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ABSTRACT

The climate impact of our food consumption is a key issue to sus-
tainability. Yet understanding the food system and the impact it has
can be difficult given its abstract nature. In this paper, we report on
a Research through Design project aimed at designing and evaluat-
ing a data physicalization for supporting collective sense-making of
the climate impact of food. Throughout the design process, we have
explored the materiality of CO2 emissions and ways to design with
less resource use. The resulting data physicalization, Carbon Scales,
was evaluated in a three-week field study with 27 participants. Our
findings show that collective sense-making can be enabled through
interactive data physicalizations and that this can lead to carbon
literacy. We expand on a) sustainability through design by arguing
for the value of artifacts that let people stay in the interaction as this
can support collective sense-making and b) sustainability in design
by showcasing the value of designing with an interaction-first and
materials-second mindset.

CCS CONCEPTS

+ Human-centered computing — Empirical studies in HCI.

KEYWORDS

Data Physicalization; Materialization; Sense-making; Tangible Com-
puting; Literacy; Sustainability; Data

ACM Reference Format:

Martin V. A. Lindrup, Arjun Rajendran Menon, and Aksel Bigrn-Hansen.
2023. Carbon Scales: Collective Sense-making of Carbon Emissions from
Food Production through Physical Data Representation. In Designing Interac-
tive Systems Conference (DIS "23), July 10-14, 2023, Pittsburgh, PA, USA. ACM,
New York, NY, USA, 16 pages. https://doi.org/10.1145/3563657.3596043

1 INTRODUCTION

Environmental data has become a central part of understanding our
planet and promoting actions toward more sustainable lifestyles.
As many of the impacts of unsustainable lifestyles (e.g., global
temperature changes) are invisible to the naked eye, when we
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think about the environment, we think with and through data.
Representations of the concentration of carbon emissions’
atmosphere, air quality in urban spaces, and sea-levels around the
world are largely based on scientific data that is collected with a
variety of tools (e.g., sensors, meters, scales) and represented in
ways that provide insights about these phenomena.

In recent years, it has become clear that the food system of to-
day is a major contributor to carbon emissions through resource
intensive and unsustainable agriculture and production, transporta-
tion, retail, and consumption [50, 77]. However, the environmental
impact of the food system is more or less hidden for people in
their everyday lives [70]. Scholars in Human-Computer Interac-
tion (HCI) have sought, both in the food domain and in adjacent
domains such as housing and mobility, to use environmental data
to steer behavior through increasing knowledge about consump-
tion (e.g., [2, 9, 18, 19, 32, 35, 52, 61, 65, 69, 90, 100]). However, an
increase in knowledge does not necessarily influence attitude nor
behavior [57]. Research in materialization (i.e., [3, 73, 99]) have
shown how engaging people in the abstract concepts of everyday
life, for example energy or carbon emissions, has the potential of
making such concepts more meaningful and practices around them
more sustainable [73]. Additionally, research has recently, based on
advances in digital fabrications, micro-controllers, shape-changing
interfaces etc. as well as accessibility to data, advocated for the
use of data physicalizations to democratize data [15] and increase
learning from engaging with data [51]. We see that there is an
opportunity for combining materialization (of carbon emissions)
and data physicalization to engage people with the environmental
footprint of our food system and how emissions are distributed
along global value-chains as a means to support more meaningful
relations to emissions, food, and data by making these concepts
tangible and concrete.

In this paper, we describe a Research through Design (RtD) pro-
cess [101] in which we worked with sustainability through design
and sustainability in design [68]. This entailed an attempt at mak-
ing emissions from food production more meaningful to people
by materializing CO2 into Carbon Bits. The bits became part of an
interactive data physicalization titled Carbon Scales that invited
people to make sense of carbon emissions, data, and food. In the fol-
lowing, we describe our design process and report on a three-week
field study of our data physicalization with a total of 27 partici-
pants. Based on the design process and field study, we discuss our

in our

IFor the sake for readability, we use CO2/carbon emissions as an umbrella term to
encompass the major greenhouse gasses (carbon dioxide (CO2), methane (CH4), nitrous
oxide (N20), chlorofluorocarbons (CFCs), and carbon tetrachloride (CCI4)) [93].
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effort of working with sustainability in design and stress the value
of an interaction-first and materials-second mindset in design. In
addition, we outline the major contribution of our work which re-
volves around how collective sense-making can be enabled through
staying in the interaction with data physicalizations and the ways
that this can lead to carbon literacy.

2 SUSTAINABILITY IN AND THROUGH
DESIGN

Since the introduction of Sustainable Human-Computer Interaction
(SHCI) in 2007 [8], researchers have investigated various ways
of enabling sustainability in design and through design [68]. The
latter has been a key focus in the community, in particular through
explorations of eco-feedback technologies in domestic settings to
support sustainable behavior change [12, 25, 39]. However, this
strategy rests upon the premise that knowledge about sustainability
is a good descriptor for sustainable behavior, a notion that has
been rejected multiple times (e.g., [13, 25, 55, 57, 74, 88, 89, 92]).
In response to this criticism, research on sustainability through
design has expanded to include work that is informed by social
practice theory (e.g., [17, 18, 34, 59, 75, 76]), scales of action (e.g., [5,
7, 27, 36, 85]), and more-than-human perspectives [4, 26, 42, 91].
Recently, due to the increased possibility to collect and process
environmental data [77], we have also encountered work focused on
representations of environmental data that aim to make these more
meaningful to non-experts by using narratives, materialization, and
data physicalizations (e.g., [23, 64, 66, 83]).

In addition, a recent meta-review by Hansson et al. [39] calls for
more research on sustainability in design since this aspect of SHCI
to a large degree has been overlooked. Examples of sustainability
in design include reducing the carbon footprint of algorithmic
processes for online food shopping software [86] and the solar
powered website for the low-tech magazine [22] (see also [79]). A
way of working with the less prioritized concept of sustainability
in design [68] could also be through using low-carbon methods and
practices [71]. While Pasek [71] discusses analytic perspectives of
low-carbon methods and how research can be done otherwise, such
as in relation to academic air travel (e.g., offering regional hubs
for international conferences), we adopt a low-carbon approach
into design practice by drawing on the principles of renewal and
reuse as a contrast to invention and disposal which has dominated
technology development and design [8]. This can be done by not
introducing unnecessary consumption into the design process and
instead thinking in terms of reusing, up-cycling and salvaging
materials for the designed artifacts.

2.1 Materializing environmental data

Considering the above mentioned responses to critiques of SHCI,
we outline an opportunity of exploring how environmental data
can become more meaningful to collectives of non-experts through
materialization and data physicalization. Materialization has been
proposed as a possible way forward for sustainability through de-
sign based on how it can support a stronger engagement with the
environment and the various materials and practices of everyday
life [23, 73]. As Pierce and Paulos [73] argue, [...] energy engage-
ment could be a powerful way of transforming our relationships with
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energy in more meaningful and sustainable ways. In terms of materi-
alizing energy through engagement with energy devices, designers can
aim to design technologies with and through which limiting the avail-
ability of energy is not perceived of as increased effort but rather as
focal engagement.” [73, p. 121]. In their paper on energy materiality,
the idea of limiting availability does not have to lead to discomfort
or increased effort but instead make the finite nature of our natural
resources an opportunity for meaningful engagement [73]. This
is in line with recent research in HCI where we have seen a turn
toward materiality (e.g., [28, 37, 78, 95-97]). Wiberg [97, p. 5] states
that the material turn aims to articulate a combination of digital and
physical materials that has not been emphasized in tradition HCI,
shifting toward making immaterial materials tangible and interac-
tive [73]. One example of immaterial materials are carbon emissions
as they are a ‘waste’ product of energy conversion. Data on carbon
emissions and their impact has been primarily embedded in expert
systems and presented to people through data visualizations etc.
One possibility for supporting more meaningful engagements and
relations with immaterial materials is through data physicalization
which aims to present data with people using lessons learned from
the material turn.

2.2 Fostering engagement through
physicalization

Data physicalization draws on aspects from data visualization, tangi-
ble computing, data art, data design, data artifacts, data perceptual-
ization, and shape-changing displays [51]. In 1997, Ishii and Ullmer
[49] introduced the idea of physical data representations through
their work on ‘tangible bits’ — a concept that aimed to challenge the
traditional idea of graphical user interfaces by making user inter-
faces tangible. This idea of tangible user interfaces informed work
on tangible data representations (e.g., [31, 72]) with the formalized
name ‘data physicalizations’. Jansen et al. [51, p. 3230] define a data
physicalization as an artifact that encodes data through its geometry
or material properties. Several scholars argue for physicalizing data
because it supports embodied learning [15, 43, 44, 51], interactiv-
ity [15], ownership over data [15], multiple interaction modalities
simultaneously (i.e., intermodality) [15, 45, 51] as well as democ-
ratizing data [15, 44, 46], concretizing data [4, 15, 44, 45, 51], and
leveraging our diverse perception to a high degree [15, 43, 51]. Buur
et al. [15, p. 87] argue that materializing data through a data physi-
calization affords both manipulation and active engagement which
challenge the ‘objective’ look of numbers and graphs. In addi-
tion, Houben et al. [46] show that data physicalizations can bring
data into everyday settings in ways that are meaningful, creative,
and aesthetic which promotes participation in data representation
and thus makes a move toward democratizing data. Data physical-
izations can also be used to communicate information on different
levels (individual, collective etc.). For this, Sauvé et al. [83] argue
that physical data representations should support three layers of
information: personal reflection, visualization vocabulary, and a
social frame of reference.

While data physicalizations have a number of benefits when it
comes to designing for sustainability, a drawback is that some of
them require a lot of materials in construction [51]. As we touched
upon before, one of the issues of designing for sustainability is
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to also make the designed artifacts (in our case, the data physi-
calization) less resource intensive. Data physicalizations are often
comprised of LED lights, sheets of metal, plastic, or wood, wires,
actuators, computer hardware etc. to promote certain aesthetic
and functional aspects (e.g., visually pleasing, sturdy). However,
from a reuse and renewal perspective [8], acquiring high techno-
logical components for making a data representation, especially
if it is for one-time use, is problematic since it promotes unneces-
sary consumption. Again, this stresses the importance of finding
ways to design physical data representation without introducing
unnecessary consumption.

2.3 Sense-making toward carbon literacy

Sense-making is a core part of our human condition; it assumes
that humans live in a world of gaps that needs to be connected in
certain ways and it is in this process of connecting gaps between
the known and the unknown that we make sense [24]. Heidegger
[41, p. 15] reflected on how phenomena arise and disappear through
his analogy of walking on a trail in the woods: “Today I am in all
clarity at a place from which my entire previous literary output [...]
has become alien to me. Alien like a path brought to an impasse, a
path overgrown with grass and vegetation - a path which yet retains
the fact that it leads to Da-sein as temporality.” As the quote touches
upon, phenomena have directedness; they are experienced in time,
space, and through movement [41]. Working with sense-making is
less about the static and crystallized parts of our knowledge (our
known knowns [81]) and more about the step-taking toward new
understandings of a given phenomenon (our known unknowns and
unknown unknowns [81]). The central idea of sense-making is to
explore the steps that people take toward building new knowledge,
the situation they are in and what this affords for the step taking,
and outcome for the sense-making process [24]. Shotter [87] and
Weick [94] reveal sense-making as a kind of ‘creative authoring’
performed by individuals and groups, in a search for plausibility
and coherence, to construct meaning from initially puzzling or even
troubling data.

