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Abstract: In this paper we present the design, implementation and evaluation of
three tangible devices that measure and represent indoor air quality through
different modalities. The motivation for creating these devices is twofold. First, we
are interested in exploring how tangible interaction, combined with different
representational modalities, affects the way people perceive data. At the same time,
we aim to provide people with a novel interface that makes them aware of ambient
indoor air quality. To achieve this, the approach we take is to create, what we term
design probes: three objects that possess similar design features but differ in one
aspect (here: representational modality). We discuss the design rationale and
technical implementation of these devices and follow by describing a deployment
study conducted to explore their use in real environments. Based on the results of
this study we divide our discussion into three parts: Social Aspects, Personal Space
and Subtle Changes. We conclude by presenting future research plans that aims to
probe deeper into how representational modality affects people’s experience of
data.
Keywords: Tangible Interface; Representation Modality; Indoor Air Quality; User
Experience;

1. Introduction
Until recently, the application area of data representation has predominately supported
analytical tasks for expert users. Today, however, data representations are frequently used
in more informal settings such as casual scenarios (Pousman, 2007), storytelling (Segel,
2010) or museum display (Hinrichs, 2008). Inspired by the transition of data representation
into these environments, as well as resurgence in representing data beyond the visual
modality (cf. Vande Moere, 2008), we present three portable data-driven devices that
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0
International License.
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measure and represent real-time levels of indoor air quality (see Fig. 1). These devices
provide people with a novel tool, which is designed to heighten people’s awareness of
indoor air quality (IAQ) and encourage them to take action, such as opening a window to
ventilate the space and improve their working or living environment without impacting on
the energy consumption of the building.
When seeking to maintain a healthy lifestyle and working environment, an aspect we often
overlook is the quality of the air around us. It is a common misconception that the quality of
indoor air is higher than that of outdoor air. In fact, recent studies have shown that indoor
levels of pollutants are two to five times higher than outdoor levels (US EPA, 2009). One of
the most important indicators of IAQ is the level of Carbon dioxide (CO2) in the ambient
environment.

Figure 1. (A) Auditory Interface, (B) Haptic Interface, (C) Visual Interface
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This work is part of our wider research agenda, which seeks to answer the question: how
does representational modality affect people’s perception and experience of data? The
research we present here is the first part of a multi-phase project that seeks to answer this
question. To this end, we designed three prototypes that are identical apart from the
modality used to represent the data (auditory, visual and haptic). We then deployed these
prototypes in real-world environments to study their use. We do not claim that this study
fully compares the affect that different representational modalities have on people’s
experience of data. Instead we were more interested in collecting responses from people
who have used the devices as part of their home or work life, to help shed light on different
design aspects of the devices.
The contribution of this paper is not only confined to the design and implementation of
these prototypes, we also present a discussion on their use, which is derived from deploying
the devices in real-world environments for a period of three days. Based on the data
collected during this study we highlight key design implications and discuss potential
scenarios where tangible interaction can assist data representation and exploration.
The rest of the paper is structured as follows, we first describe research related to our work,
and we then present the design and implementation of the devices. We follow this by
describing the deployment study and we divide our discussion into three parts: Social
Aspects, Personal Space and Subtle Changes. We then consider possible usage scenarios for
the different representational modalities and conclude by presenting future research plans
that aims to probe deeper into how representational modality affects people’s experience of
data.

