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ABSTRACT

Smart technologies (wearable and mobile devices) show
tremendous potential in the detection, diagnosis, and
management of Autism Spectrum Disorder (ASD) by
enabling continuous real-time data collection, identifying
effective treatment strategies, and supporting intervention
design and delivery. Though promising, effective utilization
of smart technology in aiding ASD is still limited. We
propose a set of implications to guide the design of ASD-
support technology by analyzing 149 peer-reviewed articles
focused on children with autism from ACM Digital Library,
IEEE Xplore, and PubMed. Our analysis reveals that
technology should facilitate real-time detection and
identification of points-of-interest, adapt its behavior driven
by the real-time affective state of the user, utilize familiar
and unfamiliar features depending on user-context, and aid
in revealing even minuscule progress made by children with
autism. Our findings indicate that such technology should
strive to blend-in with everyday objects. Moreover, gradual
exposure and desensitization may facilitate successful
adaptation of novel technology.
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INTRODUCTION

In recent years autism has become prevalent worldwide.
According to data collected in 2012, Centers for Disease
Control and Prevention (CDC) reported that 1 in 68
children in the United States has been diagnosed with
Autism Spectrum Disorder (ASD) [21]. A recent survey by
CDC (published in November 2015) estimated an increase
in children with autism, reporting a diagnosis of 1 in 45
[122]. Based on data collected in 2012, globally, 62 out of
10000 people were reported to be on the spectrum [29].
However, this lower number was attributed to a lack of
evidence from low and middle-income countries [29].

With the emergence of smart technologies (wearable and
mobile devices), researchers and technology designers are
increasingly utilizing these to address challenges pertaining
to autism. Issues with social communication and social
interaction, repetitive behaviors, hyperactivity, impulsivity
(acting without thinking), short attention span, aggression,
and self-injury are common in children with autism (we use
‘children’ to refer to infants, kids, and adolescents, or
individuals between the ages of 1 and 18). Smart
technologies show great promise in improving social and
communication effectiveness [36-38, 105, 110], enhancing
learnability [53], and detecting and managing repetitive and
problematic behaviors [3, 72, 125]. Smart technologies also
enable continuous monitoring of children with autism,
recording internal physiological states, external behavioral
sequelae, [52, 57, 95] and surrounding context [69], which
could inform the design and delivery of just-in-time
interventions. In addition, children with autism show a
preference for interactive technologies [5, 25, 46, 58, 60,
80], indicating that smart technologies may be an effective
choice for the design of ASD-support technology.

Our research goal is to investigate how to best design smart
technologies to aid children with autism. Our definition of
smart technologies include wearable sensors and devices
(e.g., biosensors, wrist and chest band, smart watch, glasses
and gloves), sensors (e.g., GPS, EDA, Gyroscope), robots
embedded with sensors, virtual reality (VR) realized using
wearables (e.g., google cardboard) and smartphones.
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Several researchers focused on eliciting requirements for
designing ASD-support technology [11, 87, 108]. Boucenna
et al. explored studies involving interactive technologies for
children with autism, specifically focusing on ICT
applications and robots [11]. Ramdoss et al. analyzed
studies that used computer-based interventions (CBI) and
provided a guideline for improving the efficacy of CBI
[87]. Virnes et al. focused on research that involved
computer as the underlying technology [108]. Unlike these
research, we focus on research utilizing emerging smart
technologies as these devices show tremendous promise in
addressing many challenges pertaining to autism.

Another relevant thread of research focused on specific
types of smart technologies such as facial emotion
recognition [44, 118], gait analysis with wearable sensors
[20], eye tracking [81], robot [27], VR [9, 83], and websites
and mobile applications [26]. Unlike these research, we aim
to uncover the best design practices involving any types of
smart technologies. We believe that to gain a deeper
understanding of the challenges and opportunities in
designing ASD-support smart technologies, it is imperative
to investigate these technologies collectively.

To achieve our research goal, we reviewed 149 articles
collected using an extensive systematic search on three
prominent databases - ACM Digital Library (ACM DL),
IEEE Xplore, and PubMed. To understand current trends,
challenges, and effectiveness pertaining to smart
technologies and to elicit design guidelines, we coded and
analyzed these articles. Our findings reveal that while
utilization of smart technologies is becoming more
common, at present these technologies are not utilized to
their fullest potential. Also, some areas of ASD are well-
represented (e.g., affect detection, social interaction, and
repetitive and problem behaviors) while others are severely
underexplored (e.g., independent living, engaging and
maintaining long-term relationships). A vast majority of
research in this area focused on the developed countries and
as such provided limited insight to design technology that
will be effective globally. We propose a set of guidelines
driven by our analysis and are also grounded on assistive
technology research, and our experience of working with
different stakeholders (children with autism and their
families, therapists, and educators).

In this paper, we make the following contributions:

e We conduct an extensive systematic literature review on
smart technologies aiming to support children with
autism. Our analysis reveals trends in ASD-research,
strategies and technologies considered effective, and
challenges in utilizing such technologies.

e We provide a set of guidelines which are grounded on
findings from existing literature and inspired by our
experience of working with children with autism and
related stakeholders. We hope that these guidelines would
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inspire researchers and technology developers to design
better ASD-support smart technologies.

e We identify areas that received little attention from
researchers and technology designers but have
tremendous potential to positively influence the lives of
children with autism and relevant stakeholders, such as
parents, teachers, and therapists.