Gabriel et al. [33, p. 2], in their article on narratives in organiza-
tional discourse, state that “facts rarely speak for themselves — and
never in isolation. Narratives and stories enable us to make sense of
them, to identify their significance, and even, when they are painful
or unpleasant, to accept them and live with them.” Thus, it can be
argued that it is the narrative surrounding environmental data that
allows people to make sense of it (see also [29, 66]). Narratives have
long played a prominent role as sense-making devices. Data about
abstract and invisible phenomena such as carbon emissions are put
into perspective with narratives such as the two degree climate
change target [14, 21, 56]. Bolt and Tregidga [10] show how stories
and narratives are a means of making sense of ambiguous concepts
such as materiality in accounting. While participants struggle to
define what materiality is, they are able to tell stories about mate-
riality in action. Flgttum and Gjerstad [30] and Bushell et al. [14]
argue that strategic narratives are key to addressing the action gap
between dangerous climate change and the current status quo. In
our project, we want to investigate how sense-making and nar-
ratives around carbon emissions and food production can lead to
carbon literacy for food [40]. Hence, it is not solely the outcome
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(i.e., carbon literacy) but the process toward it (i.e., sense-making)
that is important for our research. We define carbon literacy as both
the understanding and competencies to assess and argue for how
carbon emissions are distributed [47] throughout food production
as well as which activities contribute to them.

Based on the related work, we see an opportunity for designing
for sustainability by employing the qualities that are offered by
physical data representations. Data physicalizations, embedded in
narratives, offer both tangibility and enables active engagement
that we assume can support sense-making through surprise, es-
timate/reveal, and embodied interactions. For these reasons, we
investigated how data physicalization could support sense-making
processes of food sustainability and foster carbon literacy. In the
following sections, we will describe the iterative design process
which has led to the development of our data physicalization, Car-
bon Scales, including our materialization of CO2 into Carbon Bits
and the study of it.

3 MAKING CARBON BITS AND CARBON
SCALES

Our iterative, ‘interaction-first’ design process (see section 4.1),
resulted in the creation of a data physicalization with two modules
— Carbon Bits and Carbon Scales. The data physicalization was
created through salvaging, reusing, and upcycling various materials
and components.

The Carbon Bits are tangible pieces of CO2, designed to in-
vite participants to physically feel the mass of CO2 that other-
wise is ephemeral (see figure 1b). Drawing on previous work, that
showecases the interaction and visualization possibilities of stack-
ing pieces on top of each other [6], we explored different ways
and materials to do so, until we finally hit a balance between play-
fulness and disturbance together with stackability. Our focus on
sustainability in design resulted in us making the Carbon Bits from
reclaimed metal pieces (nuts, bolts, screws etc.), thin sheets of wood,
and a binding agent to hold the metal and wood together in a form
factor that allows them to be stacked on top of each other. Two
weight varieties of the Carbon Bits were made. The heavier variant,
measuring 0.8 cm X 4 cm X 3 cm and weighing approximately 100 g
was made by sandwiching epoxy resin, mixed with metal pieces in
between thin sheets of wood. A black resin coloring pigment was
added to both hide the metal pieces and to provide an oily look and
feel, intended to evoke ideas of crude oil and pollutants, while the
wood was intended to evoke feelings of nature and organic material.
The bits were designed to be heavy for their size, so as to explicitly
draw attention to their weight. The lighter variant, measuring 0.4
cm X 4 cm X 3 cm and weighing approximately 15 g, was made by
sandwiching a 0.3 cm sheet of plywood between two thinner sheets
of wood, with wood glue. This was then painted black on the sides
to make it look similar to the other Carbon Bits. To feed into the
larger narrative around food and carbon emissions, we framed the
carbon bits as captured carbon-dioxide from the atmosphere that
had been condensed into small blocks.

Carbon Scales is made of reclaimed wood and electronics and
consist of four platforms representing the four main phases of food
production: agriculture, processing, packaging, and transport (see
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Figure 1: From left to right. The current iteration of Carbon Scales. The finished Carbon Bits. The data physicalization sat up in

alocal library as part of a public installation.

figure 1a). Each platform represents a distinct stage in the the life-
cycle of food products and thereby bringing out the narrative of
the journey of the food product from farm-to-table. The platforms
each contain a load cell which is embedded in a wooden casing
with an acrylic cover which allows for items to be stacked on top
of them. Each platform also contains a LED Strip of 8-12 LEDs
providing visual feedback. The platforms are connected to an Ar-
duino microcomputer, housed in a wooden box. The Arduino is
also connected to a reclaimed plastic button with an embedded
micro-switch. When the button is pressed, the Arduino processes
the weight on each of the platforms and provides feedback through
the LED strips in each platform using colors and the number of LED
Strips illuminated. The color of the strips indicates if the weight
placed on a platform is near a benchmark value (see figure 4) for that
platform which depends on the food product chosen. Benchmark
values are calculated based on [20] and [84]. White color indicates
the weight on the platform is close to the benchmark value (within
a +/- 5% tolerance), blue indicates that it is above the value and
orange indicates that it is below the value. The number of LEDs
in the strip that light up indicates how close the weight on the
platform is to the benchmark value. The lesser the number of LEDs
that light up, the further away from the value. Carbon Scales, thus,
allows people to weigh a food product against the carbon emissions
emitted in producing it.

4 DESIGN PROCESS AND PRINCIPLES

Our data physicalization (Carbon Scales and Carbon Bits) was cre-
ated through a Research through Design process (RtD) [101] where
we adopted an ‘interaction-first’ [97] approach. This allowed us to
design in an iterative manner that, through continuous ideation, cri-
tique, and re-framing, provided us with insights that were grounded
in reflections from the design process and prior work. This design
process was carefully documented through a research diary, im-
agery, and field notes.

From early on in the process, we were interested in unpacking
the ‘black box’ [60] of the food system (see also figure 2a), i.e. the
abstract, hidden dimensions of food consumption beyond what you
see in the grocery store. This interest in the food system, as a black

box, set us on a path toward data physicalization and explorations
of how to make the climate impact of food production more mean-
ingful and understandable to people. Throughout this work, the
design have been informed by a number of design principles and
concepts, which we describe in more detail below.

4.1 Interaction-first

In this project we have worked deliberately from an interaction-
first principle which suggests that interactions, their form, function,
meaning, and ways of presenting themselves, need to be expressed
in order for them to be explored through a material lens [97, p. 75-
76]. The basic idea was to materialize CO2 and the design challenge,
therefore, quickly became about how to do so. As with all materials,
CO2 has mass and volume. However, unlike other materials that we
encounter on a daily basis, it is both detached from our activities
as a waste product hereof and ephemeral in nature since it appears
before us only in a certain time frame — at least if experienced at
normal temperature and atmospheric pressure. Representing CO2
in both its mass and volume would result in one kg of CO2 (as a
sphere) having a diameter of 154 cm. While representing both the
volume and mass of CO2 would have certain benefits in relation to
comprehensibility of the material, it would also result in limitations
concerning space and interactivity and therefore we chose instead
to represent solely the mass of CO2. Figure 2b shows a table tennis
ball filled with pressurized air and cardboard boxes that we filled
with dense materials to give them weight. These were used early in
the design process to explore the qualities of mass and/or volume for
our materialization of CO2. In order to gain the form of interaction
that we sought, namely to impose a constraint in the interaction so
to prompt people to stay in the interaction for a prolonged period
of time, we created the bits in a size where it would be awkward to
have more than two or three in one hand at a time (each product
required approximately 20 Carbon Bits). The size of the Carbon Bits
also allowed us to embed them with weight so that they weighed
around 100g without acquiring more dense materials than what
was salvageable in the university maker space (see figure 2d).

For the aesthetics of both Carbon Bits and the Carbon Scales,
we aimed for a combination of an organic and industrial feel since
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these are two characteristics that can be attributed to CO2; a clash
between nature and culture.

4.2 Peeking into the black box

One of the main goals with the Carbon Scales was to help unpack
the carbon emissions of a product across its life cycle, in this case,
for food as there is a disconnect between public perception about
food, its origins, and carbon emissions in its life cycle [1, 54, 62].
We drew on the analogy of the food system as a black box i.e. a
system which internal complexities are obscured by its success [60]
in delivering fresh food to the cold counters. By peeking into this
black box, we aimed to unfold these opaque farm-to-table life cycle
narratives of food products and general public understandings of
such narratives. We wanted to portray environmental data about
the food system more meaningfully, through materialization and
narratives around the data [29, 53]. This was accomplished by re-
vealing the stories, processes, and efforts behind picking up e.g. a
bundle of asparagus at the supermarket and make these processes
as tangible and interactive as the food product itself. With Carbon
Scales, we intended to provoke questions not just relating to how
much CO2 different food products emit, but also how and why they
emit these specific amounts through eliciting the narrative of the
food product and its journey.

4.3 Narratives in the design process

The role of narratives was central to the design process itself. Our
cycles of iteration often centred around new expansions, edits, and
other changes in the narratives of the data physicalization. The
design focused on two main narratives. The first concerns the ability
to physically sense the carbon dioxide emitted by food products
— “What would it be like to pick up and feel the weight of the CO2
emitted by this food product, just as we feel the weight of the food
product itself?” This led us to the design explorations with mass
and volume, outlined in section 4.1. The second narrative concerns
the food system as a black box, where we explored “How did this
food product come to my hand? Where did its journey begin and how

did it progress? And how did it come to emit as much CO2 as it does?”

This narrative led to our explorations with the different platforms
of Carbon Scales.

As the data physicalization took shape, these narratives also
expanded to include those regarding the interactions possible with
Carbon Bits and Carbon Scales (more details in section 7.3). For
example, our explorations with interactions with Carbon Scales,
was guided by the narratives of - "How can we get participants to
stay engaged with the artifact (Stay in the interaction)?, How can we
encourage discussions among themselves (Social frames of reference
and referent experiences)? and How do we get participants not to treat
the artifact as a problem to be solved?"

4.4 Physicalization

A key goal with the Carbon Bits was to not only be a means to
visualize an abstract concept such as CO2 emissions but also phys-
icalize the concept in a way that participants could relate to and
engage with. In order to serve as a visualization medium, the Car-
bon Bits therefore were designed to be stackable, so as to create
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columns and piles. Additionally, our data physicalization (i.e., Car-
bon Bits and Carbon Scales) draws on three layers of information:
personal reflection, visualization vocabulary, and social frame of
reference [83] to engage people in collective sense-making around
food and emissions.