2. Related Work
Research on representing data beyond the visual modality can be traced back to the late
1990’s with developments in Calm Technology (Weiser, 1995), Ambient Media (Ishii, 1997)
and Ambient Information Visualization (Skog, 2003). The challenge here was to place data
representations in the environment of the user instead of a screen on the desktop
computer. This focus still remains today (cf. Jansen, 2013), and developments, such as, easily
accessible microcontrollers and rapid prototyping technology has further expanded the field
and offered opportunities for design researchers to explore new ways of representing data.
The work we present here is a continuation of our previous research that investigates
people’s experience of data represented through different types and levels of modalities (cf.
Hogan, 2013). We have already have shown that the modality and combinations of
modalities used to represent data influence the user-experience and affect the way we
interpret data (Hogan, 2012). However, the primary focus of these previous studies was to
interrogate representational modality, and thus the data source, design and context of use
were not prioritized. In the present study we seek to address this imbalance by designing a
set of data-driven artefacts, for a genuine purpose, and specific context of use, while also
exploring the individual characteristics of different representational modalities.
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The topic of representing data beyond the visual modality and in particular encoding data in
physical forms has received increased attention lately, see for example (Alexander, 2015)
and (Stusak, 2015). Over the years, various attempts have been made to define and
delineate this field of research, from Zhao and Vande Moere’s definition of Data Sculpture
(2008) over Vande Moere’s concept of Data Physicality (2008) to the recent novel definition
of Physicalization (Jansen, 2015). Recent work has also attempted to establish a framework
for visualizations beyond the desktop paradigm, to help us describe, compare, and critique
non-screen based data representations (cf. Jansen, 2013). Alongside these theoretical
investigations, we continue to see examples of work that take a more practical approach to
representing data through the tactile or haptic qualities of physical forms. Haptic Shoes (Fu,
2005), comprises of a pair of shoes that have been embedding with vibration motors to alert
people about fluctuations in their financial stocks, while Laura Perovichis has translated
indoor air quality data into decorative fabrics and clothing (Perovich, 2015). The Stock Orb
(Ambient Devices, 2014), represents financial data through modalities other than the
traditional form of alpha/numerical, here the data is mapped to the colour of a glowing orb.
Please see (Jansen, 2015) for thorough survey of current state-of-the-art in physical data
representations.
While research into representing data through physical forms or haptic feedback is relatively
new, representing data through sound has a longer tradition. Known widely as Sonification
(Kramer, 1997) or Audification (Hermann, 2004), research in this area dates back as far as
the invention of the Geiger counter in 1908. Notably research in the area of Sonification
includes Krygier’s (1994) work on sound and geographic visualization. By considering the
different qualities and characteristics of sound Krygier established a set of sound variables
(location, loudness, pitch, register, timbre, duration, rate of change, order and attack/decay)
that can be used in the representation of data through sound. More recently, research into
targeting the auditory perception of humans to make sense out of data has tended to
explore its use as assistive technology (cf. Lenay, 1997) or by combining it with other
modalities (cf. Hoggan, 2007)
Although the primary focus of our research is on representational modality, the source of
the data: indoor air quality (IAQ), has also attracted attention from researchers who have
sought to investigate the affect air quality has on humans. However, historically, outdoor air
quality (OAQ) has received greater attention. From a Design and HCI perspective, exploring
IAQ was far more intriguing to us than OAQ, as to address OAQ it would possibly require a
societal, cultural and economical shift in thinking, whereas encouraging and helping to
facilitate a change in individual behaviours has a direct influence over the indoor breathing
environment. Related work in this area includes (Jiang, 2011), who created and investigated
the use of personalized mobile sensing systems for IAQ monitoring. Related to this is
PiMiair.org, a participatory indoor air quality data sharing project that was launched in
January 2014, where users can use mobile sensing units, placed in buildings across China, to
access and share local IAQ data using Bluetooth connectivity and a Smartphone. Research
has also been conducted to explore the IAQ within the context and environment of family
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homes (Kim, 2009), showing how conscious awareness of habitual behaviours with regard to
IAQ, can improve indoor environments, and finding that a simple visualization may be
enough to initiate this change.