RESEARCH METHODOLOGY

Data collection / Search Strategy

We conducted a systematic keyword-based search on three
major databases, ACM DL, IEEE Xplore, and PubMed, in
May 2017. Figure 1 presents the search string:

(wearabl* OR smartwatch OR "activity tracker" OR Band OR
smartphone OR "mobile phone" OR "cell phone" OR android OR ios OR
iphone OR ipad)

AND
( child OR child* OR adolescent OR boy OR girl OR kid)

AND
(autis* OR asperger OR “pervasive developmental disorder” OR ASDs
OR PDD-NOS OR ASD)

Figure 1. Search string used to collect research articles

We used an asterisk (*) after a keyword to include all words
beginning with that word. We did not apply any date
restriction in our search. The keywords used to search
relevant articles were compiled by discussing with all
members of the research team. We tried to use all possible
combinations of the key terms to extract as many relevant
articles as possible. However, we might miss some relevant
articles for the following reasons: (a) IEEE Xplore restricts
the maximum number of keywords (N=15) that can be used
in a search. As a result, we had to remove some keywords
(e.g., band, Android, iOS, iPhone, iPad, and PDD-NOS)
while searching IEEE Xplore database; (b) the word
“mobile” is widely used to indicate mobility of an
object/person in addition to indicate “cell phone” and as
such we intentionally used “mobile phone” instead of
“mobile” in our search query; (¢) we focused on children
and as such did not include articles that focused on adults
with autism. However, we later found a few articles that not
only focused on adults but also offered insights about
adolescents (who in our definition are children). For
instance, [13] was not retrieved in our search but is relevant
to our research; and (d) we did not include
“neurodevelopmental disorder” and “neurodiversity” in our
search query, which may result in additional relevant
articles. In a later search, we included these two keywords,
which resulted in 17, 10, and 0 new articles on IEEE
Xplore, PubMed, and ACM DL respectively. While these
27 articles focus on ASD, they did not meet our inclusion
criteria, as they did not focus on smart technologies.

Selection Criteria

Our keyword-based search resulted in 524 papers, which
were imported into Mendeley (www.mendeley.com). After
duplicate removal (N=10), three reviewers (co-authors of
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this paper) independently reviewed the titles and abstracts
of the remaining 514 articles to determine relevance. An
article was considered relevant if it fulfilled the following
four criteria: 1) the article must be written in English; 2) the
article focused on smart technology; 3) the article focused
on children (infant, kids, teens, or adolescents); and 4) the
article focused on any form of autism (Asperger, pervasive
developmental disorder). In case of disagreement or
confusion about the relevancy of an article, a fourth
reviewer reviewed the title and abstract, and all confusion
was resolved based on group discussion. By using the
selection criteria, we identified 168 relevant articles for
full-text review. In this phase, we discarded 19 articles (8
articles were irrelevant, for one article title and abstract
were in English but the body was in a different language,
and 10 articles were inaccessible), resulting in our final
corpus of 149 articles (Figure 2 highlights this process).

Data Extraction and Coding

149 articles were selected for open coding [66] by using
Atlas.ti (http://atlasti.com). Initially, we randomly selected
a small subset from these 149 articles and collectively
identified 34 initial codes (e.g., methodology, collected data
type, wearable type, research assumption) to answer our
primary research question (how to best design smart
technologies to aid children with autism). Each research
team member coded two to four articles per week. During
this process, we identified relevant new codes (e.g., study
duration, location, inclusion criteria) and discussed these
codes in weekly brainstorming sessions. Upon agreement,
we included these new codes to the original code list and
re-coded all previously coded articles with the final code
list. In total, our list contained 109 codes; however, in this
paper, we reported findings pertaining to a subset of these
codes (directly relevant to our primary research question).
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Figure 2: Flow diagram of article selection process
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Technology # of Papers
Smartphones 58
Wearables (smart glass, smartwatch, 51
wristband, chest band, biosensors, eye
tracker, smart gloves, camera)

Robot (realized using embedded 14
sensors and/or smartphone)

VR (realized using wearable 11
technology)

Other technologies (games, sensor 28
embedded in toys, in-home sensors)

Table 1: Categorization of papers based on types of
technology utilized

We used our primary research question as a guide to cluster
codes into multiple broad categories (e.g., Technology type,
Problem Arecas Addressed, Target Stakeholders). After
comparing these categories and consolidating them, we
finalized themes, which we will discuss in the next three
sections (Findings, Do’s and Don’ts in Designing Effective
ASD-Support Technology, and Discussion).

FINDINGS

Technology

In our research, we focused on smart technologies (see
Table 1 for a summary of technology used). The total
number of papers is more than 149 as several papers used
multiple smart technologies. In addition, while reporting
important findings pertaining to the design of ASD-support
technology, we excluded proposal papers and meta-reviews.

Wearable Technologies

Wearable technologies are available in different forms such
as smartwatches, wrist/chest/ankle bands, head-mounted
displays, and cameras. Wearable technologies were used for
early detection of autism [16, 115], monitoring affect [68,
69, 114], enhance social interaction, engagement [24, 99],
and awareness [51], detect repetitive and problem behavior
[3, 72, 125], and teach important life skills [121, 125].