Personal reflection. Our intention was to design the data physi-
calization as a way to support personal reflection through fostering
individual (as well as collective) sense-making about the food sys-
tem as a whole; the participants’ personal dietary choices; and their
values around food and sustainability. The Carbon Bits were also
thought of as a means for personal and embodied reflection about
the connection between the abstract notion of CO2 in the atmo-
sphere and the very concrete and tangible understanding that the
Carbon Bits offered.

Visualization vocabulary. The visualization vocabulary was built
up by modeling our food system into a simplified version — Carbon
Scales. While this ‘miniature food system’ is based on generaliza-
tions and simplifications, it serves the purpose of giving people a
common understanding of the parts of the system that contribute
to the whole; thus, creating a vocabulary to talk about something
as complex as the globalized food system of today. In addition, the
Carbon Bits also sought to simplify and concretize carbon emission
data from food production by embedding this into playful and uni-
form bits that people better can grasp and interact with — echoing
the constructive visualization agenda [48].

Social frame of reference. Through supporting personal reflec-
tion and creating a visualization vocabulary, the aim was to create
a social frame of reference where people would be able to reflect on
presumptions about food and carbon emissions. For this reason, we
designed our data physicalization in such a way as to allow for mul-
tiple people to interact with it at the same time. Additionally, the
intention of creating a social frame of reference also led us consider
the context for the data physicalization. Koskinen et al. [58] outline
three main types of contexts for RtD artifacts: lab, field, showroom.
Since the aim was to enable sense-making among people in a playful
and interactive manner, we drew on the strengths of the showroom
(i.e., making Carbon Scales part of a public installation that was
inviting to people) and field context (i.e., placing it in peoples’ lived
environment to foster sense-making among peers with varying
knowledge and attitude toward sustainable food production and
consumption) when designing our data physicalization.

4.5 Designing with materials at hand

A central issue of the design process was how to design our data
physicalization without introducing unnecessary consumption. In
contrast to other interaction design projects, where designers comes
up with an idea for a design and then acquire the necessary mate-
rials, the ideas and designs generated in our design process were
shaped by the materials we had access to. This meant that the ma-
terials that we were able to salvage, reuse or upcycle determined
the course of the design process. Several components of both the
Carbon Scales and Carbon Bits, such as micro-controllers, wiring,
switches, the thermal printer, wood, LED strips, etc. were salvaged
and repurposed from earlier projects in the maker-space where
the artifacts were made. Initial prototypes of the Carbon Bits were
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Figure 2: Images taken throughout our design process. Figure 2a shows an early sketch that focused on visualizing the idea
of the food system as a black box and the journey of a product. Early explorations of interactions with CO2 as a material
using table tennis balls, boxes filled with screws and bolts, and lo-fi prototype can be seen in figure 2b and figure 2c. Figure 2d
illustrates the inside of a Carbon Bits before mounting wood on top

crafted from the materials we were able to scavenge (see figure 2b
and figure 2c). We might have had an idea that our data physicaliza-
tion should be made from specific materials or have a certain shape.
However, through scavenging for materials, this sometimes meant
that we had to go back and iterate the design to accommodate the
materials that we could find. This resulted in both opportunities
and challenges during the design process which will be discussed
in section 7.2.

5 FIELD STUDY

To investigate if and how our data physicalization supports sense-
making around the climate impact of food, we conducted an ex-
ploratory, three-week long field study. The aim was to validate
the prototype and collect initial impressions and experiences of
interacting with it. The field study was conducted in the form of a
public installation at a teaching facility around sustainability for
adolescents and young adults and at a public library as part of a
sustainability exhibition. The goal was to recruit a convenience
sample of 20-25 participants in the age-range of 18-65, with a focus
on young adults (18-35). The focus on young adults was decided
upon since they are in the initial phases of forming habits around
consumption due to leaving home, buying their first home etc. and
therefore would be an interesting group for studying sense-making
around carbon emissions of consumption.

In preparation for deployment, a pilot study was conducted with
seven participants (two 2-person groups and one 3-person group)
to gain initial insights about possible interactions and to test study
protocols. The participants were university students in the inter-
action design domain and were 20-30 years old. Based on results
from the pilot study, we iterated the prompts for the participants to
make these spark curiosity and to be more engaging (e.g., ‘We want
to challenge your understanding of food and carbon emissions!’
instead of ‘Do you want to participate in a study about people’s
understanding of food and carbon emissions?’). Additionally, we
iterated the process in which we revealed the data physicalization
for the participants. As the physicalization consists of multiple
elements, e.g. Carbon Bits, Carbon Scales, food products, introduc-
ing all of these elements at the same time was confusing for the

participants. Therefore, we chose to reveal in a step-wise manner
(first revealing Carbon Bits, then Carbon Scales and so forth) before
presenting the overall challenge for the participants. Comments
made by participants during the pilot study also resulted in refine-
ments of the interactions with Carbon Scales, including adjusting
the color feedback and adding the receipt module that would print
a receipt with information to the participants on how many tries
they used for estimation and a short story about the journey of the
food product.

Following the pilot test, we conducted the main study with par-
ticipants at the teaching facility and the library (see figure 1c) in
two northern European countries. Recruitment was done through
inviting people who approached the installation by themselves to
take part in the study or by walking around the venue and invit-
ing people to participate. Most commonly, groups of two-three
participants were recruited for each session. The study protocol
was structured as follows: First, an introductory interview was
conducted which aimed to capture the participants’ demographics,
knowledge, attitude, and behavior in relation to carbon emissions
and food. Thereafter, the participants were invited to estimate car-
bon emissions of one or more of three products using the Carbon
Bits and Carbon Scales. For this, we brought an 80g hamburger
from a fast-food restaurant, a 200g bundle of asparagus produced
in Peru, and 200g cheese sourced from regional diary production.
These food products were chosen because of their ability to spark
discussions due to the nature of their carbon footprints (their com-
monplace nature, high carbon emissions per gram of food product,
emissions not related to agriculture, equivalent emissions from
non CO2 gases, etc). During the participants’ interactions with the
prototype, the facilitator asked probing questions. Both during and
after the interactions, we also noted down observations, logged
estimates, and took pictures of interactions. After completing esti-
mations, we conducted a follow-up interview that revolved around
the participants’ experiences of interacting with the prototype in-
cluding their interaction with each other and their estimates of the
carbon emissions.
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5.1 Data collection and analysis

Throughout the field study, we collected data from multiple sources.
The interviews were audio recorded and transcribed verbatim. The
interactions among participants and with the prototype were doc-
umented with field notes and pictures. Participants’ estimates of
quantity and distribution of emissions were logged. Data analysis
was done iteratively through open coding and inductive thematic
analysis [16]. Initially, all authors coded one transcript in collabora-
tion, resulting in 34 codes. To validate the codes, two authors coded
two additional transcripts to see if the codes covered the data suffi-
ciently (20 more codes were added which resulted in 54 codes). This
initial set of codes was then refined by all authors through review-
ing their content and collapsing codes that overlapped (resulting in
a total of 38 refined codes — our coding set). With this set of codes,
all transcripts and field notes were (re-)coded (12 transcripts and
13 field note documents). To construct themes, the authors read the
coded material and discussed fitting themes. To guide this process,
we also drew on the technique for identifying themes by Ryan and
Bernard [82] including looking for repetitions, indigenous cate-
gories, differences, and metaphors. This step resulted in three main
themes with several sub-themes. The identified themes were care-
fully reiterated to make sure they are unique and help answer our
research question. In the following, we lay out our findings.

6 RESULTS

In this section we will describe the results from the thematic anal-
ysis, starting with a description of the participants to situate our
findings before presenting our three main themes: materiality of and
tangible interactions with carbon emission data; collective sense-
making about carbon emissions and food production; and how the
social interactions and interactions with the data physicalization
challenges preconceptions toward carbon literacy.

6.1 Who are the participants?

The 27 participants were a diverse group of young adults between
20 and 35 years old, with a slightly skewed distribution in gender
(W: 19, M: 11). We included one participant outside of the target
group of young adults, P5, who was a teacher that was interested in
participating. This was accounted for when analyzing the data from
G2 by comparing their statements with other groups. See table 1
for an overview of the participants.

In terms of knowledge about food and sustainability, the group
of participants displayed varying degrees of insight into the food
system and its climate impact. For instance, several groups had a
general awareness of the large impact agriculture has in terms of
CO2 emissions (G1, G3, G10-11), while other groups had specific
insights into e.g. the climate impact from production and use of
plastic packaging in food (G12). This diversity of knowledge re-
flected the participants’ interest in (food) sustainability, with many
explicitly stating that they think about it in their everyday lives
(P4, P6, P7-10, P12-15, P18-20, P24-27). Some participants were also
engaged in the question through activism (P19) or being vegan (P7).
Despite the breadth of knowledge and interest in sustainability
among the participants, a set of (false) preconceptions about the
climate impact of food production was also revealed. In particular,
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Table 1: The demographics of participants including the
group they were in and their age.

Participants Participants
Group (Age/Gender) Group (Age/Gender)
1 P1 (23M), P2 (35F), Gy | P13(230), P14 (22F),
P3 (22F) P15 (23M)
G2 P4 (22M), P5 (51F) Gs | P16 (25F), P17 (23F)
P6 (20M) P18 (25F), P19 (24F),
G3 69 P20 (30F)
P7 (22F), P8 (21F) P21 (28M), P22
G4 G101\ g1m), P23 (22M)
P9 (24F), P10 (24F) P24 (22F), P25 (23F),
G5 Gl P26 (23F)
Ge | P11(4P).P12(22F) | ., P27 (22M)

participants repeatedly claimed that transportation had a large car-
bon footprint across all food products, with it being described as
‘bad’ (P11-12, P17). However, the fact that asparagus had a large
carbon footprint from transport was in certain cases met with sur-
prise (P12), indicating possible underlying preconceptions around
the climate impact of vegetables in particular. In addition, several
participants believed that water consumption from producing e.g.
asparagus led to large amount of carbon emissions in agriculture
(P10, P12, P16-17, P20, P24-26).

6.2 Materiality and tangible data interactions

A large theme from our data revolve around the qualities of our data
physicalization, mainly the tangible interactions with data, how
materialization of carbon emissions makes abstract notions more
concrete, and how the data physicalization conveyed information
to participants.

6.2.1 Sense-making through tangibility. One of the benefits of the
physicalization was that the tangibility supported sense-making.
P16 expressed that ‘I feel that it becomes very... Having the asparagus
in the one hand and then this [Carbon Bit] in the other. It gives a whole
different understanding of food production” (P16). As the participant
touched upon, being able to physically pick up the food product and
the Carbon Bits and weighing them up against each other provided
a rich understanding of the food system due to the embodied and
tangible qualities of the data physicalization. This was also stated
by the participants in G9.

Participant 18: It has a very large impact to make it so
visual.

Participant 19: Yes it is so visual!

Participant 18: And this thing with getting the blocks
into your hands...

