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Abstract
A situated design approach that uses data as creative 
material when designing for intelligent ecosystems has 
been used to unravel design opportunities for improving 
air quality within a living room.  The user remains in their 
everyday life setting and the design researcher in the 
design studio. This way, the contextual richness of the 
everyday setting becomes part of our design process, 
while we maintain the ability to quickly explore [1]. The 
first few weeks were all about contextual explorations. In 
this step, the researchers combine sensor and qualitative 
data in order to gain behavioral, experiential and contextual 
insights from an everyday life setting [1]. Based on these 
insights, new (informed) explorations arose at a fast pace. 
The solution was continuously developed further, while it 
remained in the everyday setting of the participants. Finally, 
we propose guidelines for an intelligent ecosystem which 
aims at improving air quality. 
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exploration; indoor air quality.

Designing for an intelligent ecosystem
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Introduction
This design exploration follows a fundamentally different 
approach than traditionally. The Data-enabled design 
approach uses data as design input for intelligent 
ecosystems and not for evaluative purposes. However, the 
complexity of intelligent ecosystems require a more creative 
and generative approach [1]. Placing different prototypes 
into the everyday setting of the target group allows for rich 
and detailed information streams. At the same time, the 
researchers are able to quickly process, interpret and iterate 
upon the prototypes to, each time, gain more significant 
and detailed insights. This allows for a fast-paced, dynamic 
workflow and quick, significant results.   

Air is all around us, we (humans) need oxygen to survive. 
Air consists of many elements ranging from Nitrogen, 
carbon monoxide to Ozone among others. Bad air quality 
is quantified by a high concentration of gases which are 
biologically harmful to humans/animals. There are seven 
elements within the air which will have a negative effect 
on humans, plants and animals; Nitrogen, Sulphur Dioxide, 
Benzene, Particular matter, Lead, Carbon monoxide and 
1,3-butadiene  [2].  

Exposure to poor indoor air quality can cause long and 
short term health consequences. From eye, nose and throat 
irritation to headaches, dizziness, and fatigue. For people 
with asthma, poor indoor air quality aggravates the effects 
of asthma. Over time, exposure to poor indoor air quality 
can lead to respiratory disease, cardiovascular disease or 
even cancer [3].   

The project has been conducted in Eindhoven 
(The Netherlands). According to Rijksinstituut van 
Volksgezondheid en Milieu, the concentration of Nitrogen, 
Ozone, and Sulphur Dioxide are within the recommended 
boundaries. However, the particulate matter (PM) is above 

the suggested [4]. Particulate matter is a complex mixture 
of both particles and liquid droplets, including acids, organic 
chemicals, metals 

and dust particles which are considered hazardous for 
humans. The smaller the particle size the deeper they 
are able to travel into the lungs when inhaled. Creating 
a number of health impacts ranging from coughing, to 
high blood pressure, strokes and might eventually lead to 
premature death [5].

Even though the outdoor pollution seems to be decent, 
this doesn’t guarantee good indoor air quality. The 
European Commission Scientific Committee on Health and 
Environmental Risks created guidelines for risk assessments 
on indoor air quality. They state that some parameters are 
influenced by outside pollution (PM). E.g. extreme weather 
conditions. Yet the most pollutants (PM) are released inside 
the building, for example, while cooking or from dirtiness. 
The committee came up with a list of factors which influence 
indoor air quality. On this list humidity and temperature play 
a significant role. The humidity cannot be too low, because 
this will result in eye irritation, rashes, and dry skin. But, 
when the humidity is too high, water damage and mould 
problems start to emerge [6]. Temperature influences the 
growth of pests and microbes [6]. 

Based on the theory, this pictorial will take the parameters 
Humidity, temperature and particulate matter as indicators 
of indoor air quality. In order to aid the reader through the 
pictorial, colour codes are been used to identify different 
steps within the data-enabled design methodology. The 
insights gained from the contextual step is marked by a 
blue line, while the gained insights from the informed step 
are marked by an orange line.
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Informed step 
The informed prototype explorations are in this case 
design-oriented and aim to develop an intelligent 
ecosystem. Within these research explorations the 
researchers direct the process from a distance while 
the participants remain in their habitual life setting. 
This allows for rapid explorations, conceptualizations 
and interventions into the setting of the participant.  
The design process is not lead directly by the data 
or insights, but by the contextual, behaviour and 
experiential insights [1]. This step asks for a high-
pace approach. In order to make sure that this high-
pace will be maintained a combination of prototyping 
and wizard-of-oz approach has been used. 