3. Design Process
To help achieve the goal of our research, the approach we use is what we term Design
Probes. Although this approach is similar to research through design, it is unique in so much
as it doesn’t involve an iterative process, which is integral to research through design. An
iterative process involves designing a series of artefacts consecutively, where improvements
are made in new designs based on the design knowledge gained from studying previous
versions. I also consider it to be close in intent to Technology Probes (Hutchinson, 2003),
however, instead of studying the use of one artefact (which is the procedure followed with
technology probes), I create design multiple artefacts that possess similar design features
but differ in one aspect (e.g. representational modality). This allows researchers to focus the
evaluation precisely on this design feature - in my case this was representational modality.
In the early stages of the design process we made a number of key decisions resulting in a
design criteria for the prototypes. First, the devices should be portable so they can be moved
within an environment and shared by people who occupy this space. Also, we did not want
the devices to be autonomous; instead, they should require explicit user-interaction to
request the data, unlike people’s role with ambient or peripheral displays (Skog, 2003). We
made this decision; as we were interested in focusing our investigation around the specific
moment people perceive the data representation. Requiring people to interact with the
device to display the representation allows us to focus on the specific moment during their
experience of the device when people begin to interpret the data. Finally, we designed the
physical shape of the devices to fit comfortably into an adult hand and also so that they
could be placed safely on a flat surface. This shape also offered us multiple surfaces to be
exploited for user interaction.
A fundamental element of all data representations is the type of modality used to represent
data. In this case we selected auditory, haptic, and visual modality. In the auditory display,
we map the data to the frequency (pitch) of a computer-generated sound, while the same
data is represented through vibrations for the haptic display. In the early designs of the
visual display we sought to use equally abstract representations, such as colour and position.
However, in the prototype we present here, we us a numerical display, as we wanted to
replicate the way IAQ is traditionally represented (numbers: PPM). The choice of wood as
material for the cubes is influenced by the use of haptic feedback, since we found that
natural materials conduct and evenly distribute vibrations better that synthetic materials,
such as plastic.
One of the most critical design aspects was the style of user-interaction employed to trigger
the device to measure and represent the IAQ. We envisaged the mode of user-interaction to
be natural, familiar and intuitive. To assist the design of the interaction style we conducted
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an exploratory session to observe how people naturally interacted with handheld cubes. We
invited 10 students to participate, asking them to interact and play with the cubes in order
to elicit a response from within the cube. We fitted each of the cubes with a mini-speaker,
which was controlled remotely by a researcher. On occasions, when a participant interacted
with the device the researcher would remotely activate a sonic tone to be played through
the speaker. This would signify to the user to try another form of interaction, such as shaking
or knocking. This session lasted 30 minutes and during this time we recorded numerous
ways people interacted with the cubes, which included, shaking, knocking, spinning, flipping,
dropping and sliding the cube onto a surface.
3.1 Implementation
Next, three prototypes were created that require the user to shake them to request the realtime IAQ levels in the surrounding air. We implemented this gesture not only because it is
natural and familiar, but we also found that it allowed the sensor to sample air from a larger
area. The actuators used to display the data are unique in each of the three devices (see Fig.
2). In the visual interface (Fig. 1C) we incorporated a 4-digit, 7-segment display to represent
the value in raw numerical format. In the haptic display (Fig. 1B) we used eight 5-volt
vibration motors fixed to the inside walls of the cube. Once triggered, the speed of the
motors is mapped to the IAQ data e.g. 400PPM causes very weak vibration, while 1500PPM
causes strong vibration and so on. For the auditory display (Fig. 1A) we used a 50mm
(diameter), 0.5W, 8-ohm speaker that generated sounds to represent the CO2 values. The
frequencies of the sounds played through this speaker are mapped to the value from the
sensor; low value causes low frequency sounds and visa versa.
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Figure 2. The working components of the design probes

Following a series of informal tests in our design lab, we observed a flaw in the system.
Although people had little difficulty triggering the sensor, the majority spoke about their
difficulty in understanding the value of the representation. To address this issue we
incorporated a legend into each prototype, to allow the user to map the current levels
against two pre-defined levels of CO2. Each device now represents three values: the ambient
CO2 levels as well as fresh air values and unsafe levels of CO2. To trigger the predefined
values the user knocks on the sides of the cube, one side for fresh air and the adjacent side
for unsafe CO2. To capture the shaking gesture I used a triple-axis accelerometer, while for
the knocking gesture, we fixed two 5cm circular piezo elements to inside faces of the cube.
The real-time CO2 levels are captured using a COZIR™ ambient sensor, which measures the
CO2 levels in the form of parts per million (PPM) and is suitable for battery powered
applications and has a short warm-up period (1.2 seconds); other CO2 sensors that I tested
either consumed too much power or had long warm-up periods (> 5-seconds).

4. The Study
To interrogate the design and better understand the use of the three design probes in
different situations, we conducted a deployment study in the context of real living and
working environments. We contacted a number of companies and people from within our
social and professional circle to participate. When deploying the probes, we purposefully
chose different types of locations to provide us with a broad spectrum of use and conditions.
The auditory device was deployed in a shared open-plan office that was occupied by 15
customer service professionals. The haptic device was placed in a small company office that
has four fulltime employees occupying 3 private rooms, a shared meeting room and a public
reception. The visual device was deployed in a 4-bedroomed family home, lived in by two
adults (one working fulltime) two girls (5 and 7 years old) and a boy (9 years old). None of
these locations were fitted with air-conditioning, however, the open-plan office had a
motorised ventilation system embedded into some of the windows. Each probe was
deployed in the same location for a period of three days. In each location we chose one
person who agreed to take care of the device, observe its use, and would be willing to be
interviewed before and after the study. These people included: Tom (39) solicitor (haptic
device), Mary (34) stay-at-home mother (visual device) and Michael (25) customer service
representative (auditory device).
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Figure 2. The CO2 cubes deployed in a domestic home (left) an open plan office (middle) and a
personal office (right)

During a pre-study workshop, we introduced the devices and to our points-of-contacts and
we asked that they pass this information on to others that may wish to use them. As part of
the study we conducted two semi-structured interviews with Tom, Mary and Michael. The
purpose of the initial interview was to assess their general knowledge and understanding of
IAQ, while the post-study interview gathered information about: (1) how the devices were
used, (2) general response to using the device, and (3) the participant’s knowledge and
awareness of IAQ. Based on the analysis of these interviews, the following sections provide a
summary of key observations and findings.