Participant 19: It is both your visual senses and your
motor skills that are in play. You get, in some sort of
way, this climate consciousness into your bodily senses
and under your skin in another way than I am used to.
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The participants made clear that the combination of multiple
modalities in the sense-making process with the data physicaliza-
tion helped them relate to the emissions of the food system at large
and their own impact on the food system.

Another aspect of this richer understanding was the playfulness
of the materials, especially the Carbon Bits: “My desire for stacking
blocks is activated by this. That is for sure.” (P21). Also, P17 men-
tioned that if it had been a more passive way of displaying the
carbon emission data, e.g. using an infographic, then the partic-
ipant would have acknowledged the information but not letting
it crystallize, “Yeah well then [if presented with information in a
passive manner] I would probably just have been like... yes yes that
is super but not actually taking it in. But in this way it was possible
to really see the differences in a physical manner and that was very
like... Okay... WOW!” (P17). Physicalizing data also resulted in sizes
and volumes becoming more visible and comprehensible for the
participants, which to a large degree supported their sense-making
processes as expressed by P16 ‘T think... right now when we are
standing here and weighing and measuring it becomes much more
comprehensible.” (P16). This aspect of interacting with the data phys-
icalization, how the tangible interactions with the materialization
of CO2 made emissions more comprehensible and concrete, will be
unfolded more in the following section.

6.2.2 Materializing CO2: Making the abstract concrete. The par-
ticipants mentioned that the data physicalization made abstract
notions more concrete. For our participants, carbon emissions and
food production are two very abstract concepts both when sep-
arated and even more when combined. Prior to interacting with
the data physicalization, we asked the participants whether carbon
emissions of food production is something that they are familiar
with and that they have a frame of reference for, P25 said “No. No
idea what so ever. I think that it is this thing with kilo of CO2. 1 am not
sure what it means.” (P25). Additionally, in a dialog between P18 and
P19, P18 expressed that “The connection between the weight and CO2
is very abstract because it is something that exists out in the atmo-
sphere somewhere. It is abstract things we are talking about...” (P18).
P19 followed up with saying “Yes. It is also because of the fact that it
is something that you read and talk about and something that you
consider in the supermarket...” (P19) and P18 interjected .. When
you are in the supermarket and you just see a number for carbon
emissions or a statement on a product that just says ‘CO2 emissions
for this product are low’ then you do not really know what it means.
Instead, when it is possible to compare between different things as we
could with this, it all of a sudden becomes more concrete.” (P18). As
the participants touch upon, the experience with estimating the
emissions of a food product made an otherwise very abstract notion
of CO2 into a concrete and relatable notion. In group 11, P25 also
mentioned this aspect of fostering a relation to the emissions, ‘T
think it is a very good visual element [with the Carbon Bits] since
the idea of kilos and grams of COZ2... you have no relation to that.
It becomes easier when you are able to move the blocks around so
that you can see and, ESPECIALLY, feel how many there are [...] and,
adding atop of that, it gives a strong impression that you have to place
them around yourself.” (P25). In this quote, P25 not only states that
the Carbon Bits, and the data physicalization that they are part of,
have an inherent ability to foster a relation to the abstract notion of
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CO2 emissions, also the fact that the participant had to move them
around themselves made a strong impact. This idea of moving CO2
around and staying in the interaction was one that was deliberately
embedded into the Carbon Bits through the materialization process
by making them a size that makes it difficult to move more than
two at a time. The participant ends with saying, ‘T really feel that
I can remember it better when I now have been part of this. As op-
posed to if I just saw some kind of poster or pie chart or something.”
(P25). P6 also touched upon the impact of the physicality of the
interaction by saying “Well they are much more. They have much
more bigger.... like WOW. Triple impact for me than just a diagram
because if you can feel weight you can touch something that is more...
closer to our everyday.” (P6). As the participant said, the tangibility
and intermodality [51] (i.e., simultaneously seeing and feeling CO2)
had a large impact on his way of understanding CO2 emissions.

6.2.3  Need for relational information. Even though the interaction
with the data physicalization helped the participants with mak-
ing the abstract notions of CO2 in the atmosphere and as a waste
product of energy consuming activities more concrete, some par-
ticipants (P14, P20-22) explicitly stated that they found it hard to
understand the impact of e.g. 1.6 kg worth of Carbon Bits on the
agriculture platform without having something to compare it with.
During their interactions with Carbon Scales, G10 discussed how
much 800 grams of CO2 actually is:

Participant 21: So we have 200g on each platform. That
is a total of 800g. For one package of cheese? That does
not tell me anything. I have no idea.

Participant 22: No it is a bit difficult...

Participant 21: I do not know what 800g of CO2 even
means.

Interviewer: Whether it is a little or a lot?
Participant 21: Yes. If it is corresponding to an annual
account of CO2 or something like that?

Additionally, P22 expressed, a bit later in the study, that, ‘T would
have liked some kind of comparison beyond the weight... for example
it would be interesting to know how much [CO2] a tree absorbs in a
year.” (P22). This last comment from P22 sheds light on possible use
cases for the tangible bits that will be discussed in section 7.3. The
need for relational information was also touched upon by P20 ‘T
need some kind of frame of reference to other products... That, for ex-
ample, lamb is twice as much as chicken or something.” (P20). While
the physical data representation provided an understanding of the
material aspects of CO2 as an immaterial material [73], it did not
communicate relational information between different food prod-
ucts which literature has shown is important for comprehension of
environmental data [63].

6.3 Collective sense-making and negotiations
around environmental data

The social aspect of the data physicalization was interesting because
it fostered situations of negotiating knowledge of CO2 emissions
and collective sense-making between the participants. In our study,
we invited groups of 2-3 people but also individual participants
to gain an understanding of the differences between how people
negotiate and make sense of CO2 emissions when in groups and
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individually. While the one person groups (i.e., G3, G12) mostly
had a problem-solving mindset (see section 6.3.2) — they sought to
solve the data physicalization by placing the Carbon Bits on the
correct platforms in the most efficient manner — the 2-3 person
groups used different strategies, especially for the first estimation,
that we will touch upon in the following.

6.3.1 Negotiating emissions. As the participants were not sure
about both the distribution and the amount of CO2 emitted in pro-
duction of one of the three food products we brought, they engaged
in collective sense-making processes where they negotiated their
understandings of emissions and food production with each other.
One of the issues that the majority of groups (G1-4, G8-10, G12)
discussed was the impact of transport for various food products,
especially for the asparagus where the three participants in G1
(P1-3) discussed whether asparagus are transported with flight or
ship “And transport... There has to be some transport.” (P2) “well that
is not bad if they are transported with cargo ship to here...” (P1) and P2
responding “You think they are transported by ship? I am quite sure
that they are flown here... or?” (P2). This example shows the kind
of collective sense-making that happens between the participants
when trying to reach a common understanding of the emissions
for a food product.

Another example of the sense-making that took place during
the interactions was between P16 and P17 from G8. Regarding
transportation and packaging of the hamburger, P17 mentioned
that “Well it is only paper that is used for wrapping the burger. If we
compare it to the cheese, it does not have a lot of packaging.” (P17)
and P16 answered “But that depends on the scope of the emissions...
because the patties for the hamburger probably also come in packag-
ing.” (P16), “Oh yes. But does that not go under transport?” (P17). In
this dialogue, we can see the complexities of communicating CO2
emissions unfolding themselves in the interactions between the par-
ticipants but also how they are reasoning back and forth toward a
common understanding. A sense-making process that was enabled
by the data physicalization and the format in which the participants
work together on a shared goal. This form of reasoning also played
out when placing Carbon Bits where the participants engaged in
negotiations about estimates. A discussion in G11 shows an exam-
ple of how the participants negotiated their estimates among each
other:

Participant 26: I had probably just put three more bits
on it.

Participant 24: Then let us put two of the heavy ones
over here [pointing at agriculture platform]. And just a
little more on packaging?

Participant 26: I do not think that will do. But should
we just try like you proposed? [P26 puts two blocks on
agriculture] And then I would place one of the light ones
here [P26 points at packaging].

Participant 24: Okay. But do you think it is enough?
Participant 26: I am not sure. Let’s try and see!

From the quote, we want to showcase the delicacy of the esti-
mation process. When in groups of two and three, the participants
spent a large amount of time on negotiating between each other
about their estimates to make sure that everyone had a say. If the
participants experienced disagreements, they also brought forth
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their individual understandings of the emissions connected to the
food product in order to solve disagreements, as the following
negotiations between the participants in G7 show:

Participant 15: Oh yes. Everything is probably packed
in boxes and plastic wrappings during transport
Participant 13: Yes.

Participant 15: That is true. There is probably a lot of
transport involved in producing them.

Participant 14: Yes. There are a lot of parts, beef patties,
the buns, some lettuce and such that all needs to be
packed until it reaches the processing facilities.
Participant 13: But still I think that it is those [points at
processing and agriculture platforms]... I actually think
those are the worst.

Participant 14: My immediate thought is agriculture
but it might actually be worse in processing.
Participant 13: You think?

Participant 14: Yes. Think of the buns... They are almost
plastic-like! [places a Carbon Bit on each platform].
Participant 15: I'm thinking... My immediate intuition
is to make these two platforms [points at processing and
transport] the heaviest. I do not think packaging is so
bad because it is probably packaged in bulks.

The above discussions highlight the negotiations that comes into
play when participants were engaging in estimating CO2 emissions
in a social environment. Although all the participants had some
knowledge about CO2 emissions from food production, the data
physicalization put this knowledge to the test as they found out that
their individual understandings had to be compromised in various
ways.

6.3.2  Shifting modes of interaction. One aspect that became evident
after multiple participants had interacted with the data physicaliza-
tion was the shift in their mode of interacting with it. First, they
were very cautious and spent a lot of time talking about their differ-
ent understandings of the emissions connected to the product. This
was captured in numerous field notes e.g. “They started out being
very quiet and careful.” (G10), “They were, as the group before, also
quite quiet and careful” (G11), “The participants seemed cautious in
the beginning. They did not touch the CO2 bits until I prompted them
to. After I did they started weighing them in their hands and playing
around with them. They quickly realized that the bits have different
weights and were, again, a bit cautious about using them to estimate
with.” (G4), and “They spend a long time discussing what they think
the emissions for the hamburger are before even placing any of the
bits on the platform.” (G2). When the participants pressed the button
that showed how their estimates compared to benchmark values
for the first time, we observed a significant shift in their mode of
interacting with the data physicalization and among each other.
From having a sense-making approach to the task where they were
i.e. discussing the emissions, feeling the Carbon Bits, gaining a
shared understanding through their negotiations, the participants
showed a spontaneous spark of competence that was both visible
in their discussions and in their body language (e.g., figure 3).
This shift in mode of interaction manifested itself in the partic-
ipants leaning into the physicalization and vividly talking about
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Figure 3: In the beginning, we observed that participants had a closed body language (left image); however, during interactions
with each other and the data physicalization, this shifted to a very open, skillful, and curious body language (right image).

their understandings of the emissions (more details on this in sec-
tion 6.4.2). We saw that multiple participants picked up and moved
Carbon Bits in parallel and showed a large engagement in trying to
make sense of the data physicalization. Participants started using
words that can be interpreted as if they perceived Carbon Scales as
a game — much different than before they pushed the button. While
placing another bit on an already large tower of Carbon Bits, P6
and P21 mentioned that “Now I am playing Jenga come on” (P6) and
“Now we are just playing with toy bricks. Put on three more! [P21 places
three bits on the agriculture platform].” (P21). The first estimation
that each group made took approximately 10 minutes but thereafter,
each additional estimation took only 5-30 seconds. It clearly reveals
a change in their perception and relations to the CO2 emissions;
from careful sense-making to a competent form of problem solving.
The change in their mode of interaction also shined through for
the groups that picked multiple products. Here, the participants
negotiated from an informed position and placed Carbon Bits in
a confident manner. Although the products had different charac-
teristics i.e. processed beef and wheat (hamburger), dairy (sliced
cheese), and vegetables (asparagus), the participants were also able
to transfer their knowledge about one product or product group
to another. This form of literacy building was evident in all groups
and from the looks of it, it might have been triggered through their
sense-making with each other, supported by the tangibility of data
physicalization.