Contextual step 
The (design) explorations can have a contextual or 
informed character [1]. Although these explorations 
can run in parallel and continuously follow up on each 
other, at this point in time the focus is on gaining 
understanding of people’s current reality. Aiming at 
gaining detailed and nuanced contextual, behavioral 
and experiential insights regarding air quality and 
human behaviour within their homely environment. 
These insights strongly depend on how people create 
meaning to their interaction, which is personal 
and context-dependent. These initial explorations 
are mostly research-oriented, and value insights 
over design. The sensor data is responsible for the 
behavioral insights, while the qualitative data provides 
a more nuanced insight into context and experience of 
the participant  [1].

Figure 1. The data-enabled design methodology visualized. The blue parts are all about learning about the context 
whereby, the orange parts represent the informed step.

The data-enabled design 
methodology is designed by ir. J.W.M. 
van Kollenburg and ir. S.J.A. Bogers. 

“Data-enabled design sets out to 
use data, from situated design 
experiments, as creative material 
to inspire and inform the design 
process from early stages. Through 
a combination of sensor data and 
qualitative methods, a detailed and 
nuanced understanding of context, 
behavior and related experiences is 
developed. This enables us to remotely 
build empathic understanding through 
the data; that we in this way see 
more as qualitative material than as 
quantitative.” 

- www.data-enabled-design.com

a) The top of the model emphasizes that 
(experiential) prototypes are situated in everyday 
life. 

b) Part b of the loop represents the different types 
of data that can be collected, which contribute to 
the understanding of the design researchers (part 
c), but also to the understanding of the intelligent 
ecosystems (part g)

c) Part c, presents a new way in which sensor data 
and qualitative data can be combined to enrich each 
other. The qualitative data helps to interpreting the 
sensor data, and the stories the participants can tell 
based on the sensor data enricht the qualitative 
data. 

d) This intermediate part is crucial. The data or 
insights do not directly drive or direct the design 

process. Instead, they contextual, behavioral and 
experiential insights are used to inspire and inform 
the design researchers. The data enables them to 
design for intelligent ecosystems.

e) Part e, enables design researchers to remotely 
gain insights in context, behavior and experience. 
The data can be used as research data but also as 
solution data. The collected data (b) becomes more 
than sensor data or qualitative data, as it becomes 
enriched and starts to encompass a contextual, 
behavioral and experiential understanding.

f) Adapting the intelligent ecosystem. Firstly this can 
be done by redesigning the data. Secondly this can 
be done because it learns over time. The interest 
of the user change over time, which result in a 
different understanding and thereby also in triggers 
new responses.

a

b

c

d

e

f

Data-enabled-design methodology [1]
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Figure 2. The prototype consisting of a PM2.5 and Wemos d1 mini pro to measure the data 
within a house.

Iteration 1
During the first iteration, a particulate matter sensor 
(PM2.5) was placed in an apartment where a young couple 
live together. See figure 2. This sensor was used to measure 
the levels of different sized particles ranging from 2.5 to 100 
μm. A Wemos D1 mini pro has been used as microcontroller, 
to send the data to a database (Data Foundry). This has 
been done with the aid of OOCSI, which simplifies the 
communication protocol (websockets) between devices. 
The first location of the sensor was the bedroom for two 
and a half days, and thereafter it was placed in the living 
room for two days. The choice of locations was based on 
the layout of the apartment, in which the living room and 
bedroom are the two main areas. See figure 3.a and 3.b. 
Withal, the reason to change between rooms is to find the 
placement that would offer most enriched data, both having 
their own advantages and disadvantages. 