Some common types of wearables such as gyroscope,
accelerometer, and magnetometer were used along with
sensors embedded in small toys. To detect physiological
data, affect (emotion, distress) and activity, ECG
(electrocardiogram), EEG (electroencephalogram), EDA
(electrodermal activity), EMG (electromyogram), and skin
temperature were primarily used [10, 19, 23, 52, 57, 64, 95,
97, 113]. Recently, researchers started investigating the
efficacy of therapeutic clothing embedded with sensors as a
tool for collecting physiological data [113] and for
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providing haptic feedback [28, 102], especially for children
with autism [26]. Physiological biosensors, eye trackers,
and head-mounted devices were commonly used to collect
attention and affect [68, 69, 114]. In addition, wearable
cameras were used to capture the surrounding environment
to provide awareness as well as training children with
autism to recognize socio-emotional context [52].

Research utilizing wearables pointed out their tremendous
potential as ASD-support technology. We found that the
usage and evaluation of such technology were limited to
pilot studies where they were used in controlled
environments and/or for a brief period. Many wearables
possess limited processing power, storage, and battery life -
rendering them unsuitable for complex calculation and data
processing [114]. Some wearables, especially, chest band
and smart glasses were considered burdensome even when
used for a couple of hours [102, 109, 112, 125] - raising
concerns about their effectiveness as a continuous data
collection, monitoring, and intervention tool. Appearance of
wearables played a critical role as conspicuous wearables
made children with autism visibly different from others -
increasing the likelihood of social discrimination [69, 76].

Smartphone, iPad, Tablet, and Mobile-based Applications
Smartphone, iPad, tablet, and mobile-based applications
(apps) were used extensively to teach important life skills to
children with autism. These devices were primarily used for
improving speech and communication skills [1, 31, 40, 62],
teaching appropriate social behavior [49, 105, 110], and as
location-monitoring tools [104]. Other areas where mobile
phones and similar technology were used are game-based
learning and skill-acquisition [12, 17, 45, 74]. The wide
availability of smartphones and related devices, people’s
familiarity with them, and their low-cost made them the
preferred platform for developing many ASD-support apps
in both developed and developing countries. Despite their
wide availability, smartphone and similar technology-
centric apps, especially the free apps, often suffer from
usability issues such as lack of feedback, no support for
error recovery, and lack of customization, which limit their
effectiveness [54].

Robots

Robots, augmented by smartphones, were utilized
extensively as assistive technology in many areas of ASD-
research. Robots were used to help children with autism to
become more socially engaged [46], to train complex social
behavior (e.g., recognizing personal space, adaptability,
control, communication, turn-taking, and gross motor
skills) [41, 64, 93], and to become skilled in specific tasks
such as emotion recognition [25, 64, 73].

Effective design and use of robots as training tools show
promise in reducing the burden on therapists and caregivers
[25, 80]. Research suggests that a robot’s behavior can
positively influence children’s behavior by incorporating
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children’s affective state, preference, and activity history in
ongoing tasks [23, 32]. Robots equipped with sensors can
facilitate collecting interaction data (e.g., smile and facing)
and real-time sensing of emotion and preferences [32, 46,
80], which can guide the design of robots capable of
adapting their behavior in real-time [2, 64, 70, 71]. Robots
can be programmed to record interactions and mark key
moments for later analysis by a therapist or caregiver,
reducing the burden of analyzing the massive volume of
video and interaction data. Such interaction history can
inform the design of effective interventions [38, 46].

Overall, robots show tremendous opportunities to elicit,
observe, and influence behaviors of children with autism
and act as an aide for them as well as for the therapists and
caregivers. However, two potential issues may hinder
widespread use of robot-based ASD-support technology -
first, at present robots are expensive, and second, effective
use of robots often requires supervision by a technician - a
scarce resource in many parts of the world [73].

Virtual Reality (VR)

Expressing emotion is challenging for many children with
autism, who may require the presence of a family member
or trained therapist to understand (and communicate) their
affective condition [47]. However, such recognition is
subjective and prone to human-bias. Commercially
available wearable VR hardware with eye-tracking
technology shows promise in automated detection and
quantification of anxiety levels [5, 6, 8, 38, 58—60]. Such
objective quantification shows great potential in helping
children with autism to engage in social interactions
effectively. However, similar to robots, VRs also suffer
from relatively high cost and a lack of trained professionals
who are capable of using such technology effectively.

Problem Areas Addressed by Autism Research

This section discusses problem areas that ASD researchers
explored and summarizes challenges and opportunities in
addressing these problems from a technology point of view.

Early Detection of Autism

Early detection of autism is critical to attaining successful
treatment outcome. Experts heavily rely on clinical
observations and standardized development questionnaire
answered by parents, family members, and educators -
which are subjective and prone to human error. Early
detection has received tremendous attention from
researchers [15, 16, 98, 100, 115]. Poor eye contact is a
common feature observed in many children with autism. As
a result, eye trackers or wearable cameras were widely used
to detect gaze peculiarities [68, 114], to identify and
quantify a child’s engagement level, and to detect the eye's
physiological responses [58—60] - aiding in the autism
detection process.

Researchers also used wearable sensors to detect the
kinematics of the upper and lower limbs of infants [15, 16],
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which can predict the probability of an infant becoming
autistic in later stages of life. A recent research developed
an inexpensive skin conductance device that can help in the
diagnosis process by measuring galvanic skin conductance
[77]. Other efforts in this thread of research have focused
on facilitating data collection and note taking, which can be
used in the diagnosis process [41, 84].

