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Fig. 1. Eggly is a novel mobile augmented reality (AR) neurofeedback training (NFT) game for improving the social and
communicative skills of autistic children. Using a portable electroencephalogram (EEG) headband and a tablet, Eggly gamifies
feedback in a story where the child needs to help two game characters collect eggs from a bird on a farm by empathizing
and focusing on their social collaboration.

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder that affects how children communicate and relate to
other people and the world around them. Emerging studies have shown that neurofeedback training (NFT) games are an
effective and playful intervention to enhance social and attentional capabilities for autistic children. However, NFT is primarily
available in a clinical setting that is hard to scale. Also, the intervention demands deliberately-designed gamified feedback
with fun and enjoyment, where little knowledge has been acquired in the HCI community. Through a ten-month iterative
design process with four domain experts, we developed Eggly, a mobile NFT game based on a consumer-grade EEG headband
and a tablet. Eggly uses novel augmented reality (AR) techniques to offer engagement and personalization, enhancing their
training experience. We conducted two field studies (a single-session study and a three-week multi-session study) with a
total of five autistic children to assess Eggly in practice at a special education center. Both quantitative and qualitative results
indicate the effectiveness of the approach as well as contribute to the design knowledge of creating mobile AR NFT games.
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1 INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that includes impairments in communication
skills and social interactions combined with restricted and repetitive behaviors, interests, or activiiels is
estimated that 1 in 100 children worldwide su ers from ASBY. Autistic children face many di culties in

daily circumstances due to their impaired social communicative functions and restricted interests in people and
activities. Interventions such as Applied Behavior Analysis (AB2gj[and Early Start Denver Model (ESDM){,

are important to improve their ability and should be applied early to be successful in areas oblifeRecently,
neurofeedback trainingNFT) 4§ games have emerged as an e ective and playful approagt8f]. NFT games
normalizemu rhythms suppressiaf autistic children, by allowing them to observe social interaction scenes that
trigger their mirror neuron activity related to imitation and social cognitiori, 54], and thus improve social
behavior for autistic children27, 2g. Mu rhythms can be seen as a characteristic oscillation in the EEG signal in
8-13 Hz, which re ect the mirror neuron activity and are abnormally reduced in autistic childréf][ Real-time
information about brain activity (i.e., mu rhythms) is suggested as an objective way of measuring children's
performance in NFT27, 28 59 and is leveraged to provide gami ed feedback (e.qg., visually) in a closed loop,
reinforcing the children's social brain functioning.

Despite its apparent promise, the high cost and immobility of NFT have been the challenges in scaling up this
approach, as most NFT systems are only available through clifiés Recent technologies in consumer-grade
electroencephalogram (EEG) headbands could o er an opportunity to deploy NFT games more ubiquitously. But
few studies have looked into developing NFT games based on portable EEG headbands to promote convenience
and a ordability. Moreover, NFT needs long-term intervention to take e ect; thus, designing gami ed feedback
to maintain engagement is bene ciall[]. While existing research has examined the e ects of NFT games (or
interventions) 34, there lacks practice-oriented framework to guide the design of NFT game feedback. Last,
children may have divergent preferences over game elements (e.g., characters, colors), which require su cient
customization to keep them engaged. Augmented reality (AR) could blend the physical and virtual worlds and
bring a familiar background or personalized object into the games, thus allowing for a safer and more connected
feeling [15 51]. However, little has been explored in integrating AR into NFT game design to enable more
a ordable, engaging, and personalized experiences.

To address these challenges, we designed a mobile AR NFT game, igghldfor preschool children with
ASD (30 months to 6 years old), based on a platform consisting of an EEG headband and a tablet. The game
features a story where the child needs to help collect eggs from a bird on a farm by empathizing with two game
characters (Figure 1 and Figure 2). Through the EEG headband, Eggly captures real-time mu suppression as
a measure of the brain function of social skills and interprets it into thecial attention indei32. A higher
value of the index means a better attention focus and a more ideal mu suppression. The social attention index is
fed back to the child through various means, for example, in uencing egg collecting speed, background music
tempo, characters' facial expressions, etc. This forms a feedback loop to strengthen children's brain functioning
to self-regulate social attention, which could enhance their social abilities in real life.