The sensor is setup in such a way that it connects and 
eventually sends its data every 30 seconds. Next to the 
sensor, a diary was handed out to the participant. This diary 
had to be filled in every time a window was being opened or 
closed. The participant had to write down the time and date, 
why the windows were opened and rate the air quality based 
on five smileys ranging from sad to happy. See figure 4. The 
goal of this diary was to gain insights into the perceived air 
quality, which later could be compared with the measured 
air quality (sensor data). After one week the participant 
was interviewed. This interview started with taking a look 
at the data dashboard in order to spark a conversation  
(picture 5). Hereafter there was a discussion regarding the 
data points and certain patterns we discovered. 
 

Figure 3.a Visual representation of 
the ground floor of participant 1.

Figure 3.b Visual representation of 
the first floor of participant 1.
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OPENING WINDOW

Date:

Time: 

Why are you opening the window?

Why are you closinging the window?

Rate the air quality (before 
opening the window)

Rate the air quality (before 
closing the window)

CLOSING WINDOW

Date:

Time: 

Figure 4. This diary had to be filled in every time a window was being opened or closed. The 
participant had to write down the time and date, why the windows were opened and rate the air 

quality based on five smileys ranging from sad to happy. 
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Figure 5. The Representation of the data created by the designers, unraveling patterns and trying to understand the richness of the data. The dark grey areas 
represent the moments that the window is open. The icons represent the reason why the window got opened or closed.  
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Insights
One of the first findings was the causal relationship 
between the high peaks in the data and movements 
in the room. Whenever someone would walk by the 
sensor or, for example, move the bedding, dust would 
rise in the air and get measured by the sensor, resulting 
in peaks. From this finding we could deduce that the 
amount of dust that accumulated on the surface of 
the living area was significant, yet was not directly 
measured by the sensor, unless there was activity.
 
Another finding was the difference between the 
perceived and the measured air quality. When a window 
had been open for a while, letting in ‘fresh outside 
air’, the air quality would be evaluated better. Yet, the 
measured air quality was not always better with the 
window open. See figure 5.

When showing the data to the participant, (s)he was 
actually surprised by the high dust levels and directly 
wanted to clean their apartment. Having access to the 
measured dust data made the participant more aware 
of his/her living condition and (s)he believed that this 
data would also motivate his/her partner to clean more. 

Another finding that surprised the participant, was 
the fact that the measured air quality was worse in 
the living room than in the bedroom. This is probably 
because more time is spent in the living room and most 
activities take place there. Therefore it was decided to 
continue probing in the living room area. 

“I would like to have a 
live dust sensor to know 
when I am supposed to 
clean.” 
 
- participant 1
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Iteration 2
From the qualitative data one could conclude that the 
participant only opens the window for ventilation, lowering 
the temperature or decrease the humidity (figure 5). After 
looking at the theoretical context of air quality and to be 
able to judge the air quality better, an additional sensor 
was added. This sensor measured the humidity and 
temperature inside the living room. In the meantime the 
algorithm was updated. For the sake of efficiency and to 
reduce heat production, the Wemos D1 mini pro was put to 
sleep between the times it sent data. 

From the qualitative data gathered during the previous 
iteration, we could deduce that the perceived air quality 
is an important aspect of creating a pleasant and healthy 
living environment. Therefore it was important to gain 
more qualitative insights regarding this specific aspect. This 
was done with a questionnaire that both residents of the 
apartment had to fill in three times a day. This questionnaire 
asked to rate the overall air quality as well as the separate 
aspects, being humidity, amount of dust and temperature. 
See figure 6.

Insights
One of the things that stood out is that the participant 
described the indoor air as stale, and the outside air 
as fresh. The remarkable part is that the perceived 
“stale-air” was of high-quality according to the data. 
Suggesting that, to some degree, the participant 
correlates ventilation with fresh air. 

During the interview, the participant started to decrypt 
the peaks by explaining the context. The participant 
realized their influence on the overall air quality of 
their home situation, in which they actively have to 
participate to maintain a healthy living environment. 
The participant expressed her/his frustration regarding 
this insight because (s)he did not feel supported to 
actively engage in maintaining good air quality. Besides 
the previous, the participant expressed her/his lack of 
knowledge to efficiently lower the particulate matter, 
which would be cleaning regularly. At the end of the 
interview, the participant asked if it was possible 
to show the visualization to her/his fellow resident, 
confirming the impact of awareness to the researchers.

