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Abstract

Background: Indoor air quality is an important environmental factor that triggers and exacerbates asthma, the most common
chronic disease in children. A mobile app to monitor indoor air quality could help occupants keep their indoor air quality clean.
However, no app is available that allows children to monitor and improve their indoor air quality.

Objective: Previously, we conducted a series of user-centered design studies to identify user needs and design requirements
toward creating a mobile app that helps children with asthma to engage in monitoring and improving indoor air quality as part
of their asthma management. Based on the findings from these studies, we created AirBuddy, a child-friendly app that visualizes
air quality indoors and outdoors.

Methods: This paper reports on the findings from a field deployment with 7 pediatric asthma patients, where we evaluated
AirBuddy’s usability and usefulness in real-world settings by conducting weekly semistructured interviews for 8 weeks.

Results: All participants positively responded to the usefulness and usability of AirBuddy, which we believe is thanks to the
iterative, user-centered design approach that allowed us to identify and address potential usability issues early on and throughout
the design process.

Conclusions: This project contributes to the field of mHealth app design for children by demonstrating how a user-centered
design process can lead to the development of digital devices that are more acceptable and relevant to target users’ needs.

(JMIR Form Res 2022;6(5):e37118) doi: 10.2196/37118

KEYWORDS

asthma; children; indoor air quality; mobile app; smartphone; mHealth

Introduction

Asthma is recognized as the most common chronic disease in
children, affecting approximately 12% of children worldwide
[1,2]. Its common symptoms include coughing, wheezing, chest
tightness or pain, and difficulty breathing. Childhood asthma
is especially concerning because it creates a substantial burden
on the affected children and their families by requiring regular
medical encounters, restricting the child's physical activities,
and increasing the chance of school absences [3-6].

Asthma cannot be cured currently, but good management can
control the disease and enable people with asthma to sustain a
normal, active life. One important aspect of asthma management
is avoiding or reducing environmental asthma triggers. Among

the various triggers that contribute to excessive asthma
morbidity, exposure to air pollutants is a significant
environmental trigger that worsens symptoms and causes asthma
attacks [7-10]. Since children spend most of their time indoors,
the condition of the indoor air quality (IAQ) determines their
exposures to many air pollutants [11,12]. Thus, it is crucial to
keep IAQ clean and healthy for asthma management [13-15].
However, it is challenging to detect air pollutants with human
perception because many air pollutants are invisible and thus
impossible to detect with human senses. Furthermore, childhood
asthma management is complex because pediatric patients with
asthma rely on caregivers to manage asthma, and caregivers
cannot fully keep track of the environmental triggers to which
a child might be exposed [16]. A tool that allows children to
monitor IAQ easily might help mitigate these problems by
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enabling them to reduce their exposure to air pollutants and
make healthy choices themselves.

Mobile apps are increasingly available and used to facilitate
various aspects of asthma management [17-20]. However, few
apps are available for IAQ monitoring, and even fewer apps are
designed for children’s use. Thus, this project aimed to create
a mobile app for children with asthma to engage in monitoring
and improving IAQ. Specifically, we aimed to adopt an iterative,
user-centered design approach by involving potential users
throughout the design process to employ their perspectives in
design. Previously, we investigated children’s perspectives and
design requirements through a review of existing applications
and 2 sets of semistructured interviews with 12 children with
asthma [21]. Based on the findings from these previous studies,
we developed AirBuddy, a mobile app that visualizes air quality
indoors and outdoors in a child-friendly manner. As the last
stage of this project, this paper reports on the outcomes of a
2-month field deployment where we evaluated the usability of
AirBuddy in real-world settings.

Methods

System Development
For IAQ sensing, we used an off-the-shelf sensor that
continuously measures the levels of 5 air pollutants: fine
particulate matter (PM2.5), carbon monoxide (CO), carbon
dioxide (CO2), total volatile organic compounds (TVOC), and
nitrogen dioxide (NO2) (see Figure 1). This sensor transmits
the measurements of these air pollutants to the server every 15
seconds. Then, the system determines the current IAQ level
based on the level of the air pollutant that has the lowest Air
Quality Index (AQI) rating [22] among the five air pollutants.

For instance, if the 5-minute average of PM2.5 is 20 μg/m3, and
its AQI category is the lowest among the air pollutants (see
Figure 2), the system determines the current IAQ level as
“moderate.” The server sends the determined IAQ level to
AirBuddy every 5 minutes, and the AirBuddy app displays IAQ
as “moderate.” In addition, outdoor air quality data are retrieved
from an AirNow API (application programming interface) [22]
that provides current air quality data by zip code.