Real-time Affect Detection and Emotion Recognition

Affect recognition has received tremendous attention from
ASD researchers. Children with autism often experience
difficulty regulating and expressing their emotions - making
them vulnerable in social situations. Researchers utilized
different types of biosensors to detect physiological states
[10, 18, 19, 23, 35, 52, 57, 64, 95, 101, 120]. VR with eye
trackers are also used to detect anxiety from eye-gaze data
(e.g., gaze coordinates, fixation duration, pupil diameter,
and pupil major axis) [5, 6]. Several researchers utilized
robots to identify the affective states of children with
autism and adapted the robots’ behavior to help children
with autism to cope with anxiety and stress [2, 64, 65]. For
specific contexts such as playing video games [7] or
engaging in social situations [112], sensor-based affect
detection systems were developed. Children with autism
often struggle to recognize facial expressions (i.e., happy,
sad), which makes it difficult for them to properly engage
in social interactions. Smart glasses and wearable cameras
were used to automatically detect, recognize and
communicate facial expressions of others [109, 114]. While
widely used, sensor-based affect detection and emotion
recognition research faced three main challenges: i) data
loss due to malfunctioning of sensors, ii) lack of
synchronization with other devices, and iii) lack of effective
data preprocessing/analysis tools [10].

Improving Social Skills

Children with autism experience difficulty in learning
social boundaries and engaging in appropriate social
interaction. Several research studies focused on enabling
children with autism to become social [30, 33, 112] and
engaging them in socially appropriate interaction [51, 99,
102]. Smart technology were used to subtly (using haptic or
visual feedback) inform children with autism about
appropriate social behavior [41, 80, 93, 105]. For example,
robots were found effective in encouraging children with
autism in group activities and social play. Automated or
selective noise cancellation systems were found effective in
engaging children with autism in social events [112].

Repetitive and Stereotypical Behavior

Many children with autism engage in stereotypical or self-
stimulatory behavior which may include visual (e.g., staring
at lights, repetitive blinking, and hand flapping), auditory
(e.g., tapping ears and making vocal sounds), or tactile
senses (e.g., rubbing the skin and scratching). Researchers
showed that wearable technology can be used to
automatically detect such stereotypical behavior [3, 72, 82,
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85, 125], which can facilitate intervention design targeted to
decrease  such  behavior. Commercially available
smartwatches (e.g., LG watch, Moto 360) may also serve
the same purpose [4, 124]. Gongalves et al. proposed two
methods using Kinect sensor and €Z430-Chronos watch to
automatically detect stereotypical hand flapping movements
[42]. It is important to recognize that calibration is critical
to effectively use wearables for detecting and measuring
repetitive behavior [90]. Smartphones were used to detect
stereotypical behavior and potential environmental factors
that may trigger such behavior [22]. Research in this area
shows promise in assisting children with autism to self-
regulate stereotypical behavior [125].

Life Skill Acquisition and Improvement

Researchers utilized smartphone-based technology to help
children with autism to perform their routine tasks
independently. For example, apps can help to improve
bedtime routine [94] and maintain personal hygiene [121]
and daily routine [117]. Another area of research focused
on helping children with autism to communicate their basic
needs [1, 48, 61]. A relevant research thread focuses on the
design of education support tools. As children with autism
possess different skills and capabilities, special applications
and technology are needed to teach them effectively [14,
53, 97]. Researchers found that VR-based storytelling tools
help children to remain engaged and facilitate learning [36—
38]. iPads and similar technologies are also widely used to
educate children with autism [1, 89].

Target Stakeholders

The main goal of ASD research is to improve the lives of
children with autism and as such majority of the research
conducted in this area focuses on designing technology for
these individuals. However, researchers acknowledge that
to improve the lives of children with autism, technology
needs to be designed for all relevant stakeholders (e.g.,
parents and family members, doctors/therapists, educators,
and caregivers). Several researchers focused on developing
systems for parents to monitor their children via wearable
camera [69] and to locate their children [104] for ensuring
safety, to improve morning and bedtime routines [94], and
to improve teaching skill of the parents [107]. TOBY, an
iPad app, was developed as a complement to conventional
early intensive behavioral interventions (EIBI), enabling
parents to become co-therapists [43]. Researchers also
developed systems for doctors and therapists to aid in
autism detection [41, 77, 115].

DO’s AND DON'Ts IN DESIGNING EFFECTIVE ASD-
SUPPORT TECHNOLOGY

In this section, we discuss factors that need careful
consideration when designing ASD-support technology.

Adaptive Behavior of Technology Driven by Real-time
Recognition of Affective States is Key

Children with autism showed prolonged engagement and
better task performance when interactive technologies were
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designed to adapt their behavior based on children’s
preference and activity history [23, 32]. At present, smart
technology has the capability of real-time recognition of
affective states [64]. If assistive technology can be designed
to adapt its behavior (change the tasks, motion, audio)
based on children’s ongoing affective state, it may have
greater potential in keeping the children engaged, help them
to learn, or attain mastery in specific tasks.

Technology can Play an Imperative Role in Intervention
Design

Therapy is one of the most effective ways of improving the
skills of children with autism [109]. However, depending
on the level of impact (children with autism are often
described as high functioning vs. low functioning) and
complexity and severity of the associated challenges
(speech disability, non-verbal vs. selectively non-verbal),
variable intensity and content of therapy may be needed to
make sufficient progress towards addressing core clinical
issues. Collection of behavioral data is critical to the design
of evidence-based interventions as treatment plans are
driven by data. In addition, one of the most important
motivating factors for parents and caregivers to continue
therapy sessions is to appreciate the degree of progress
achieved by therapeutic interventions. Communicating
about small progress may be challenging for the therapists,
and may be difficult to comprehend by the parents and
caregivers [126]. Technology can aid in capturing real-time
interaction data to create a rich history, which can reflect
progress by highlighting (even minuscule) changes over
time. Therapists can use these captured histories to explain
their process, outcome, and challenges observed during
these therapy sessions.