Figure 6. The second questonnaire in order to get a grasp 
on the contextual, behavioral and experiential insights 

which are hidden in the data.
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Design opportunities
Concluding this contextual phase, aiming to provide a  
direction to improve indoor air quality, two main design 
insights can be deduced. Firstly, there is a difference between  
measured and perceived air quality. Secondly, the perceived 
air quality is influenced by “fresh outside air” and the 
cleanness of the living environment. From these insights 
the researchers were able to deduce two main design 
opportunities. The first opportunity is to create awareness 
about the air quality of one’s living space. The second 
opportunity is to support people to improve the measured 
air quality by offering cleaning recommendations and 
thereby also improve the perceived air quality. 

Iteration 3
The previous design opportunities have been translated 
into a concept. This concept consists of a mobile web 
application in which the participant is able to view tasks 
to improve the air quality.  This application shows a to do 
list with all the tasks, which can be ticked off (figure 7). 
Whenever a new task is added, the participant receives a 
push notification. At the top of the application one could 
view the values measured by the sensor, in real time with 
the aid of OOCSI. The web application is built on HTML, css 
and javascript. The algorithm is created with stand-alone 
functions, creating the opportunity to adapt and make fast 
changes within the application. To automate the function 
of adding tasks in the application, one needs to create an 
elaborate algorithm which takes a lot of time and effort. In 
order to keep working at a high-pace the researchers took a 
wizard-of-oz approach. This approach made the participant 
think  the  tasks were created by an algorithm based on the 
data, while actually the researchers acted as the system. 
They interpreted the data to detect a negative trend in the 
air quality, after which they created the appropriate task. 

In the meantime a data dashboard was created for the 
researchers in order to see the data in real time. See 
figure 8. Due to time restrictions, the main focus was on 
usability, leaving the visual representation of the dashboard 
something to be desired. When working with high sampled 
data one needs to make a comparative assessment 
between data-richness and readability. In order to boost 
the readability and highlight the trend within the data, a 
moving average of 5 elements was taken. Whenever one of 
the data readings seemed to show an increasing trend, the 
researchers created a task in the to do list.

Insights
After placing this third iteration into the field, an 
interview was carried out to receive more contextual 
insights. From this interview, the success and pain 
points of the concept were uncovered. The first 
significant insight shows that the app does indeed 
create insight into what needs to be done to improve 
air quality, allowing a sense of independency. Due to 
the to do list, there was a sense of control provoked in 
the user regarding the regulation of air quality. A lesser 
aspect of the concept was that the participant had no 
clear idea to what extent the air quality was good or 
bad. This lack of insight resulted in less awareness of 
the air quality and, therefore, less urgency to carry 
out the proposed tasks. 
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Figure 8. Dashboard of the HTML page which has been used to see the data in real time.

Figure 7. the application which has been used by 
the participant. One could click on the box on the 

left to tick off the task.
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Iteration 4
The insights from the previous iteration provided new 
exploration possibilities. Due to the setup of the application, 
changes could be made in a high-pace. One alteration was 
changing ‘to do’ to ‘suggestions’. See figure 9. The reason 
for giving to do’s, was to give a sense of control over the 
air quality but it was experienced as demanding instead of 
motivating. To give the participant a feeling of authority, 
(s)he could now accept, deny and plan when to carry out 
the suggestion. Another addition was the list with the 
suggestions that are completed, to give a more complete 
overview. When ticking off a suggestion the application 
provided a prompt with the following question “How would 
you rate indoor air quality, on a scale from 0 to 10”.  See 
figure 10. This data was sent to the Data Foundry and added 
as metadata to the researchers’ dashboard. Moreover, a 
visualisation of  the data was  added to the application, 
with the goal to increase awareness of the measured air 
quality. See figure 11. This live data stream was created 
with the aid of vega lite and OOCSI. By clicking on the 
menu one could navigate to a separate page which shows 
a line graph shows the data from that specific day and 
resets at 00:00. This feature was added with the purpose 
of creating awareness on the particulate matter in the air of 
that day, and would give justifications for the tasks. Lastly, 
the measured values are shown at the start page of the 
application. Yet, it only provided numerical information 
of that specific moment. Without seeing an overview of 
the data over a longer period of time, it was impossible 
for the participant to see trends and how certain actions 
influenced the air quality over time. In addition, one could 
see additional information by clicking on the suggestion, 
like the reason why the participant should carry out that 
task and the particulate matter at that time. See figure 
12. Moreover, a shift from local to online storage in the 
web application has been made, creating the opportunity 
to keep track of the suggestions without opening the back-
end of the application. To get a deeper understanding of 
the usage of the application, a datapoint was unnoticeably  
added to the dataset every time the participant opened the 
application. 