4.1 Observations
Prior to using the devices, all the participants demonstrated a basic understanding of indoor
air quality, but this was mainly on hazardous pollutants such as Carbon Monoxide. During
pre-study interviews, many participants referred to CO2 as being a key factor for global
environmental issues but found it difficult to connect outdoor air pollution to the quality of
air inside, one remarked
“Carbon dioxide doesn’t really harm us, don’t we breathe it out all the time?... Surely it
can’t do me any harm if it came from me in the first place”. (Michael)

In the follow-up interviews (conducted after they had used the device) we noted an
increased awareness of IAQ. Although this was to be expected and may be due to the
Hawthorne effect (McCambridge, 2013), we note that the participants seemed to be not
only aware of the quality of the air but also on the implications of poor air quality on their
health and well being. For example Tom (small office) spoke about using the devices more in
the afternoon than in the morning, especially when he felt fatigued:
“In the morning I hardly noticed the cube, it was there but it didn’t grab my attention,
but when I was getting a bit tired or if I felt a headache coming on I would reach for
the cube and give it a shake...this was like me looking for a reason as to why I felt the
way I did”

Each of the participants also spoke positively about being able to move the device from one
location to another. For example, Mary (family home) spoke about the areas of her house
that seem to be most problematic, these included the cooking and living area. She remarked
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that these areas were affected by the people’s activities within the space and not by other
factors outside of their control:
“I can see the numbers getting bigger when I do things like cooking and cleaning, they
are also really high when we relax together in the evening, it was us that was causing
the problem...this is kind of relieving to know as we can then fix it”.

We note that as well as taking advantage of the devices portability, she used the device to
compare how different household tasks impacted IAQ.
We also note how the device was used in shared locations, for instance, Tom spoke about
noticing an increase in the levels when he was in a meeting with others in his office:
“At times during the meeting I would give it a quick shake to see how we were doing,
this was sometimes followed by me opening the door or window”.

He further explained how the devices stimulated a lengthy debate about the affects of IAQ,
which involved numerous people attending the meeting measuring the IAQ in their own
personal space.
We also found interesting responses to the use of representation modality. The haptic
modality seemed to elicit a more visceral response than the other modalities. The
participant who used this device spoke about feedback being like a “bolt” or “jolt” that
would sometimes surprise him and would immediately grab his attention. While the audio
modality seemed to have less impact, however, the participant did remark about how the
high values caused a piercing sound that would alert him in the same way an alarm would.
The participant who used the visual interface seemed to be most confused about the
representation. She understood that low numbers (<600) signalled a somewhat comfortable
environment but she was unsure why she was not feeling the effects as the numbers
increased. She also spoke about the numbers being meaningless on occasions:
“If it goes up or down by 5 or 10 I just don’t feel it, why would it tell me if it has no
affect on me”?

With the other modalities, the participants did not notice such minor changes in the
representations. During the interviews all the participants explicitly spoke about the aspect
of sharing the experience with others and the devices triggering conversations and debate in
the workplace or at home. In the family home, the device was used, on occasion, as a tool to
teach the children about household responsibilities, while the office workers explained that
the devices prompted debate between colleagues about the impact that poor ventilation
and air quality may have on their working environment.