6.4 Impact of interactions

This last theme builds upon the earlier ones by unfolding the im-
pacts of collective sense-making through interacting with our data
physicalization both in terms of how the data physicalization chal-
lenged preconceptions and supported CO2 literacy for food. During
the participants’ interactions, we logged the estimates that they
made for each product. Especially, the first estimation that each
group made was interesting as it showed their immediate under-
standing of CO2 emissions for the specific product. Figure 4 indi-
cates how participants tend to reason when asked to estimate the
carbon emissions of various stages of the life-cycle of their chosen
food product.

From an interaction perspective, participants tended to start by
placing one or two heavier Carbon Bits (corresponding to ~100-200g
of CO2 emissions) on the platforms. In general, they overestimated
(by a lot) the emissions associated with processing for all three food
products. Participants also underestimated the emissions associated
with agriculture for cheese and hamburgers and overestimated that
of asparagus. They also underestimated emissions associated with
long distance transport of food products such as asparagus (from
Peru to Northern Europe). In the following, we will unfold the
participants’ reactions to the revealed differences between estimates
and benchmark values.

6.4.1 Challenging preconceptions. The participants’ immediate re-
action after finishing the estimations was one of both surprise and
disgust. After seeing the amount and the distribution of the Carbon
Bits for a bundle of asparagus flown in from another continent,
P18 and P20 reacted by saying “You are kidding me right?!” (P18)
and “Do not buy it! Sorry, but that has to be the conclusion.” (P20). In
addition, the participants in G7 were surprised by the amount of
CO2 emissions that come from agriculture when producing a ham-
burger ‘T am really baffled that so much goes into agriculture. There
is only such a small beef patty in there!” (P14). Here, the weight of
the Carbon Bits supported the participants in making sense of the
food product and the emissions as exemplified by the participants
from G8:

Participant 16: Wow that is a lot!

Interviewer: You can try and take the bits up and feel
how much it is.

Participant 17: It is so heavy! Wow.. Has this small thing
[bundle of asparagus] really emitted so much?

From the quote, it can be seen that not only the visual impression
from seeing the large stack of Carbon Bits made an impact on the
participants. Also, the embodied relation that the participants got
from the weight of the bits made an impact on their sense-making
processes toward gaining an understanding of CO2 and food.

It became very visible, through participants’ interactions with
the data physicalization, that their preconceptions of food and CO2
emissions were challenged, “Well at first I thought that I knew more
about this than the average but then... now when I see the amount I
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Figure 4: The first estimaties of participants and the differences from benchmark CO2 emissions values for chosen food
products (asparagus, cheese, and hamburger) in agriculture, processing, packaging, and transport. The numbers on the side of
each entry indicate by how much the group overestimated (blue) / underestimated (orange) the value. Estimates from G1-2

were not captured due to technical difficulties.

am just feeling a little bit, not stupid, but surprised.” (P6). Similarly,
P4 expressed that T knew that it is a lot of emissions that come from
food production. But THIS much? I had no clue.” (P4). While the
participants had some prior knowledge about the impact of food
production on the climate, it became apparent after the interactions
that the data physicalization challenged this prior knowledge in a
way that fostered a surprise effect in the participants.

6.4.2  Building carbon food literacy. We observed how carbon liter-
acy manifested itself in both the interactions with the data physical-
ization and the participants’ discussions around the data. The field
notes from G2 outline an example of the transformation that hap-
pened during their interactions “7...] their stance changed completely
from standing up right to leaning into the prototype and interacting a
lot with both the bits and the platforms. They started pointing at the
platforms to make their arguments and placing bits simultaneously on
the weights. There seemed to be some kind of skill-acquisition happen-
ing after they realized how their initial estimation looked compared
to the benchmarks and this engaged them to make sense of what these
emissions are about - it was an interesting transformation to watch.
It also made them use the bits in a skillful way - using them not only
as weights but as things to talk with.” (G2). This transformation
was also visible in G4 where P7 and P8 discussed the impact of
having tried estimating one product and then another one after that

(although the products were in different product groups). P7 men-
tioned that “[...] it really helped to have tried the hamburger before
on the understanding of the differences between products” (P7) and P8
answered “Yes. It makes you develop a whole different mindset.” (P8).
The tangible interactions with the Carbon Bits and the development
of a shared frame of reference through collective sense-making was
mentioned by the participants as having a particular impact on
the transformation of their understanding of the food system at
large and the CO2 emissions that are emitted through the different
processes of a product’s life cycle.

7 DISCUSSION

Throughout this paper, we have investigated how physicalizing
data can support collective sense-making of the carbon emissions
from food production; attempting to combine both sustainability in
and through design in our process. In this section, we reflect upon
our work and outline possible future directions.

7.1 Sustainability through design

Our work presents an empirical account of how to design for collec-
tive sense-making through the use of physical data representations
and materialization of carbon emission data. In our design process,
we have drawn extensively on data physicalization literature, both
in general and specifically in relation to sustainability. While data
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physicalization has opportunities for leveraging our perceptual ex-
ploration skills such as active perception and non-visual senses [51],
we also show that it is beneficial for leveraging our embodied per-
ceptions. This is particularly relevant in our case where the goal
has been to support stronger relations and engagement with an
immaterial material, CO2.

Our data physicalization aimed to embed the three layers of
information that is outlined by Sauvé et al. [83]: personal reflection,
visualization vocabulary, and social frame of reference. Personal
reflection was made possible by the nature of the data physical-
ization which triggered the participants to reflect upon their own
knowledge about emissions in the food system. The visualization
vocabulary was established through the simplification of food pro-
duction processes where we condensed all the processes into four
main steps i.e. agriculture, processing, packaging, and transport.
The social frame of reference can be seen in both the inclusion of
multiple participants at once and using Carbon Bits and Carbon
Scales to frame the participants’ actions and vocabulary. Although
we complied with design literature on layers of information in a
data physicalization, we experienced that one aspect was missing
in the interactions; namely, how the information can be seen in
relation to other kinds of activities or processes such as how much
CO2 a tree can absorb in a year (see section 6.2.3). This finding
points to a possible extension of the three layers of information for
data physicalizations Sauvé et al. [83] by emphasizing the need for
relational information on sustainability matters.

We designed Carbon Bits to serve the purpose of making abstract
notions of emissions in our atmosphere very concrete through the
addition of weight to convey tangible and embodied understand-
ings of emissions. The Carbon Bits were also intended to manifest
connotations of crude oil and fossil fuels and at the same time be
stackable to make manipulations possible (i.e., [6]). The addition
of weight and narratives around what the Carbon Bits represent
enabled us to foster embodied experiences of carbon emissions
in food production. Combining design principles from data physi-
calization and materialization supported our endeavor of inviting
people to tangibly and concretely make sense of otherwise imma-
terial material of our everyday; thus, expanding on previous work
on attunement through materialization by stressing the impact of
data physicalization in this endeavor [73]. We here highlight an
opportunity, especially in SHCI research on environmental data, to
draw on the strengths of data physicalization and materialization
to foster relations with immaterial materials such as CO2; shifting
from environmental data as matters of fact to matters of concern
through critical engagement [23]. Environmental data on e.g. global
temperatures, CO2 emissions, sea-level rises are often represent-
ing immaterial materials or events. Expanding on the constructive
visualization paradigm [48], we want to highlight the benefits of
bringing two concepts together, data physicalization and material-
ization, for designers of environmental data interactions that needs
be tangible and comprehensible for non-experts.

Jansen et al. [51] state that interactivity, in the form of physical
manipulation, is key for fostering learning which they base on the
embodied cognition thesis [11]. The interactivity of our data physi-
calization, manifested mainly in the Carbon Bits and the interplay
with the Carbon Bits and Carbon Scales, was perceived by partici-
pants as to make their interactions with our data physicalization
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meaningful (see section 6.2). Previous data physicalizations have
been mostly passive in their nature (e.g. [83, 98]), inviting people to
glance at them, touch them etc. but not necessarily make changes to
them. Throughout our design process, we have had a strong focus
on interactivity for our data physicalization as a way of having
people stay in the interactions with carbon emissions as this is a
central part of sense-making; to stay with the data and grapple with
it.

In his book on sense making, Weick answers the question °...
how does action become coordinated in the world of multiple re-
alities?’, by stating that people share a ‘referent’, a common expe-
rience, about which they may infer different meanings but which
continues to tie those understandings together [94]. Through our
empirical work, we demonstrate that the Carbon Bits and Car-
bon Scales, along with the narratives surrounding them, can form
a scaffolding around which such referent experiences can be or-
ganized, to achieve collective sense-making about environmental
data [94]. Although such sense-making does not ‘solve the problem
of unsustainable food production’ which previous, more techno-
centric, approaches to SHCI design might have sought [13], it makes
meaningful engagement with sustainability issues possible and em-
phasizes a move toward an ethics of sustainability that engages
with issues beyond our moral responsibilities as individuals to act
— echoing the arguments from SHCI litterature [73, 80]. Although
we were not able to quantitatively measure the effect from inter-
acting with the prototype, our findings provide a rich account of
experiential outcomes and reflections at the moment of interaction.
A future step for this line of research could be to more thoroughly
investigate how collective sense-making contributes to CO2 literacy
both on the short and long term.