Insights
One of the main insights was that when more context 
was provided about the measured air quality, more 
awareness the participant gained. A way to provide 
this context is explaining why a certain suggestion 
is proposed. This was already implemented in 
the application, but not directly visible together 
with the suggestion. According to the participant, 
communicating the reason why helped to motivate 
him/her to carry out the task, and should therefore 
be more present in the application. Furthermore, the 
suggestions sparked curiosity about the consequences 
the tasks would have on the air quality. The 
visualizations in the application enabled this, but were 
also not present enough. The visualization of the data 
was preferred over the numerical representation of 
the values. Additionally, the participant explained (s)
he would like to change the interval of the data shown 
and select which components of the data would be 
shown. Another finding was that the participant didn’t 
feel enough l pressure to do the tasks, especially 
when the suggestion was accepted whilst not being 
home. Lastly some of the suggestions were irrelevant. 
For example when the system suggested to open the 
window when it was already opened.
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Figure 11. Version 2 of the application.  
With the visualization.

Figure 10. Version 2 of the application. 
With prompt to rate the indoor air 
quality on a scale from 0 to 10.

Figure 9. Version 2 of the application.  
The todo’s are changed into 

suggestions.

Figure 12. Version 2 of the application.  
Showing the additional information 

which could be seen by clicking on the 
task.
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Iteration 5
This iteration is dedicated to the refinement of the 
prototype. The visualization page is placed at the starting 
page to increase perceptibility. See figure 13. By clicking 
on the visualization, the participant is able to filter the data 
depending on what (s)he wants to see. The participant can 
choose between different categories, and select the days 
of which (s)he wants to see the data. See figure 14. It is 
possible to zoom in on specific areas of the visualization 
by making a pinch or stretch gesture. The suggestions will 
now appear just below the visualization and the participant 
can choose to accept or decline suggestions. See figure 
13. When declining, a prompt will appear with the question 
“Why did you decline?”. See figure 15. This functionality 
was added to avoid any irrelevant suggestions being given 
in the future. Moreover, the researchers added a sense of 
urgency to the tasks by creating the possibility of making 
the text bold or put it at the top of the list. Furthermore, 
the time that has past since the suggestion was accepted 
was added. See figure 16. Lastly, the possibility for users 
to add suggestions was implemented. This functionality 
is especially interesting for shared households, when one 
resident feels like something should be done (by another 
resident). 

Insights
The last iteration was well received by the participant. 
A more extended overview of the data allowed for a 
better understanding of the indoor air quality. The 
participant was curious to detect certain patterns and 
causes of declines in air quality him/herself. From this 
we confirmed the importance of data visualization 
for self awareness. Using suggestions that could be 
accepted or denied allowed for the participant to play 
an active role in the system. From the interview we 
gathered that the previous conveys that the system 
trusts the participant and was he/she therefore more 
likely to accept and carry out the suggestions. Giving 
feedback about how long a task is put off allows to 
spark a sense of urgency or, at least, awareness 
regarding the time frame between the accepted 
suggestion and carrying out the suggestion. The 
participant mentioned that this served most of all as 
a reminder and motivated him/her to improve his/her 
living environment as soon as he/she could. Lastly, 
the participant considered it difficult to remind him/
herself to look at the application when at home. He/
she mentioned that he/she would like to get more 
notifications, but then controversially also expressed 
annoyance towards other applications that send 
multiple notifications. He/she proposed a scenario 
in which he/she would like to have a physical (and 
visual) extension of the application placed in the 
living room to get subtle reminders when there are 
tasks to carry out. This would be easy to incorporate 
within the concept, since the casing of the sensors 
could potentially have the additional functionality of 
showing when there was a pending task.
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Figure 15. Version 3 of the application 
which has been used by the 

participant. With prompt to give the 
reason why to decline the task.