Figure 1. Atlasen Pico, an Air Quality Index monitoring station.

Figure 2. The Air Quality Index (AQI) category for fine particulate matter (PM2.5) [22]. USG: Unhealthy for Sensitive Group.

The AirBuddy app consists of a home page and three sub menus.
At the top of the home page is the IAQ information pane with
a house icon, an IAQ label with a numerical AQI value, and a
horizontal AQI color strip to indicate the current IAQ level (see
Figure 3). The color of a house icon and its location on a color
strip change according to the current IAQ level based on an
AQI color code [22] (eg, green for good IAQ, yellow for
moderate IAQ, and red for unhealthy IAQ, see Figure 2). Below
that is an outdoor information pane with a cloud icon for outdoor

air quality and a weather icon. We juxtaposed these two icons
to convey outdoor air quality information as part of outdoor
weather information. When a user clicks anywhere in the IAQ
information pane, the app moves to an IAQ detail page where
a chart of recent IAQ trends is displayed (see Figure 4A).

Further below in this screen, we presented more details about
color codes with legend labels and a spider web for five air
pollutants (see Figure 4B). Next, clicking the house icon at the
bottom left corner of a navigation bar brings up a chatting page
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where a user can interact both verbally and via typing with Airic,
a chatbot, to ask any question relating to IAQ and asthma
management (see Figure 4C). In addition, we provided a list of
recommended actions that the user can take to improve the IAQ

(see Figure 4D). Lastly, we implemented a push notification to
notify a user when IAQ gets worse than the “good” range (see
Figure 4E).

Figure 3. A final design of AirBuddy: home screen indicating different indoor air quality levels.

Figure 4. A final design of AirBuddy: (A) a bar graph for indoor air quality (IAQ) history; (B) a spider web for five air pollutants; (C) Airic, a chatbot;
(d) a list of actions to improve IAQ; and (E) a push notification.

Participant Recruitment
Children aged 8 to 12 years with asthma, as determined by the
Guidelines for the Diagnosis and Management of Asthma [23],
were eligible to participate in this study. We determined this
age range for the participants because a child at the age of 8
years starts to understand abstract terms and complex sentences,
develops the ability to read and critically analyze what they
read, and shifts from learning to read to reading to learn [24].
Thus, children in this age range can use digital devices with
complex and abstract languages for autonomous tasks [24].
Children were not eligible if they could not read or speak
English, did not own a smartphone or other equivalent devices,

or their involvement was deemed inappropriate by the
pediatrician concerning their mental and physical conditions.

We recruited all participants from the pediatric pulmonology
department of a tertiary hospital in an urban area. We first
described the purpose of the study to a pediatrician, and the
pediatrician shared us with a list of eligible patients upon their
caregivers’ approval. Then, we approached by telephone
caregivers of the patients to ask for their interest in participating
in the study. A total of 7 participants were recruited (5 females
and 2 males; mean age 10, SD 1.9 years; see Table 1). All
caregivers and their children provided consent electronically
prior to participating in the study.
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Table 1. Participant demographics.

Asthma severityGenderAge (years)Participant ID

ModerateFemale12P1

ModerateMale8P2

IntermittentFemale9P3

ModerateFemale10P4

IntermittentFemale10P5

IntermittentFemale8P6

MildMale12P7

Data Collection
We conducted a field deployment for 8 weeks. During the study,
we conducted weekly interviews with each participant (8
interviews per participant in total) to investigate pediatric
patients’ use of AirBuddy in their everyday lives over time.

Before initiating the study, we visited each participant’s home
to set up an IAQ sensor in the room of their preference (eg, a
child’s bedroom or living room; see Figure 5) and install
AirBuddy on their smartphone. After setup, we described how
the IAQ sensor works to the participants and their parents and

gave basic instructions on how to use AirBuddy, which we
introduced as “a mobile app that allows you to monitor air
quality in your home and outside and find information about
actions to take for asthma management.” Then, we conducted
the first interview. Additionally, parents filled out a survey to
inform us of the participants’ basic demographic information,
including age, gender, and asthma severity. Lastly, participants
were told to freely use AirBuddy as much as they wanted
throughout the study period. They were given the contact
information of the research team if they needed technical
support.

Figure 5. The location of an indoor air quality sensing unit for a deployment study: a vanity in a child’s bedroom (left) and a bookshelf in a living
room (right).