Incorporation of Familiar and Unfamiliar Features
should be driven by Context

Children with autism, in general, show a low preference for
novel contexts including new faces, interactions, and
situations [10, 80]. Emotion recognition becomes easier for
children with autism when they use cartoons instead of
photographs of real faces [91]. Research showed that
children with autism enjoyed playing the role of their
favorite protagonists in a virtual environment where they
could interact with story characters and elements using eye-
focus and head movements [38]. Research also suggests
that using the voice of instructors or caregivers lead to
better performance [124, 125]. These findings may inspire
the use of known faces and voices in assistive technologies.
Interestingly, while evaluating the effectiveness of known-
face, unknown-face, and robots for teaching emotion
recognition, researchers found that unknown-faces yielded
the best result. Their findings indicate that emotion shown
by known people (in an image) who are co-located may
lead to confusion [25]. Also, audio-recorded instructions
that used instructor’s voice were found effective for training
children with autism to self-manage problem behaviors in a
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classroom only when instructors were not visibly present in
the room [125]. These findings indicate that for designing
ASD-support technology the choice of known vs. unknown
features (image, voice) should be context-driven.

Gradual Exposure and Desensitization is Imperative for
Successful Introduction and Use of Novel Technology
While children with autism often show low tolerance
towards novel technology, devices or contexts, research
suggests that repetitive exposure helps to improve their
tolerance [10, 38, 125]. Introduction of new technologies
may require several attempts to get children with autism
comfortable and accepting. As a result, researchers trying to
evaluate the effectiveness of a new technology should plan
for desensitization sessions, which will help children with
autism become familiar with, and accepting of the target
technology. A recent article (published after May 2017)
echoed similar sentiments, stating that a ramp-up mode
(systematic desensitization process) is needed to make new
technology acceptable to children with autism [51]. For
technology designers, behavioral design strategies over
visceral [79] may offer better results, as novelty may not
lead to preference for children with autism.

Going Beyond Capture and Replay to Detect, Mark, and
Highlight Points-of-Interest

Smart technologies show tremendous potential in aiding the
therapy process. First, visual and other feedback from
wearable technology during therapy sessions can inform
therapists about the physiological and affective states of
their clients, enabling them to adapt their treatment strategy
in real-time. Second, having access to the interaction
history of the therapy sessions can assist in the design of
personalized treatment plans by providing access to the
preferences and performance of children with autism.
Traditionally, video and audio recordings along with device
interactions can be captured to facilitate therapy. However,
reviewing massive amounts of video and audio data can be
a daunting task and may not be the best use of a therapist’s
time [55, 109]. Finally, algorithms could be designed to
enable smart devices such as robots and other wearables to
not only capture interactions but also identify points-of-
interest for review and analysis. These marked interactions
will not only reduce the burden on the therapists but also
help them to gain a deeper understanding of the preferences
and capabilities of children with autism.

Technology should Blend-in and not Stand Out

One of the significant findings reported by ASD researchers
is a need for pervasive but invisible technology. For many
children with autism, the utilized technology becomes a
major source of distraction and discomfort, interfering with
their ongoing tasks [10, 95, 125]. For children with
attention deficit disorder, best results were obtained when
the utilized technology mimicked familiar devices such as
wristwatch, glasses, or bracelets, and was hidden from the
view (e.g., covered with socks). Additionally, such design
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did not attract unwanted attention from others - a feature
desired by many individuals with autism [69, 76]. While
familiar design enhances the likelihood of success, careful
consideration is needed to ensure that such devices use
subtle interactions (e.g., vibration, sense of touch) as
interventions (e.g., messages, alarms) can also become a
source of distraction [42, 117, 125]. In addition, technology
designers need to consider long-term wearability issues
such as weight, size, and temperature as seemingly
comfortable technology such as smart glasses can become
uncomfortable only after 20 minutes of use [52, 114].
Special consideration is warranted while designing VR-
based technology, which is prone to induce motion sickness
[36]. To ensure long-term use, designers should strive to
design inconspicuous and comfortable technology.

Simplicity and Robustness in Design is Imperative

ASD-support technologies do not have to be complex and
may perform better if they are robust from both hardware
and software point of view. For example, bracelets that
light up when touched [99] or amber-alert like alarms for
enabling active and passive monitoring of children with
autism when they go beyond a pre-defined safe zone [104]
were considered effective. On the other hand, wearables,
VR, and robots were considered effective, but raised
concerns about the perceived burden, intrusiveness,
unfamiliarity, and need for special training [69, 73]. In
addition, ASD-support technology should have a high
tolerance for unanticipated interaction and errors and
should be easy to recover from errors of many kinds [95].
Researchers reported loss or corruption of data from
support technology due to inappropriate usage - repeated
switching off the devices [99], repeated touching [115], and
banging, licking or hitting the device [125]. From a design
perspective, these devices should be physically robust, easy
to set up [95], should hinder making many errors (locked
mode to avoid data loss), and include features to frequently
transfer data in a secure storage (cloud or web) [114].