7.2 Sustainability in design

The tendency of the so-called invention and disposal paradigm [8]
and irresponsible material acquisition for design artifacts is trou-
blesome. Drawing on Mankoff et al. [68]’s concept of sustainability
in design, we did an attempt to not introduce unnecessary con-
sumption into our design process through reusing, upcycling, and
salvaging a number of materials as a way of exploring how this can
change the approach of designing physical data artifacts. Before
proceeding, we need to stress a central limitation of our work with
sustainability in design. We are privileged researchers situated in a
well-funded university in a metropolitan city in northern Europe.
This has had a large impact on the kinds of materials that we were
able to salvage since we had access to well-equipped maker-spaces,
design-studios etc. Our approach with not introducing unnecessary
consumption in the design process would probably look completely
different in a context where the invention and disposal mindset is
not as dominant and high quality materials such as micro comput-
ers, wires, metal bolts and screws are not scrapped or not possible to
source at all. Besides this limitation, we did an attempt at working
with sustainability in design and want to encourage this way of
doing interaction design work. While this way of designing was
uncomfortable and impacted the visual appeal of the data physical-
ization, we can also point out several strengths with this approach
to design work; especially, in the combination with material-centred
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design [97]. A central design principle of material-centred interac-
tion design is ‘interaction-first’ which aims to have the designer
reflect upon what kind of interactions should be for a given de-
sign [97]. In our project, the materials that we could salvage shaped
the possible interactions. A traditional design project might involve
making a blueprint for an artifact and then acquire the needed ma-
terials after — this process was largely turned around in our project.
We started with a conceptual idea of our data physicalization. How-
ever, through the search for materials to reuse, upcycle, or salvage
for the design, we found that the materials to a large degree led our
design process. The materials (wooden pieces, screws to add weight
etc.) were the deciding factors for the specifics of our design. The
design process itself became a collective sense-making process that
involved the authors locating, gathering, and repairing/upcycling
scrap materials at the university maker-space and at maker-spaces
in and around the city. So while we had an interaction-first mindset
when looking for materials to represent carbon emissions, we had a
materials-second mindset since these shaped our process in several
ways. This interaction-first and materials-second mindset can very
well support designers in creating more meaningful relations to
the materials they use when designing and at the same time steer
away from the dominant invention and disposal paradigm [8].

An aspect of our approach to sustainability in design that is open
to criticism is our use of epoxy resin in the Carbon Bits. Our con-
siderations in relation to the use of epoxy resin was that it allowed
us to make the bits uniform and sturdy for future use; however, the
material can also be seen as highly unsustainable due to the fact that
it is made of plastic and is very difficult to separate again. This com-
promise shows the kinds of tensions that can happen when trying
to balance convenience, sustainable consumption, and functionality
in the design process. We had the possibility to use, for example,
plant resin; however, this was deemed inconvenient to salvage and
also to interact with. In addition, advances in 3D printing with food
waste [38], in particular coffee grounds, could also inform future
work sustainability in design for data physicalizations. On the topic
of food waste, we do acknowledge that there is a certain irony in
purchasing high emission food products (for the field study) to
spark new discussions on the topic. We attempted to keep these
purchases to a minimum and prepared meals using the food prod-
ucts after the study was completed. Our work with sustainability in
design, hence, is not flawless. That said, we want to highlight this
issue and spark conversations in the design community about how
we can move toward sustainability in design of interactive systems
as this has been largely overlooked by the SHCI community in the
past [39].

7.3 The multi-purpose of Carbon Bits

As our findings suggest, Carbon Scales is only one possible use case
for the Carbon Bits. While this prototype has been beneficial for
making sense of how emissions are distributed as a way of "unblack-
boxing’ parts of our food system, it does not relate the information
to other activities that produce or consume carbon dioxide. This
was deemed to be out of the scope of this iteration; however, we
can see how the Carbon Bits can be vehicles for communicating
such information in a playful and tangible manner. This materi-
alization of carbon emissions, our Carbon Bits, are not bound to
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Carbon Scales. They can be used in a variety of different ways to
communicate carbon emissions in tangible, interactive, and com-
prehensive ways to non-experts. An example that was suggested
during our design process was to make use of crank-powered inter-
actions [67] to connect the effort it takes to produce a food product
in the various processes of agriculture, transport etc. to our bod-
ily effort through a prototype that invites people to try and make
Carbon Bits by hand cranking. The embodied experience of carbon
emission data could foster the kind of attunement to climate issues
which SHCI has called for [4, 73] and, further, mark a move away
from solely creating data interactions that accommodate to our
cognitive knowledge.

Through the use of data narratives [29] such as introducing
the Carbon Bits as ‘captured carbon-dioxide from the atmosphere
that is condensed into small blocks’, we both intended to bring
forth this aspect of embodiment and at the same time make the
material, carbon emissions, more concrete as we also mentioned
above. The ability to change the narratives surrounding both the
Carbon Bits and the Carbon Scales enhances their versatility and
multi-purposed nature. For example, positing a Carbon Bit as the
amount of carbon dioxide a mature tree can absorb in X days (see
section 6.2.3), can open up for new opportunities of engagement.

8 CONCLUSION

Comprehending the food system and the impact it has can be dif-
ficult given its abstract nature. In this paper, we have presented a
Research through Design process in which we have investigated
how physicalizing data can support collective sense-making of car-
bon emissions generated by the global food system; attempting
to combine both sustainability in and through design in our pro-
cess. The focus on sustainability through and in design of a data
physicalization that aims at fostering collective sense-making led
us to explore the materiality of CO2 emissions and ways to design
through less resource use. Our findings show that collective sense-
making can be enabled through interactive data physicalizations
and that this can support carbon literacy. However, more research
is needed to be able to measure the specific effects on carbon liter-
acy both on short and long term. Based on the Research through
Design process, we expand on a) sustainability through design by
arguing for the value of physical data representations and artifacts
that let people stay in the interactions as this can support collective
sense-making, and b) sustainability in design by showcasing the
value of designing with an interaction-first and materials-second
mindset.

9 ACKNOWLEDGMENTS

This research was partly funded by a grant from the Swedish Energy
Agency (Energimyndigheten), grant number 48099-1. We would
like to thank Rob Comber and Bjorn Hedin for their input and
feedback on the initial drafts of the paper, as well as the reviewers
for their suggestions.

REFERENCES

[1] Beth Armstrong, Gemma Bridge, Libby Oakden, Christian Reynolds,
Changqiong Wang, Luca A Panzone, Ximena Schmidt Rivera, Astrid Kause,
Charles Ffoulkes, Coleman Krawczyk, Grant Miller, and Stephen Serjeant. 2020.
Piloting Citizen Science Methods to Measure Perceptions of Carbon Footprint



DIS ’23, July 10-14, 2023, Pittsburgh, PA, USA

=

(3

[4

[

[10

(11]

[12

(13

[14

(15]

[16

(17

[18

[19

[20

[21

and Energy Content of Food. Frontiers in Sustainable Food Systems 4 (2020).
https://doi.org/10.3389/fsufs.2020.00120

Ernesto Arroyo, Leonardo Bonanni, and Ted Selker. 2005. Waterbot: Exploring
Feedback and Persuasive Techniques at the Sink. In Proceedings of the SIGCHI
Conference on Human Factors in Computing Systems. ACM, New York, NY, USA,
631-639. https://doi.org/10.1145/1054972

Thorhildur Asgeirsdottir and Rob Comber. 2023. Making Energy Matter: Soma
Design for Ethical Relations in Energy Systems. In Proceedings of the 2023 CHI
Conference on Human Factors in Computing Systems. ACM, Hamburg, Germany,
1-14. https://doi.org/10.1145/3544548.3581160

Heidi R. Biggs and Audrey Desjardins. 2020. High Water Pants: Designing
Embodied Environmental Speculation. In Conference on Human Factors in Com-
puting Systems - Proceedings. ACM, Honolulu, HI, US, 1-13.

Aksel Biorn-Hansen and Maria Hakansson. 2018. Building Momentum: Scal-
ing up Change in Community Organizations. In Proceedings of the 2018 CHI
Conference on Human Factors in Computing Systems (Montreal QC, Canada)
(CHI ’18). Association for Computing Machinery, New York, NY, USA, 1-13.
https://doi.org/10.1145/3173574.3173984

Aksel Biorn-Hansen, Martin Lindrup, Elina Eriksson, Daniel Pargman, and Jarmo
Laaksolahti. 2023. Invitation to action: physicalisation and materialisation of
CO2 emissions to engage people with environmental data. (2023). Unpublished
manuscript.

Jon Bird and Yvonne Rogers. 2010. The Pulse of Tidy Street: Measuring and
Publicly Displaying Domestic Electricity Consumption. In Workshop on Energy
Awareness and Conservation through Pervasive Applications. Pervasive Lab, UK,
1-6.

Eli Blevis. 2007. Sustainable Interaction Design : Invention & Disposal , Renewal
& Reuse. In CHI 2007 Proceedings ¢ Design Theory. ACM, San Jose, CA, USA,
503-512.

Ulrica Bohne, Jorge Luis Zapico, and Cecilia Katzeff. 2015. The EcoPanel -
designing for reflection on greener grocery shopping practices. In Proceedings of
Enviroinfo and ICT for Sustainability 2015. Atlantis Press, Copenhagen, Denmark,
221-228. https://doi.org/10.2991/ict4s-env-15.2015.26

Rebecca Bolt and Helen Tregidga. 2022. “Materiality is...”: Sensemaking and
sensegiving through storytelling. Accounting, Auditing & Accountability Journal
(2022).

Anna M. Borghi and Felice Cimatti. 2010. Embodied cognition and beyond:
Acting and sensing the body. Neuropsychologia 48, 3 (feb 2010), 763-773. https:
//doi.org/10.1016/]. NEUROPSYCHOLOGIA.2009.10.029

Christina Bremer, Bran Knowles, and Adrian Friday. 2022. Have We Taken
On Too Much?: A Critical Review of the Sustainable HCI Landscape. In CHI
Conference on Human Factors in Computing Systems, Vol. 11. ACM, New York,
NY, USA, 1-11. https://doi.org/10.1145/3491102.3517609

Hronn Brynjarsdottir, Maria Hakansson, James Pierce, Eric P.S. Baumer, Carl
DiSalvo, and Phoebe Sengers. 2012. Sustainably unpersuaded: How persuasion
narrows our vision of sustainability. In Conference on Human Factors in Com-
puting Systems - Proceedings. ACM Press, New York, New York, USA, 947-956.
Simon Bushell, Geraldine Satre Buisson, Mark Workman, and Thomas Colley.
2017. Strategic narratives in climate change: Towards a unifying narrative to
address the action gap on climate change. Energy Research & Social Science 28
(2017), 39-49.

Jacob Buur, Sara S. Mosleh, and Christina Fyhn. 2018. Physicalizations of Big
Data in Ethnographic Context. In Ethnographic Praxis in Industry Conference
Proceedings. John Wiley & Sons, Ltd, 86-103. https://doi.org/10.1111/1559-
8918.2018.01198

Victoria Clarke, Virginia Braun, and Nikki Hayfield. 2015. Thematic Analy-
sis. In Qualitative Psychology: A Practical Guide to Research Methods (3rd ed.),
Jonathan A. Smith (Ed.). SAGE, Los Angeles, Chapter 10, 222-248.

Adrian K Clear, Sam Mitchell Finnigan, Patrick Olivier, and Rob Comber. 2017.
"I'd Want to Burn the Data or at Least Nobble the Numbers": Towards Data-
mediated Building Management for Comfort and Energy Use. In Proceedings of
the 2017 ACM Conference on Computer Supported Cooperative Work and Social
Computing. ACM, Portland, OR, USA, 2448-2461.