Proc. ACM Interact. Mob. Wearable Ubiguitous Technol., Vol. 7, No. 2, Article 67. Publication date: June 2023.


https://orcid.org/0009-0008-7730-8552
https://orcid.org/0000-0002-7705-2031
https://orcid.org/0000-0003-4972-4870
https://orcid.org/0009-0001-8578-6449
https://orcid.org/0009-0001-0373-8241
https://orcid.org/0000-0002-9642-9666
https://orcid.org/0000-0001-5008-4319
https://doi.org/10.1145/3596251

Eggly: Designing Mobile Augmented Reality Neurofeedback Training Games for Children with Autism Spectrum Disotde87:3

We choose the above mobile platform to improve the easiness and a ordability of NFT services for autistic
children and their families. To optimize the e ect of NFT games, we propose a feedback design framework by
investigating the literature and working with four domain experts. The framework depicts di erent dimensions,
i.e., immediate, storytelling, progress, and reinforcing feedback. Eggly is designed to ful Il the framework by
o0 ering various auditory and visual rewards, which motivate children to improve their performance and engage
them in gameplay. To accommodate individual di erences in social attention level, Eggly dynamically adjusts the
game di culty for each play. Further, through AR, Eggly allows children to customize in-game characters by
coloring on paper sheets, taking pictures of the sheets, and building unique 3D characters from the 2D scans.
Given the limitations of state-of-art computer vision techniques, Wizard of Oz (WOZ) is employed to implement
this feature by manually applying the costumes of the personalized characters.

To evaluate Eggly, we conducted a eld study with ve ASD children (accompanied by their training caregivers,
and sometimes also their guardians) at a special education center. The center is con gured in a honclinical setting,
and these children were participants already enrolled in speci ¢ NFT programs there. Thus, the environments are
familiar to the children, similar to a home setting but with access to sta members' help. Further, we conducted
a three-week deployment study with one of the children at the same center to gather longer-term outcomes.
The results of the studies provide both quantitative and qualitative ndings about the system's usability, the
user experience of the game, and the e ects of the novel game mechanisms and features. The studies also o er
in-depth insights into the design, development, and deployment of mobile AR NFT games as a practical and
playful ASD intervention. In summary, our contributions in this paper include:

A feedback design framework developed with domain experts to guide the design of NFT games;

A rst attempt to integrate AR and NFT in a mobile game, Eggly, that embodies the feedback framework and

can be used in everyday (nonclinical) settings with a portable EEG headband and a tablet;

Empirical understanding of ASD children's user experience of Eggly and insights into the design and develop-

ment of future AR NFT games.

2 BACKGROUND

In this section, we review research on di erent interventions targeted at the social skills of autistic children, prior
cases of NFT games, and techniques that leverage AR for autistic children's learning and intervention.

2.1 NFT Games for Autistic Children

Autism spectrum disorder (ASD) has diverse conditions characterized by di culty with social interaction and
communication B]. Traditional interventions have been extensively studied and proven to e ectively improve
their social skills and attention focus?, 60, but they usually demand skilled therapists and clinical equipment,
while applications have been proposed to monitor these interventid§.[New interventions have been explored
with new technologies, potentially leading to more e ective, accessible, and enjoyable ASD treatment strategies.

Particularly, neurofeedback training (NFT) is an emerging approach for providing on-demand social skills
training by allowing real-time signals of brain activities through feedback (e.g., visual, auditory) to users on a
computer interface, thus forming a closed feedback loop to strengthen certain brain activities [28, 74]. NFT has
shown e ectiveness in improving social skills for autistic children by targeting mu rhythm modulatigd[ By
enabling autistic children to watch social interaction sequences, the system triggers their mirror neuron activity
(related to abilities of imitation, intention understanding, and empattyd) and reinforces the children's social
attentional brain functioning p4. However, most commercial-grade NFT systems primarily focus on meditation
for neurotypical individuals, where little knowledge exists for designing NFT games for autistic children.