4.2 Design Implications
When we examined the data gathered during the study we found that all participants spoke
about their ease-of-use and their increased awareness of IAQ, which was not a concern for
them beforehand. However, the study also highlighted specific design issues as well as more
profound questions that warrant further investigation.
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Before addressing issues of user experience let us briefly acknowledge usability concerns
raised during the study. On more than one occasion participants spoke about their difficulty
in remembering which side of the cube related to fresh air and poor IAQ. They felt that
having to constantly check each side impacted on their use of the device. The participants
also described it being difficult to recognise subtle changes with vibration, however, the
participant spoke more positively about this modality as it offered him two ways of
interpreting the data (hearing and feeling). Work is ongoing to address these issues, which
include creating tactile/visual labels for the sides of the cubes and we are testing other types
of haptic feedback, which includes mapping the data to the frequency of knocks emitted
from the device.
Moving beyond usability, we discuss three aspects of the design that emerged from
analysing peoples of experience of the devices. We divide this discussion into three parts:
Social Aspects, Personal Space and Subtle Changes.
4.2.1 S OCIAL A SPECTS
Following the analysis of the study there seems to be evidence to show that using tangibles
to monitor and represent data stimulates increased debate about the data source. We
provided our participants with a device that can be shared between a group and it would
seem that this mediated and focused the conversation around the data. We believe that
portability is not the only factor here, the size of the devices has also allowed them to be
handed over and moved easily. Hornecker and Buur (2006) present a framework that
supports social interaction through the design of tangible user-interfaces. Supporting the
social aspects of data representation is especially important today, as their purpose has
moved beyond just assisting domain experts with analytical tasks, but are now frequently
used in casual contexts such as museums, libraries or at home. We believe that tangible
interaction combined with data representation can play an important role in future
developments of tools for data exploration in casual contexts.
4.2.2 P ERSONAL S PACE
The devices that we present here are different from how ambient data is normally
monitored and represented. Typically, wall mounted sensors and displays are used to
sample and represent data from a fixed point. The use of a portable device allows people to
sample and represent the air space around them. We found that this creates a sense for the
user that the readings are personal to them. To exemplify this, in our follow-up interview
with Tom he referred, on a number of occasions, to the air as being his air, for example:
“When I arrived back to my desk after lunch I noticed that my air had improved and
was nearly as good as the air outside”
“I was talking to Mark (work colleague) in the afternoon and we started to compare
each others air, his seemed to be better than mine but that is cause his office is next to
the exit but mine is in the middle of the building”
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We believe this may impact on how the user is affected by the data, which may in-turn cause
them to act more quickly in a given situation, such as opening a window when the IAQ
drops.
4.2.3 S UBTLE C HANGES
During our study the participants who used the auditory and haptic display spoke about
their difficulty in recognising subtle changes in the output, whereas small changes were
immediately noticed in the visual interface. While some confusion was caused by the
participant being able to notice minor changes but not understanding the implications, we
believe that this reveals a characteristic of the auditory and haptic modalities that warrants
further investigation. We believe these modalities may be better suited to representing noncritical ambient data, such as IAQ, where minor changes have no great impact. The visual
modality may be more appropriate for representing critical data, such as carbon monoxide,
where even small changes can be dangerous and life threatening. However, we acknowledge
that the haptic and auditory devices in our study utilized analogue displays whereas the
visual modality used a discrete representation (numbers). Further studies are planned which
will use analogue displays for all devices, e.g. colour for the visual mode.

4.3 Limitations
We acknowledge that the study we conducted was short and only included a small sample of
participants. A more complex study design might deploy all three devices in each location to
compare participants’ experience with each device. Also, we have conceded already that the
discrete display used for the visual modality may have skewed the findings in relation to
recognising subtle changes. Although this may be the case, we still believe that some
evidence emerged which indicates that the haptic and auditory modalities are more suited
to non-critical data representation.

5. Conclusion and Future Work
In this paper we have introduced and described the design, technical implementation and
evaluation of three data-driven design probes that measure and represent real-time
ambient indoor air quality levels through different modalities. Each of these probes has
similar design features but differ in their use of representational modality (auditory, visual
and haptic). They offer people a tool to be more aware of the quality of the air that they
breathe in their work or home life. Over the course of three days, we deployed the devices
to investigate their use in real environments, while also exploring how people experience
different representational modalities. We learnt that the devices are intuitive, as
participants had no difficulties operating them and in some cases they were appropriated for
situations that we had not envisaged.
We also found that the devices stimulated and fostered social engagement around the topic
of the data source. In relation to the different representation modalities used by the devices,
this study seems to back-up previous work (Hogan, 2012), which shows that people’s
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response, experience and perception of data is affected by different representational
modalities. We also presented evidence that points to possible scenarios of use for auditory
and haptic modalities, however, this needs further scrutiny. We are presently designing a
study that will investigate this claim further. Alongside this, we are re-designing features of
the devices and planning other studies to probe deeper into people’s experience when using
the devices, while also exploring whether this experience is altered by the use of different
representation modalities. These will be longitudinal studies and will gather both qualitative
and quantitative data to help us measure the behavioural changes of users and whether
these changes have an impact on the indoor air quality of the spaces that they occupy.
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