For ASD-Support Technology, One Size Fits Just One

Children with autism experience different types of
impairments in different developmental areas at different
intensity-levels [34, 54]. This makes designing ASD-
support technology extremely complex. For example, to
accommodate the different levels of information needs of
low and high-functioning children with autism in

Country-Type Number of articles

Developed 119

Developing 24

Table 2: Categorization of papers based on country
(remaining papers are meta-reviews or focused on algorithm)
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performing the same task (cleaning, cooking, brushing
teeth), a system should offer different levels of
informational details based on the needs of the child. In
addition, with time, a child may become skilled in
performing a task and outgrow the need for elaborate
instructions, requiring the technology to fit the current
needs [6, 103, 125]. Good design principles suggest the use
of redundant information cues to facilitate understanding,
and as such many ASD-support technologies utilize
multiple information sources (e.g., audio, video, haptic, and
text) to communicate the same information [56, 103, 109,
114]. While using multiple modalities (e.g., audio, video)
and design features (e.g., color, size, and shape) may cater
to a broad group of children with autism, it may also
increase the possibility of sensory overload, a common
condition experienced by many children with autism [75].
Involving children with autism in the design process may
alleviate some of these problems as their preference will be
reflected in the designed technology [36, 38, 69, 97]. These
findings signify the need for customization where children
with autism, their families or caregivers can select one or
more communication modality, design features, and
granularity of presented information, which can help them
to understand and interact with the technology effectively.

Culture-driven Design of Technology

ASD is prevalent in both developed and developing
countries [129—-131] (economy-based country classification
by UN [135]). Research on autism is largely focused on the
developed countries (see Table 2). This disparity in
research coverage is intensified by the fact that many
developing countries are still lacking in trained doctors and
therapists, resulting in misdiagnosis and mistreatment [96].
The limited amount of research conducted in developing
countries suggests that designing ASD-support technology
presents unique challenges pertaining to socio-economic
condition, social norms and values, religious beliefs, and
culture [69]. For instance, Nazneen et al.’s research in
Pakistan revealed that for countries where the joint-family
structure is common, technology has to be designed for the
entire family including grandparents, uncles, and aunts [76].
Moreover, technology should be sensitive to the religious
and cultural values of these people (for example, capturing
images of women may be considered inappropriate) and
easy to operate to accommodate various skill levels.

To improve the social skills of children with autism,
researchers focus on encouraging them to make direct eye
contact with anyone speaking to them. In western countries
(e.g., USA, European countries), looking directly at others’
eyes is considered as the appropriate social behavior.
However, in many countries (e.g., India, Bangladesh),
looking elders directly in the eye 1is considered
disrespectful. It is critical to consider the cultural
upbringing of the child during therapy as looking behavior
is highly culture-dependent [59, 63]. Since people tend to
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be sensitive to culture and religion, it is important to
consider cultural and religious factors during design [76].

Cost of Technology is Broadening the Digital Divide
Cost of ASD-support technology may discourage a vast
majority of users from adopting and utilizing a given
technology despite the benefits it may offer. For example,
Lau and Low reported that 25% of the parents in their study
were not interested in using technology due to limited
availability of hardware and facilities at home [61]. In
addition, cost of technology may also affect the
applicability and use of technology. For example, robots are
considered effective in teaching children with autism
important social skills [132]. However, the average cost of
a robot that can help with education and learning is
approximately $5000 [132] - an amount well above the
average GDP per capita for many developing countries
(e.g., average. GDP/capita for India, Bangladesh, Ethiopia,
and Niger are $1709, $1359, $706 and $363 respectively
[133]). As a result, research involving robots as assistive
technology is primarily conducted in the developed
countries (86% developed vs. 14% in developing
countries). In many developed countries, lower-income
families may not afford advanced technology-based
treatment. For example, for many families, acquiring a
smartphone for treatment may become burdensome [39,
76]. It is encouraging that a few researchers have focused
on cost minimization by exploring alternate technology
capable of offering needed functionality (Garzotto et al.
[36] and Gelsomini [38] used Google Cardboard instead of
expensive VR). We should explore alternate low-cost
options that can offer the benefits of utilizing effective
technology in therapy to bridge this ongoing digital divide.

User Freedom, Privacy of Self, and Privacy of Others:
Challenges in Using Smart Technology in the Wild

Smart technologies must balance user-freedom and
intervention. For example, to limit sensory overload, speech
and noise cancellation systems enable individuals with
autism to select who/what they want to listen to (and block)
[112]. Another important aspect that deserves careful
consideration is the privacy of the individual with autism.
Location or affect monitoring systems can be very useful
for families and caregivers to monitor and provide help
whenever needed but can be intrusive for individuals with
autism as they can be constantly tracked and monitored by
others [92]. To minimize privacy-invasion, individuals with
autism should have some control over how frequently they
can be contacted or reached [92]. Alternately, instead of
constant monitoring, systems can be designed to actively
contact family members or caregivers in times of need.
Also, utilizing technology that captures images, audio, or
video in the natural environment can be intrusive and
violate the privacy of others present in the environment.
Research suggests that awareness can generate empathy and
social acceptance in these situations when others (general
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public) were notified of individuals with autism using such
technology [50, 78]. However, making such technology
visible and/or notifying others about the condition of
individuals with autism is a breach to their privacy and may
even make them vulnerable by subjecting them to
harassment, discrimination, and bullying [51,95]. Further
research is needed to investigate effective ways of utilizing
such technology in the wild.