The interviews focused on the following four topics: (1) how
children initially perceive and respond to AirBuddy, (2) how
they use it in their daily lives, (3) what motivates or prevents
their use of the device, and (4) how their engagement in IAQ
changes over time. Accordingly, we constructed three sets of
open-ended interview questions to explore these topics in three
phases. The first phase focused on understanding the general
perspectives about IAQ and initial impressions of AirBuddy in
the first interview. The second phase focused on exploring the
user experience in-depth, including patterns of AirBuddy use,
engagement in IAQ, and factors contributing to or preventing

children’s engagement in monitoring IAQ throughout the
deployment duration, except for the last interview. Finally, the
third phase focused on exploring suggestions for improving
AirBuddy and reviewing the overall reflection on the app in the
last interview. Each interview lasted up to 60 minutes. After
the study was complete, the research team visited the
participants’ homes to pick up the IAQ sensor. All participants
were compensated with a US $80 e-gift card.

All interviews except the first interview were conducted virtually
using videoconferencing software of the participants’ choice
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(eg, Skype, Zoom, Google Duo). While all interview questions
were asked to the children, we encouraged their parents to join
the interview and share their thoughts if they wanted.

Ethics Approval
This study was reviewed and approved by the Rutgers University
institutional review board (reference #:Pro2019000875) prior
to the conduct of the research.

Data Analysis
We analyzed all interview data using thematic analysis to have
significant patterns and themes emerge across data sets through
the Grounded Theory process of open coding, axial coding, and
selective coding [25]. First, we conducted open coding to
identify and code concepts significant in the data as abstract
representations of events, objects, happenings, actions, etc.
Then, we grouped the related concepts created by open coding
into a category to demonstrate conceptual phenomena using
axial coding. Phenomena refer to repeated patterns of events,
happenings, actions, and interactions that represent people’s
responses to problems and situations. Finally, we followed the
selective coding process to integrate all conceptual phenomena
extracted from axial coding into a single storyline through
building relationships across phenomena.

Results

Responses to the Graphical Interface
Initial impressions of AirBuddy’s graphical interface were
positive across all participants. In the first couple of interviews,
all participants expressed overall contentment with the aesthetics
of the interface and positively mentioned its graphical
components, including the vivid colors, color-coded icons, and
child-friendly emojis.

The little characters are really cute. I like the house with the
question marks and frowny faces or confused faces. What I like
to do mostly with the app is that I can check the air numbers,
good or bad. I like to do that because most people can't.
[Participant P3, week 1]

I like the colors that are bright and popped. And it’s easy to
understand the color of the house and air quality. Red means
bad, yellow means okay, and green means good. The house is
green now. It says that the air is good inside. [Participant P5,
week 2]

As the usage continued, the interfaces presenting detailed
information about IAQ (see Figure 4A,B) were perceived
differently by different participants. Even though the age range
of our participants was not wide (school-age children 8-12 years
old), participants in different age groups expressed different
reactions. Most of the older participants (aged 10 years and
older) were content with and easily comprehended the detailed
information on IAQ early in the study. However, younger
participants (aged 9 years and under) expressed difficulty
interpreting the presented information and complained about
its complexity, especially that of the bar graph and a spider web.
This suggests the need for more tailored considerations of
effectively conveying information to children in different
developmental stages.

I think everything is pretty self-explanatory. Something that I
like is the graphs and how it tells you what you need to know.
It doesn't go into all these like super technical things that not
every kid will understand. It just gets to the point. [Participant
P1 W1]

I am a little confused about the spider graph thing because I’m
not good with those. I don't have a clue what it means. I’m fine
with the bar graphs though. [Participant P6, week 2]

Nevertheless, even younger participants gradually learned to
interpret IAQ information presented in AirBuddy as they
continued using it over time. We provided instructions on how
to interpret IAQ information whenever needed to those who
had difficulty understanding it, but support needs significantly
decreased after several weeks of app use. In all, we confirmed
that AirBuddy is easy for children to use.

AirBuddy is a very good and informational app that teaches
you about air quality around you and how to deal with it. It
gives me good resources. At first, it was a little confusing
because there were so many stuff. But now it is easy to navigate.
[Participant P6, week 4]

Motivations for App Use
One of the key questions we sought to investigate was what
motivates or prevents children’s use of AirBuddy. To explore
this, we asked when or why they opened AirBuddy to check air
quality in every interview. Two prevalent answers emerged as
triggers for app use. The most prevalent motivation to use
AirBuddy was to inquire into the cause of their asthma
worsening. Throughout the study, we had numerous statements
about participants using AirBuddy to check the air quality
indoors and outdoors whenever they had difficulty breathing.
In most cases, participants found the air quality in the
surrounding area worsened when they checked upon the
occurrence of an asthma symptom. Consequently, participants
learned that worsening air quality significantly contributes to
asthma exacerbation. This demonstrates that AirBuddy is an
effective tool for pediatric patients to check and confirm the
source of an environmental asthma trigger.