Figure 14. Version 3 of the application 
which has been used by the 

participant. The UI which can be used 
to filter the data.

Figure 13. Version 3 of the application 
which has been used by the 

participant.

Figure 16. Version 3 of the application 
which has been used by the 

participant. On the right one could see 
the hours elapsed.
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Proposal
From all the insights gathered a more concrete design 
opportunity was able to be defined: 

Create consciousness about one’s own impact 
on air quality of one’s living environment 
through cleaning. 
 
Instead of proposing a final design concept, it was considered 
of more value to propose a series of guidelines that could 
eventually be used to create appropriate designs. 

Suggestions
Tasks should be communicated in a manner that 
does not force themselves upon the user.  

Understanding why
To allow the user to judge the situation him- or 
her self it is highly recommended to give the user 
insights to why a task is proposed.

Awareness
It is useful to give feedback about data in a visual 
manner to allow the user to understand and 
interpret the context of the systems suggestions. 

Urgency 
The sense of urgency to carry out a certain task is 
of value because to motivate users to be engaged 
and actively participate with the product.
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Discussion
The study was conducted with only 2 participants. Due to 
the relatively low number of participants, the intelligent 
ecosystem becomes more bespoke. This dataset is therefore 
not fully representative for all, but reveals opportunities 
for further research. We propose to introduce new groups 
of participants on a regular basis. This allows to zoom out 
and tackle a common problem, the system can become 
increasingly personal over time. Secondly, the different 
prototypes should each be tested for longer periods of 
time. This will definitely unravel new patterns, insights and 
eventually lead to new design opportunities.

Throughout the project the role of data changes depending on 
the different stages of the research process. Data can serve 
to gain contextual, behavioral and experiential insights, but 
also enables the researchers to use the data as creative 
design material. While this project treats the contextual and 
informed step as two separate parts, they should ideally 
follow up on each other and run simultaneously. 

The visualization of the data has the potential to be 
translated into a more insightful graph. One way to 
do this is by normalizing the values and create certain 
thresholds based on literature. In addition, the data needs 
to smoothed, this could be done by either a digital low-
pass filter or moving average. We propose to make use of a 
moving average instead of digital low-pass filter due to the 
create phase shift within the signal. 

The contextual phase has some minor flaws. An example of 
this was the fact that in the second qualitative questionnaire 
both participants were able to see each other’s answers. 
This will (unconsciously) influence the other one, resulting 
in some biased data. It was unfortunate that the partner 
of this same participant was absent during the interview, 
we think it would be beneficial for the project if we could 
interviewed both. 

The informed step asked quite some attention from all the 
design researchers. They had to monitor the data on a 
regular basis. This could have been made easier by adding 
a function which notifies the researchers when the data 
trespass a certain threshold. The design researchers could 
then discuss which step to take from there. 

The informed step stalled due to logic flaws within the 
software. The main reason is that the software needed 
to be written in such a way that it could quickly adapt or 
change. This asked a different approach from the design 
researchers. The main difference is within the fact that 
you normally write an algorithm for one specific purpose. 
But, the created function needs to be able to work with 
for example incoming strings, ints, floats, and/or booleans. 
Without, knowing exactly what you will be sending in the 
future. In the end, this worked in our benefit. The design 
explorations could be done in a fast pace without having to 
start from scratch. 

The created dashboard could have been made more intuitive. 
It started to become a victim of creeping featurism, whereby 
features are added over time. This resulted in a swish-army 
knife-like interface, which can be used by ‘experts’. We 
propose a dashboard which has a UI to control the different 
parameters, and could highlight some different elements. 
The dashboard did serve its purpose, but, aesthetically, 
leaves something to be desired. 
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