During NFT, children learn to self-regulate their brain activity and maintain it in a particular cognitive state (e.g.,
attention, relaxation, etc.)d9. Self-regulation requires continuous e ort and a repetitive process; consequently,
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children easily lose motivation and interest. To address this issue, researchers incorporate playful gami ed designs
to maintain engagement, like social mirroring gamex/. For example, in traditional NFT sessions, children are
usually required to complete relatively dull, repetitive, and mono-focusing tasks, such as controlling the sizes
of bars or paying attention to an auditory signab}]. With the gami ed design, tasks are more engaging, for
example, making an emoticon smil€][ a monkey climbing a treef], and a dolphin diving into the oceandq.
Although gami cation adds fun and engagement to NFT, limited practice-oriented design principles are
available to guide the design of NFT games. Also, the high cost and immobility of clinical-based NFT systems
are barriers fig); more available approaches are demanded by families with autistic children. Recently, Antle
et al. [2] showed the e ectiveness of Mind-Full, a mobile NFT application for young children, while not autistic,
to self-regulate anxiety. Based on a co-design approach with four experts, we propose a multi-level feedback
framework that could lay the foundation for e ective and engaging NFT game design for autistic children. Our
game, Eggly, implements the proposed framework and employs AR to enhance engagement. It also leverages
portable EEG and computing devices to address the constraints of traditional NFT.

2.2 AR Technologies for Autistic Children

Augmented reality (AR) blends virtuality with reality in real-time, o ering extra bene ts for ASD games. Past
research has proved that AR can be applied to ASD training, enhancing traditional interventions (elg.1]).

One of the bene ts of AR is boosting concentration in ASD treatments. AR can improve the ecological validity
of interventions, increasing the sense of presence and engagement for the target a8erg][ and improving
compliance and positive outcomesg. AR games provide a familiar background while singling out important
stimuli in digital format, o ering a constrained focus area to reduce the cognitive load of autistic childdef [
Previous works support this claim and show e ectiveness in encouraging children to maintain their focus on
social cues?4, 44, 49. Studies in the educational setting also support the positive e ect of AR in attracting
children's attention [13, 20]. This makes AR a desired means to help autistic children learn about social skills.

Another advantage of AR is its portability, as AR products can usually be accessed from mobile devices,
including smartphones and tablets. For example, AR virtual peers are available on mobile dexi;esnd
assistive technologies that help children focus on social interactions can be used with wearable aids (e.g., smart
glasses){]]. While not directly using AR, Marcu et al4[7] showed success in applying wearable cameras to
capture and understand autistic children's context from their perspectives. Compared to traditional interventions,
AR provides an additional convenient and exible treatment form, especially in home settings.

Finally, AR o ers opportunities for customization. Children with ASD range widely in their interests and
obsessions{], and incorporating children's interests into the game could boost their engagement. Past research
has explored scanning children's favorite toys into AR to allow interaction with the toys in a digital space
[33. Enabling children to customize game characters can increase their identi cation with the characéys [
Research has found that allowing users to develop game characters (e.g., changing clothes, skin color, etc.) is
essential for creating an immersive environment, as users can develop emotional connections [5, 21, 50].

Despite the many bene ts of AR-infused ASD treatments, few attempts were made to bridge AR with NFT, an
e ective yet relatively new intervention type that needs further exploration. Our study combines NFT games with
AR elements to leverage their advantages for engagement, ecological relevance, and customization. Namely, Eggly
uses the background of the child's tabletop captured by the camera as the game scene. It also allows children to
colorize the costume of the characters on a paper sheet and later input them into the game as 3D characters.

3 USAGE SCENARIO OF EGGLY

A usage scenario is provided here to a ord an overview of the game before diving into the design process and
technical details of Eggly. Eggly narrates a story where a boy and girl collect bird eggs together during a busy
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