Adrian K. Clear, Mike Hazas, Janine Morley, Adrian Friday, and Oliver Bates.
2013. Domestic food and sustainable design: A study of university student
cooking and its impacts. In Conference on Human Factors in Computing Systems
- Proceedings. ACM Press, New York, New York, USA, 2447-2456. https://doi.
org/10.1145/2470654.2481339

Rob Comber, Eva Ganglbauer, Jaz Hee Jeong Choi, Jettie Hoonhout, Yvonne
Rogers, Kenton O’Hara, and Julie Maitland. 2012. Food and interaction design:
Designing for food in everyday life. In Conference on Human Factors in Com-
puting Systems - Proceedings, Vol. 12. ACM Press, New York, New York, USA,
2767-2770. https://doi.org/10.1145/2212776.2212716

CONCITO. 2021. Den store klimadatabase. https://denstoreklimadatabase.dk/
Accessed: 2023-05-05.

Stephen Daniels and Georgina H Endfield. 2009. Narratives of climate change:
introduction. Journal of Historical Geography 35, 2 (2009), 215-222.

[22]

[23]

[24

[25

[26

[27

[28

[29]

[30

[31]

[32]

[33

[34

[35

[36

[37

[38

[39

[40

[41

[42

[43]

Lindrup et al.

Kris De Decker. 2022.
lowtechmagazine.com/
Teis De Greve, Steven Malliet, Niels Hendriks, and Bieke Zaman. 2022. The
Air Quality Lens: Ambiguity as Opportunity to Reactivate Environmental Data.
In Designing Interactive Systems Conference. ACM, Virtual Event, Australia,
335-348. https://doi.org/10.1145/3532106.3533530

B. Dervin. 1998. Sense-making theory and practice: an overview of user interests
in knowledge seeking and use. Journal of Knowledge Management 2, 2 (dec
1998), 36-46. https://doi.org/10.1108/13673279810249369/FULL/PDF

Carl DiSalvo, Phoebe Sengers, and Hronn Brynjarsdottir. 2010. Mapping the
landscape of sustainable HCI. In Conference on Human Factors in Computing
Systems - Proceedings, Vol. 3. ACM, Atlanta, GA, USA, 1975-1984.

Markéta Dolejsova, Sjef van Gaalen, Danielle Wilde, Paul Graham Raven, Sara
Heitlinger, and Ann Light. 2020. Designing with More-than-Human Food
Practices for Climate-Resilience. In Companion Publication of the 2020 ACM
Designing Interactive Systems Conference. Association for Computing Machinery
(ACM), New York, NY, USA, 381-384. https://doi.org/10.1145/3393914.3395909
Paul Dourish. 2010. HCI and environmental sustainability: The politics of design
and the design of politics. In DIS 2010 - Proceedings of the 8th ACM Conference
on Designing Interactive Systems. ACM Press, New York, New York, USA, 1-10.
https://doi.org/10.1145/1858171.1858173

Paul Dourish. 2017. The Stuff of Bits: An Essay on the Materialities of Information.
The MIT Press, Cambridge, Massachusetts.

Paul Dourish and Edgar Gémez Cruz. 2018. Datafication and data fiction:
Narrating data and narrating with data:. Big Data & Society 5, 2 (jul 2018), 1-10.
Kjersti Flottum and @yvind Gjerstad. 2017. Narratives in climate change dis-
course. Wiley Interdisciplinary Reviews: Climate Change 8, 1 (2017), e429.

Sean Follmer, Daniel Leithinger, Alex Olwal, Akimitsu Hogge, and Hiroshi Ishii.
2013. inFORM: dynamic physical affordances and constraints through shape
and object actuation. In UIST. ACM, St. Andrews Scotland, United Kingdom,
417-426.

Jon Froehlich, Leah Findlater, and James Landay. 2010. The design of eco-
feedback technology. In Conference on Human Factors in Computing Systems -
Proceedings, Vol. 3. ACM Press, New York, New York, USA, 1999-2008. https:
//doi.org/10.1145/1753326.1753629

Yiannis Gabriel et al. 2004. Narratives, stories and texts. The Sage handbook of
organizational discourse Part I (2004), 61-78.

Eva Ganglbauer, Geraldine Fitzpatrick, and Rob Comber. 2013. Negotiating food
waste: Using a practice lens to inform design. ACM Transactions on Computer-
Human Interaction 20, 2 (may 2013), 1-25. https://doi.org/10.1145/2463579.
2463582

Alex A. Gartland and Paulina Piasek. 2009. Weigh your waste: A sustainable
way to reduce waste. In Conference on Human Factors in Computing Systems -
Proceedings. ACM Press, New York, New York, USA, 2853-2858. https://doi.
org/10.1145/1520340.1520414

William Gaver, Mike Michael, Tobie Kerridge, Alex Wilkie, Andy Boucher, Lil-
iana Ovalle, and Matthew Plummer-Fernandez. 2015. Energy babble: Mixing
environmentally-oriented internet content to engage community groups. Con-
ference on Human Factors in Computing Systems - Proceedings 2015-April (2015),
1115-1124. https://doi.org/10.1145/2702123.2702546

Elisa Giaccardi and Elvin Karana. 2015. Foundations of Materials Experience: An
Approach for HCIL In CHI Conference on Human Factors in Computing Systems
Proceedings. ACM, Seoul, Korea, 2447-2456. https://doi.org/10.1145/2702123.
2702337

Melisa Gonzalez. 2019. Elzelinde van Doleweerd Fights Food Waste Through
3D Printed Food. https://3dprint.com/236416/elzelinde-van-doleweerd-fights-
food-wastage-through-3d-printed-food/ Accessed: 2023-05-05.

Lon Ake Erni Johannes Hansson, Teresa Cerratto Pargman, and Daniel Sapiens
Pargman. 2021. A Decade of Sustainable HCIL. In CHI °21: Proceedings of the
2021 CHI Conference on Human Factors in Computing Systems. Association for
Computing Machinery (ACM), Yokohama, Japan, 1-19. https://doi.org/10.1145/
3411764.3445069

Bjorn Hedin, Lucas Gronborg, and Gustav Johansson. 2022. Food Carbon Liter-
acy: A Definition and Framework Exemplified by Designing and Evaluating a
Digital Grocery List for Increasing Food Carbon Literacy and Changing Behavior.
Sustainability 14, 19 (2022), 12442. https://doi.org/10.3390/su141912442
Martin Heidegger. 2016. Ponderings II-VI: Black Notebooks 1931-1938. Indiana
University Press.

Sara Heitlinger, Lara Houston, Alex Taylor, and Ruth Catlow. 2021. Algorithmic
Food Justice: Co-Designing More-than-Human Blockchain Futures for the Food
Commons. In CHI °21: Proceedings of the 2021 CHI Conference on Human Factors
in Computing Systems. ACM, Yokohama, Japan, 1-17. https://doi.org/10.1145/
3411764.3445655

Trevor Hogan and Eva Hornecker. 2012. How Does Representation Modality
Affect User-Experience of Data Artifacts?. In Lecture Notes in Computer Science.
Springer, Berlin, Heidelberg, 141-151. https://doi.org/10.1007/978-3-642-32796-
4_15

LOW+«TECH MAGAZINE. https://solar.


https://doi.org/10.3389/fsufs.2020.00120
https://doi.org/10.1145/1054972
https://doi.org/10.1145/3544548.3581160
https://doi.org/10.1145/3173574.3173984
https://doi.org/10.2991/ict4s-env-15.2015.26
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2009.10.029
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2009.10.029
https://doi.org/10.1145/3491102.3517609
https://doi.org/10.1111/1559-8918.2018.01198
https://doi.org/10.1111/1559-8918.2018.01198
https://doi.org/10.1145/2470654.2481339
https://doi.org/10.1145/2470654.2481339
https://doi.org/10.1145/2212776.2212716
https://denstoreklimadatabase.dk/
https://solar.lowtechmagazine.com/
https://solar.lowtechmagazine.com/
https://doi.org/10.1145/3532106.3533530
https://doi.org/10.1108/13673279810249369/FULL/PDF
https://doi.org/10.1145/3393914.3395909
https://doi.org/10.1145/1858171.1858173
https://doi.org/10.1145/1753326.1753629
https://doi.org/10.1145/1753326.1753629
https://doi.org/10.1145/2463579.2463582
https://doi.org/10.1145/2463579.2463582
https://doi.org/10.1145/1520340.1520414
https://doi.org/10.1145/1520340.1520414
https://doi.org/10.1145/2702123.2702546
https://doi.org/10.1145/2702123.2702337
https://doi.org/10.1145/2702123.2702337
https://3dprint.com/236416/elzelinde-van-doleweerd-fights-food-wastage-through-3d-printed-food/
https://3dprint.com/236416/elzelinde-van-doleweerd-fights-food-wastage-through-3d-printed-food/
https://doi.org/10.1145/3411764.3445069
https://doi.org/10.1145/3411764.3445069
https://doi.org/10.3390/su141912442
https://doi.org/10.1145/3411764.3445655
https://doi.org/10.1145/3411764.3445655
https://doi.org/10.1007/978-3-642-32796-4_15
https://doi.org/10.1007/978-3-642-32796-4_15

Carbon Scales

(4]

(45

'S
&

[47

(48

[49

o
=

[51

[52

[54

[55

(56

o
=

[58

[59

[60

e
2

[62

Trevor Hogan and Eva Hornecker. 2013. In Touch with Space: Embodying Live
Data For Tangible Interaction. In Proceedings of the 7th International Conference
on Tangible, Embedded and Embodied Interaction - TEI '13. ACM Press, New York,
New York, USA, 275-278. https://doi.org/10.1145/2460625

Trevor Hogan, Eva Hornecker, Simon Stusak, Yvonne Jansen, Jason Alexander,
Andrew Vande Moere, Uta Hinrichs, and Kieran Nolan. 2015. Tangible Data,
explorations in data physicalization Studio-Workshops. In Proceedings of the
TEI ’16: Tenth International Conference on Tangible, Embedded, and Embodied
Interaction. ACM, Eindhoven, Netherlands, 753-756. https://doi.org/10.1145/
2839462

Steven Houben, Connie Golsteijn, Sarah Gallacher, Rose Johnson, Saskia Bakker,
Nicolai Marquardt, Licia Capra, and Yvonne Rogers. 2016. Physikit: Data engage-
ment through physical ambient visualizations in the home. In Conference on Hu-
man Factors in Computing Systems - Proceedings. Association for Computing Ma-
chinery, San Jose, CA, USA, 1608-1619. https://doi.org/10.1145/2858036.2858059
Rachel A. Howell. 2017. Carbon management at the household level: a definition
of carbon literacy and three mechanisms that increase it. Carbon Management
9, 1 (jan 2017), 25-35. https://doi.org/10.1080/17583004.2017.1409045

Samuel Huron, Sheelagh Carpendale, Alice Thudt, Anthony Tang, and Michael
Mauerer. 2014. Constructive visualization. In Proceedings of the Conference on
Designing Interactive Systems. Association for Computing Machinery, Vancouver,
Canada, 433-442. https://doi.org/10.1145/2598510.2598566

Hiroshi Ishii and Brygg Ullmer. 1997. Tangible bits: towards seamless interfaces
between people, bits and atoms. In Proceedings of the ACM SIGCHI Conference
on Human factors in computing systems, Vol. 97. Association for Computing
Machinery (ACM), 234-241. https://doi.org/10.1145/258549.258715

Diana Ivanova, Konstantin Stadler, Kjartan Steen-Olsen, Richard Wood, Gibran
Vita, Arnold Tukker, and Edgar G Hertwich. 2016. Environmental impact
assessment of household consumption. Journal of Industrial Ecology 20, 3 (2016),
526-536.