I check the app when I'm not feeling too good or when I’m
wheezing. Last week when I couldn’t breathe well, I opened
AirBuddy to check if the air quality was okay, bad, or unhealthy.
It was yellow. I think a person that has asthma would love it as
it tells you how the air around you is. [Participant P4, week 4]

On Sunday, I felt my throat was itchy and I was struggling for
air, and that's when I quickly checked AirBuddy. It said air
quality is unhealthy and I told my mom. And she turned on the
AC and opened the windows. [Participant P5, week 5]

An equally prevalent trigger was the app’s push notification to
notify a user when the IAQ worsens. Once participants learned
a significant relationship between air pollution and asthma
worsening, they considered IAQ worsening seriously and took
prompt action as soon as they received a push notification.

I’ve gotten notifications from the app when my air quality was
bad. It’s like telling me “Hi [username], the air quality outside
is bad you better stay inside.” A reminder helps a lot.
[Participant P6, week 6]
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Apart from these two triggers, participants frequently checked
IAQ out of curiosity in the first couple of weeks. As their app
use continued, however, this use pattern significantly decreased,
which we believe was due to the novelty effect, and the
participants relied solely on the two aforementioned triggers
for their AirBuddy use. Only a few participants developed a
routine to check IAQ over time.

Yesterday, we were looking at the graph. And it was funny
because we noticed the graph was yellow at 6 AM and then
went back to green at 8 AM. So, mom and I were trying to figure
out what caused that. I think it’s heat. [Participant P1, week 2]

I only think about air quality when I'm having trouble breathing.
So, if I'm fine, then it doesn't really faze me. [Participant P5,
week 6]

Consequently, many participants reported that the frequency of
app use gradually decreased as the study proceeded. They
pointed out the lack of interactivity and fun aspects in AirBuddy
as the main reason for their decreased app use. Accordingly,
most participants suggested ideas to improve the app, related
to adding more interactivity and fun features.

I’m completely comfortable using it. But I forget to use it
because it is a little boring without much interaction. In fact,
looking at air quality's not that fun. My favorite is watching a
streaming site or FaceTime. [Participant P2, week 7]

“It would be cool if I could compare my data to other people's
air quality. If people could see that you had bad air quality, they
might want to go over to your house to fix your air quality. Or
you could have a setting where you would talk to each other
about low-quality air day or how you felt that day. [Participant
P7, week 8]

Engagement in Indoor Air Quality
Regardless of the app use frequency, we found that the
participants’ overall experiences with AirBuddy remained
positive from start to finish. All participants confirmed that
AirBuddy helped promote their engagement with IAQ and
increase their awareness and understanding of the effect of air
quality on asthma. We received commending statements about
the usefulness of AirBuddy in managing asthma and improving
IAQ from every participant in the final interview. In particular,
they found it helpful to acquire IAQ information whenever
needed that was critically related to their asthma conditions but
could not be obtained otherwise. In all, the study confirmed that
AirBuddy is beneficial for children with asthma to effectively
engage in and monitor IAQ information to manage their asthma
conditions.

The app made me think about air quality a little more and more
aware of my asthma. I never really put any thought into it before.
Now, when I got the notifications of bad air quality, even if I
am not at home, I think about how my breathing is…The other
day when I was at play practice, I got a notification saying that
my house had bad air quality. So, I texted and asked mom what
she was doing and then thought about my breathing. [Participant
P2, week 8]

It's awesome that I get to see how the air is around me, like
whether I should turn on the AC or do anything to help my

breathing. Before I was introduced to the app, I never thought
about air quality. I've been doing the daily medicine a good
three months, but it's just daily thing and I didn’t think about
it. But now I got AirBuddy, and it makes me think about air
quality a lot more and makes me more aware of keeping air
clean and healthy. [Participant P7, week 8]

Discussion

Principal Findings and Study Strengths
This project aimed to create AirBuddy, a mobile app for children
with asthma to monitor IAQ. To achieve the goal, we employed
a user-centered design process whereby designers focus on the
users and their needs in each phase of the design process by
putting users at the center of product design and development
[26]. Previously, we conducted a series of design studies,
including reviewing existing systems, brainstorming ideas,
wireframing, and high-fidelity prototyping, through which we
iteratively revised and improved the app to assure that children
can use it efficiently, effectively, and reliably [21]. Building on
the previous work, this paper reports on a system development
and its 2-month field deployment, the last step of a user-centered
design process, in which we investigated how potential users
would use AirBuddy in real-world settings. Overall, all
participants positively responded to the usefulness and usability
of AirBuddy, which we believe is thanks to the iterative,
user-centered design approach that allowed us to identify and
address potential usability issues early on and throughout the
design process.