Essential Features of ASD-Support Smart Technology
Selecting the most appropriate Physiological Signal is Not
Trivial: Different physiological signals (e.g., ECG,
Accelerometer, GSR, and EDA) help to infer different
affective states. Different types of physiological markers
can be used to infer the same affective state. For example,
ECG, EDA, and EMG can be used to infer heart rate
variation (physiological distress). However, research
suggests that ECG and EDA might be more effective in
stress detection than EMG [23]. As each additional sensor
and smart device increases user burden, researchers need to
carefully select which signals they need to use to infer a
specific affective state.

Capturing Interaction History is Important for Designing
Personalized Treatment Plans: History of interaction with
different types and modalities of information (e.g., text,
audio, and video) may highlight the strengths, weaknesses,
and preferences of a child with autism [126] and can enable
therapists and/or caregivers to customize the design of
therapy sessions [38]. Therapists can utilize these
interaction histories to explore, analyze, quantify, and
communicate the progress of individuals with autism,
which can be difficult to accomplish otherwise [38, 126].

Designing Appropriate Feedback Mechanism is Imperative:
Feedback plays an important role to motivate and improve
performance and works as a learning tool for individuals
with autism. For example, audio and visual feedback are
reported to motivate children with autism to engage in
various tasks such as social interaction (touching and turn-
taking) [93, 99, 114] and be attentive while playing games
[15, 36]. In addition, feedback can be effectively used to
convey even subtle progress of the children with autism to
their parents and caregivers [101]. However, to be effective,
feedback should be customizable and context-sensitive. For
example, for public environments such as classrooms,
haptic feedback is more appropriate for its discreteness
[95]. Visual feedback can be more appropriate for
providing positive reinforcement [93, 99] while audio
feedback can be used to provide instructions [124, 125].

DISCUSSION

Technology should Focus on Enhancing the Natural
Capabilities (and Not Only Focus on Deficits)

To date, ASD research primarily focused on designing
technology to assist children with autism to overcome
challenges, primarily in the areas of social interaction,
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communication, and restricted interests and repetitive
behavior [23, 24, 34, 88]. While it is well-understood that
many children with autism show significant strength in
areas such as mathematical ability, photographic memory,
art, and music [39, 54], research on enhancing/supporting
these qualities is practically non-existent. None of the
papers in our corpus focused on improving the unique skills
and capabilities of children with autism. While it is
important to design technology that aids in overcoming
deficits, we believe that it is also important to design
technology that aims to strengthen the natural capabilities
of this population. As the number of children with autism is
growing rapidly [130], researchers should look beyond
trying only to fix impairments and, rather, additionally seek
to tap and nurture the potential of this population.

Utilizing Wearable Devices to Their Fullest Potential

In our corpus, 62 papers utilized one or more wearable
devices to gain understanding about the physiological
condition (stress, anxiety, preference), attention (eye
tracking, pupil size), and motion and activity detection
(hand flapping, head banging). Wearable devices show
tremendous potential by enabling collection of real-time,
continuous, and objective data. Traditionally, therapists try
to understand emotion and affect by observing children
with autism. However, their understanding is subjective and
prone to human error, and collection of such data is limited
to therapy sessions. Long-term observation of children with
autism in the wild can improve the quality of therapy but
requires continuous co-presence, which is very expensive,
if not impossible. Only seven research articles utilized
wearable devices to collect data from the field or specific
environment (e.g., school, therapist's office), and only one
research paper collected longitudinal data - indicating that
researchers are currently not utilizing these devices for
collecting longitudinal data from the field. Utilizing
wearables in the lab or other controlled environments
enables collection of high-quality data for a short period.
However, it rarely embodies the complexities of real-life
(e.g., the presence of other people, noise level, lack of
control over ongoing situations), which greatly influences
the behavior and experience of individuals with autism.
Research in the area of mHealth highlights the feasibility of
collecting such data from the field ([86] reported the
feasibility of collecting 11 hours/day of data from a month-
long study). We believe the next step in autism research is
to investigate optimal ways of utilizing wearable devices in
advancing our knowledge about autism and finding ways of
utilizing them in therapy and daily life.

Designing Technology for All Stages of Life

Autism Spectrum Disorder persists lifelong. As such, it is
critical to design technology that can provide support at
different stages of life [24, 32, 67]. A vast majority of ASD
research and relevant technology focused on challenges
experienced in early childhood [39, 116, 123] - focusing on
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detection and diagnosis of autism [16, 41, 77] and relevant
symptoms such as managing repetitive and/or problem
behavior [3, 72, 119, 125], emotion recognition [98, 109],
enhancing attention span [38], and automated affect
detection [10, 64, 95, 120]. However, challenges (e.g.,
dating, independent travel, or part-time or full-time
employment) primarily faced by adolescents (and later in
their lives as adults) with autism are underrepresented
[103]. In our corpus of 149 papers, only three papers
focused on challenges pertaining primarily to adolescents or
later stages of life — employability [39], independent living
[103] and independent travel [92]. As we only reviewed
papers focusing on children and adolescents, we conducted
a secondary search to explore if these areas have been
adequately explored by adding “adult” as part of the search
query. This secondary search also revealed that research
and supporting technology for the later stages of life as well
as important real-life problems (e.g., employability, long-
term relationship) is sparse. Our search on ACM DL, IEEE
Xplore, and PubMed returned 23, 22, and 22 new papers
respectively. However, only eight of these papers were
relevant. Future research should explore how to design
assistive technology for these underexplored areas to
provide continuing support to improve the experience of
individuals with autism across the lifespan.

