involved in gaming, resulting in them using their dominant arm more
instead of the affected arm that requires rehabilitation [18].

Results of our evaluation suggested good perceived ease of use and effectiveness
of the system to support collaborative play. Future work would involve adding a game
tutorial at the start of the game to demonstrate use of the sensors. Additionally, the
system could be improved to allow users to fully use the system without the need of a
mouse and keyboard interaction. Currently, typing players’ names in the scoreboard and
pausing the game required keyboard pressing. Hence interface improvements could be
made to include additional touch sensors for pausing the game and a virtual keyboard
for in-game input. Some participants also suggested that more arcade style games could
be included in the interactive tangible game system to give players more choices to play
with to prevent children with CP from getting bored with the system easily.

Based on participant feedback, further improvements could be made to the tangible
input controller to improve its physical design to become more ergonomic and to achieve
rehabilitation goals such as stretch outing or lifting arms to interact with the system. We
propose using projection mapping, a technique to turn a wall or board into a display
surface for digital projection. These digital projections of visual game interface onto
a display surface embedded with touch sensors will allow for direct manipulation and
seamless interaction with the interactive board or wall. Creating a sensor-based tangible
board or wall with projection mapping that is physically larger in size would mean that
bigger movements will be required to interact with the system and may be suitable to
support multi-player group experience to facilitate healthy emotional development. To
improve the accessibility of a tangible system, it could be designed in a modular way
allowing it to be adjusted according to each child’s height or reach.

From this research, the use of touch interfaces appeared to fit the needs of children
with CP [19]. The touch sensors used in the system were sensitive and easily accessible.
The Trill sensors can sense multiple touch points so children with CP can carry out
tapping motions instead of dragging their fingers along. More research will be needed to
explore the design and use of touch interfaces to encourage various motor movements
to achieve higher rehabilitation goals such as movement of the shoulder and pronation
or flexion of the wrist. For example, there are many user modes and readings that may
be taken from Trill sensors such as pressure of finger. It is also possible to tune the
sensitivity of the touch sensors to adjust the difficulty of the games.

All in all, the proposed touch based tangible system showed potential as an easy-to-
use controller for children with CP. Our future work will focus on understanding how
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to design better tangible input controller to achieve higher physical rehabilitation goals
with inclusion of suitable multiplayer games.

7 Conclusion

In conclusion, this paper presents a new tangible interactive game system that can sup-
port collaborative play between children with cerebral palsy. Previous studies involving
design of tangible systems for collaborative play have less focus on children with lim-
ited mobility, while tangible systems for children with CP tend to cater for single users.
Results from usability testing suggested that the developed system achieved good per-
ceived ease of use and effectiveness to engage players in collaborative play. Future
game design iteration should allow players to select their game difficulty level to include
assigning placement of touch sensors based on physical rehabilitation goals and their
music of choice to be played. The potential benefit of the interactive tangible game
system is two-fold — to motivate children with CP to engage in their physical therapy
exercises while encouraging social interactions and communication. Future work will
involve studying the system on-site with actual children with CP in SCAS&FT and
studying the effect of collaborative play in comparison to single user play.

Acknowledgements. We would like to thank the teachers, parents, and children at SCAS&FT
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