Supporting Timely Access to Needed Information for
Sustained Engagement
Technologies are considered successful not only when they are
usable but also engage users [27], as the increased engagement
has proven to be positively associated with solving problems
[28]. In the past few decades, the health-informatics and
human-computer interaction communities have recognized the
importance of understanding and designing to promote engaging
experiences with mHealth tools for effective health management
[29-31]. Sustained engagement with mHealth tools has been
proven to motivate patients to better adhere to health
interventions and positively impact health behaviors and clinical
outcomes [32,33]. Therefore, researchers have sought to
determine elements for promoting effective and sustained
engagement with mHealth tools [34,35]. Widely used design
elements to boost sustained engagement include reminders,
reward systems, and gamification [36,37].

One of our key design considerations was to ensure children’s
sustained engagement with AirBuddy and thus sustain them to
monitor IAQ over time. To serve this goal, we first considered
implementing gamification features in the app design in the
previous work [21], which has been widely employed to keep
users, particularly children, hooked to the system [38,39].
However, we eventually discarded the idea for the following
reasons. First, the IAQ in modern buildings in urban areas
mostly stays healthy, except when indoor activities that
negatively affect IAQ occur (eg, cooking, cleaning, increased
humidity and temperature, or inadequate ventilation [40]) or
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when outdoor air pollutants penetrate indoors [41]. Thus, we
concluded that it is more important for occupants to catch the
moment of IAQ worsening and take prompt action to remove
air pollutants rather than constantly checking the state of the
IAQ. Second, we were concerned about providing children with
yet another game app among the plethora of online games.
While educational games have proven to be great tools for
children to learn and drill specific skills [42,43], there is also a
growing concern about increased screen time in children and
its potentially adverse effects on health [44]. In the end, the crux
of IAQ monitoring is on identifying the right moment to take
proper action rather than the practice of monitoring itself. Thus,
instead of aiming to keep a user’s attention constant in
monitoring IAQ, we focused on drawing the user’s attention
only at the point of interest—IAQ worsening. To that end, we
implemented a push notification feature to alert users when IAQ
worsens.

Participants expressed a feeling of boredom as their app use
continued and pointed out the lack of fun features in AirBuddy
as its primary area for improvement. Despite this drawback, all
participants positively valued AirBuddy. While AirBuddy did
not provide any entertaining features to keep users attached to
the app, the participants concurred with its utility, in that the
app promoted them to be more aware of managing their asthma
condition and keep the IAQ clean and healthy. In the end, the
ideal situation is one in which IAQ always stays good, so
occupants do not need to pay attention to it. Thus, the onset of
users’ asthma symptoms and push notification when IAQ
worsens were sufficient in sustaining users’ engagement with
the app without increasing their screen time. This finding implies
that designing for children’s engagement can be realized not
only by keeping them attached to the system—gamification—but

also by enabling timely access to needed information. The next
step is to explore ways to make available needed information
for the users in a timely and relevant yet entertaining manner
to boost sustained engagement with mHealth apps.

Limitations
Our findings must be evaluated under the consideration of
limitations. First, our sample size was small (N=7), and thus
our participant pool may not represent a general children
population. We initially planned to recruit more participants
but were unable to due to the COVID-19 pandemic. Because
people with asthma are particularly vulnerable to viral
respiratory tract infections, most parents of pediatric patients
with asthma were reluctant to participate in this study, which
included 2 home visits. After recruiting participants for over 9
months, we decided to stop recruiting and proceed with the
study with 7 participants. Second, we used convenience
sampling for recruitment by recruiting participants from a
children’s hospital in an urban area, which also runs the risk of
compromising generalizability. Selection bias or unmeasured
factors (eg, the homogeneity of participant characteristics and
socioeconomic status) might have influenced the responses.

Conclusion
This project designed, developed, and evaluated AirBuddy, a
mobile app for children with asthma to monitor IAQ through a
user-centered design process. This paper contributes to the field
of mHealth app design for children by demonstrating how a
user-centered design process can lead to the development of
digital devices that are more acceptable and relevant to target
users’ needs. A similar user-centered design approach can be
effectively applied when designing mHealth apps for children
to address self-management needs for other pediatric conditions.
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