Challenges with Technology Evaluation

Nature of Autism: Individuals with autism face different
challenges at different stages of their lives. For example,
children with autism face challenges involving social
interaction in a group setting, expressing their emotions and
needs, while adults with autism face challenges associated
with independent living, employability, etc. None of the
research we reviewed evaluated their proposed technology
or method with individuals with autism from different age
groups, limiting the generalizability of reported results.

Small Sample Size: Of the 149 reviewed articles, 34 did not
report involving any users and an additional 73 involved
less than 10 users. In addition, the small sample used for
evaluating proposed technology often included a
combination of individuals with autism, therapists, family
members, educators, and/or people not on the spectrum. It
is difficult to understand whether and how the reported
findings will generalize to individuals with autism.

Limited Study Duration: When evaluating technology, study
duration and use of multiple sessions are very important as
individuals with autism are less tolerant of novel
technology and true influence of a proposed technology
may not be understood without repeated exposure. Notably,
only a few articles [38, 64, 69, 97, 125] utilized multiple
sessions or studied the influence of a proposed
technology/method for more than two months, which
offered a better understanding of the experience of the
individuals with autism. We hope that future research will
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focus on investigating the true impact of the proposed
technology by utilizing longitudinal studies.

Study Environment: Children with autism, in general, are
greatly influenced by their surrounding context and it is
extremely difficult to predict how they will react to a new
context [127]. A wvast majority of the ASD research
evaluated proposed technology in the controlled or semi-
controlled environment, which are void of complexities
present in real life. While we acknowledge the challenges in
conducting a field study involving individuals with autism,
we want to emphasize that it is critical to evaluate ASD-
support technology in the target environment due to the
greater influence of context on individuals with autism.

Selection of Study Participants: ldeally, studies
investigating the efficacy of ASD-support technology
should involve not only target users (individuals with
autism) but also their families, educators, and/or therapists,
especially for individuals with social and communication
deficits. Without involving these relevant stakeholders, it
may be difficult to elicit natural behavior of the study
participants or correctly interpret the influence of the
proposed technology on the participants. Several
researchers also evaluated their proposed technologies with
typical users, and we are unsure how lessons learned in
these studies will translate to individuals with autism.

Increased Social Awareness May Positively Impact
Autism Research

The prevalence of individuals with autism has significantly
increased in recent years in both developed and developing
countries [129-131]. However, recruiting individuals with
autism for research is still challenging, often impacting the
generalizability of reported results [58—60]. Although
budget and time constraints may hinder recruitment of large
study samples, our experience of working with families
with children with autism, therapists, and educators suggest
that social stigma associated with ASD may further limit
access to the target user for research. In the developing
countries, families with children with autism often
experience excessive stress [96, 111], social devaluation,
discrimination, and injustice [134]. Many parents in the
developed countries also prefer not to disclose their child’s
condition due to fear of labeling, lack of opportunities to
lead a typical life, and social discrimination. In many
developing countries, autism detection and diagnosis
process is still in its infancy and often erroneous, resulting
in misdiagnosis and mistreatment [96]. While technology
may contribute to improving the lives of individuals with
autism and their families, without social acceptance, it is
almost impossible to encourage families to openly take part
in research and engage in discussions about their needs. We
believe that widespread awareness about autism will help to
improve the general conception pertaining to autism and
that may encourage more families to come forward and
participate in research and other relevant activities.
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Researchers should think critically about how to design
technological and other solutions to help improve social
awareness about autism. For example, popular social
networking sites such as Facebook can be used to run
awareness campaigns globally to increase social awareness.
Systematic research is needed to investigate how to utilize
such platforms on building awareness about autism.

CONCLUSION

We investigated how to design effective ASD-support
smart technologies for children. To uncover needs,
challenges and opportunities, we conducted an extensive
literature review on ACM DL, IEEE Xplore, and PubMed.
Our findings indicate that smart technologies have been
utilized to support different areas pertaining to ASD - early
detection of autism, gaze and facial expression recognition
and understanding, affect detection, identifying and
managing repetitive and stereotypical behavior, and
improving social, educational, and learning skills. Despite
this wide coverage of clinical challenges unique to ASD,
we believe smart technologies are still under-utilized.
Specifically, such technologies were rarely used for
continuous real-time data collection, monitoring, and
intervention, in the natural environment and/or for longer
periods. We also found that at present ASD-research is
primarily conducted in the developed countries. As autism
is a global phenomenon and developing countries lack
advanced technologies and trained professionals [96, 134],
we argue that developing countries deserve the same, if not
more, attention from the ASD research community.

We propose a set of actionable guidelines collectively
drawing from our findings, research on assistive technology
design, and our experience of working with related
stakeholders. We believe that to be effective, smart
technologies should facilitate real-time collection,
detection, and identification of events-of-interest such as
the beginning of a lapse episode or distress triggered by a
specific context. These technologies should be capable of
adapting their behavior in real-time based on user’s
preference, affective state, and user and environmental
context. Smart technologies should also act as analytical
tools, facilitating capture, detection, and highlighting even
small progress made by children with autism. We argue that
to be effective, smart technologies need to be inconspicuous
and low-burden. We believe that our findings and insights
would lead to better ASD-support smart technologies.
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