Yvonne Jansen, Pierre Dragicevic, Petra Isenberg, Jason Alexander, Abhijit
Karnik, Johan Kildal, Sriram Subramanian, and Kasper Hornbaek. 2015. Oppor-
tunities and challenges for data physicalization. In Conference on Human Factors
in Computing Systems - Proceedings. Association for Computing Machinery,
Seoul, Korea, 3227-3236. https://doi.org/10.1145/2702123.2702180

Vaiva Kalnikaite, Jon Bird, and Yvonne Rogers. 2013. Decision-making in the
aisles: Informing, overwhelming or nudging supermarket shoppers? Personal
and Ubiquitous Computing 17, 6 (2013), 1247-1259. https://doi.org/10.1007/
s00779-012-0589-z

David M. Kaplan. 2017. 404Narratives of Food, Agriculture, and the Environment.
In The Oxford Handbook of Environmental Ethics. Oxford University Press. https:
//doi.org/10.1093/oxfordhb/9780199941339.013.36

Astrid Kause, Wandi Bruine de Bruin, Joel Millward-Hopkins, and Henrik Olsson.
2019. Public perceptions of how to reduce carbon footprints of consumer
food choices. Environmental Research Letters 14, 11 (oct 2019), 114005. https:
//doi.org/10.1088/1748-9326/ab465d

Bran Knowles, Lynne Blair, Stuart Walker, Paul Coulton, Lisa Thomas, and
Louise Mullagh. 2014. Patterns of persuasion for sustainability. In Proceedings
of the Conference on Designing Interactive Systems. Association for Computing
Machinery, Vancouver, BC, Canada, 1035-1044. https://doi.org/10.1145/2598510.
2598536

Reto Knutti, Joeri Rogelj, Jan Sedlacek, and Erich M Fischer. 2016. A scientific
critique of the two-degree climate change target. Nature Geoscience 9, 1 (2016),
13-18.

Anja Kollmuss and Julian Agyeman. 2002. Mind the Gap : Why do people act
environmentally and what are the barriers to pro-environmental behavior?
Environmental Education Research 8, 3 (2002), 239-260. https://doi.org/10.1080/
1350462022014540

Ilpo Koskinen, John Zimmerman, Thomas Binder, Johan Redstrom, and Stephan
Wensveen. 2011. Design research through practice: From the lab, field, and show-
room. Elsevier.

Stacey Kuznetsov, Christina J. Santana, and Elenore Long. 2016. Everyday
food science as a design space for community literacy and habitual sustainable
practice. In Conference on Human Factors in Computing Systems - Proceedings.
ACM, San Jose, CA, USA, 1786-1797. https://doi.org/10.1145/2858036.2858363
Bruno Latour. 1999. Pandora’s hope: essays on the reality of science studies.
Harvard university press.

Veranika Lim, Arvid Jense, Joes Janmaat, and Mathias Funk. 2014. Eco-feedback
for non-consumption. In UbiComp 2014 - Adjunct Proceedings of the 2014 ACM
International Joint Conference on Pervasive and Ubiquitous Computing. Asso-
ciation for Computing Machinery, Inc, New York, New York, USA, 99-102.
https://doi.org/10.1145/2638728.2638772

Martin Lindrup, EunJeong Cheon, Mikael B. Skov, Dimitrios Raptis, and Rob
Comber. 2022. Sustainable Foodtures: Exploring Roles of Future Technology in
Sustainable Food Shopping. In NordiCHI'22 - Proceedings of the 12th Nordic Con-
ference on Human-Computer Interaction. Association of Computing Machinery,
Aarhus, Denmark, 1-12. https://doi.org/10.1145/3546155.3546641

[63]

[64

[65

[66

[67

[68

[69

[70

[71]

[72

[73]

[74]

[75]

[76]

[77

[78

[79]

[80]

[81
[82

[83]

DIS ’23, July 10-14, 2023, Pittsburgh, PA, USA

Martin Lindrup, Mikael B. Skov, and Dimitrios Raptis. 2022. Between Egoism and
Altruism: A Mixed-Methods Study of Reflections about Energy Use in the Life Cy-
cle of High Preference Grocery Products. In NordiCHI 22 - Proceedings of the 12th
Nordic Conference on Human-Computer Interaction. Association for Computing
Machinery, Aarhus, Denmark, 1-10. https://doi.org/10.1145/3546155.3546686

Martin V A Lindrup, EunJeong Cheon, Mikael B Skov, and Dimitrios Raptis.
2021. One Byte at a Time: Insights about Meaningful Data for Sustainable Food
Consumption Practices. In DIS 2021 - Proceedings of the 2021 ACM Designing
Interactive Systems Conference. ACM, Virtual Event, USA, 683-696.

Conor Linehan, Jonathan Ryan, Mark Doughty, Ben Kirman, and Shaun Lawson.
2010. Designing mobile technology to promote sustainable food choices. CEUR
Workshop Proceedings 690 (2010), 15-18.

Szu Yu Liu, Justin Cranshaw, and Asta Roseway. 2020. Making air quality
data meaningful: Coupling objective measurement with subjective experience
through narration. In DIS 2020 - Proceedings of the 2020 ACM Designing Interactive
Systems Conference. ACM, Eindhoven, Netherlands, 1313-1326.

Anders Lundstrom and Ylva Fernaeus. 2022. Making Crank-Powered Interac-
tions: Methods, Demonstrators, Materials. In DIS 2022 - Proceedings of the 2022
ACM Designing Interactive Systems Conference: Digital Wellbeing. ACM, Virtual
Event, USA, 913-924. https://doi.org/10.1145/3532106.3533453

Jennifer C. Mankoff, Eli Blevis, Alan Borning, Batya Friedman, Susan R. Fussell,
Jay Hasbrouck, Allison Woodruff, and Phoebe Sengers. 2007. Environmental
Sustainability and Interaction. In CHI '07 Extended Abstracts on Human Factors
in Computing Systems. ACM, New York, NY, USA, 1-4. https://doi.org/10.1145/
1240866

Makuochi Nkwo, Rita Orji, and John Ugah. 2018. Persuasion for Promoting
Clean and Sustainable Environment. In ACM International Conference Proceeding
Series, Vol. 5. ACM, New York, New York, USA, 161-165. https://doi.org/10.
1145/3283458.3283490

Juliet Norton, Ankita Raturi, Bonnie Nardi, Sebastian Prost, Samantha McDonald,
Daniel Pargman, Oliver Bates, Maria Normark, Bill Tomlinson, Nico Herbig,
and Lynn Dombrowski. 2017. A grand challenge for HCI: Food + sustainability.
Interactions 24, 6 (nov 2017), 50-55.

Anne Pasek. 2020. Low-Carbon Research: Building a Greener and More Inclusive
Academy. Engaging Science, Technology, and Society 6 (jan 2020), 34-38. https:
//doi.org/10.17351/ests2020.363

Charles Perin. 2021. What Students Learn with Personal Data Physicalization.
IEEE Computer Graphics and Applications 41, 6 (sep 2021), 48-58. https://doi.
org/10.1109/MCG.2021.3115417

James Pierce and Eric Paulos. 2010. Materializing Energy. In Proceedings of the
8th ACM Conference on Designing Interactive Systems - DIS ’10. ACM Press, New
York, New York, USA, 113-122. https://doi.org/10.1145/1858171

James Pierce and Eric Paulos. 2012. Beyond energy monitors: Interaction, energy,
and emerging energy systems. In Conference on Human Factors in Computing
Systems - Proceedings. Association for Computing Machinery, Austin, Texas,
USA, 665-674. https://doi.org/10.1145/2207676.2207771

James Pierce, Phoebe Sengers, Hrénn Brynjarsdottir, and Yolande Strengers.
2011. Everyday practice and sustainable HCI: Understanding and learning from
cultures of (Un) sustainability. In Conference on Human Factors in Computing
Systems - Proceedings. ACM Press, New York, New York, USA, 9-12. https:
//doi.org/10.1145/1979742.1979583

James Pierce, Yolande Strengers, Phoebe Sengers, and Susanne Bodker. 2013.
Introduction to the Special Issue on Practice-Oriented Approaches to Sustainable
HCIL. ACM Trans. Comput.-Hum. Interact. 20, 4 (2013), 1-8.

J. Poore and T. Nemecek. 2018. Reducing food’s environmental impacts through
producers and consumers. Science 360, 6392 (jun 2018), 987-992. https://doi.
org/10.1126/science.aaq0216

Erica Robles and Mikael Wiberg. 2010. Texturing the "material turn" in in-
teraction design. In TEI'10 - Proceedings of the 4th International Conference on
Tangible, Embedded, and Embodied Interaction. ACM, Cambridge, MA, USA,
137-144. https://doi.org/10.1145/1709886.1709911

Roel Roscam Abbing. 2021. “This is a solar-powered website, which means it
sometimes goes offline’ : a design inquiry into degrowth and ICT. In LIMITS
Workshop on Computing within Limits. PubPub, Stockholm, Sweden, 1-8. https:
//doi.org/10.21428/BF6FB269.E78D19F6

Chiara Rossitto, Rob Comber, Jakob Tholander, and Mattias Jacobsson. 2022.
Towards Digital Environmental Stewardship: the Work of Caring for the Envi-
ronment in Waste Management. In Conference on Human Factors in Computing
Systems - Proceedings. ACM, New Orleans, LA, 1-25. https://doi.org/10.1145/
3491102.3517679

Donald Rumsfeld. 2011. Known and unknown: a memoir. Penguin.

Gery W. Ryan and H. Russell Bernard. 2003. Techniques to Identify Themes.
Field Methods 15, 1 (2003), 85-109. https://doi.org/10.1177/1525822X02239569
Kim Sauvé, Saskia Bakker, and Steven Houben. 2020. Econundrum: Visualizing
the climate impact of dietary choice through a shared data sculpture. In DIS 2020
- Proceedings of the 2020 ACM Designing Interactive Systems Conference. ACM, Inc,
Eindhoven, Netherlands, 1287-1300. https://doi.org/10.1145/3357236.3395509


https://doi.org/10.1145/2460625
https://doi.org/10.1145/2839462
https://doi.org/10.1145/2839462
https://doi.org/10.1145/2858036.2858059
https://doi.org/10.1080/17583004.2017.1409045
https://doi.org/10.1145/2598510.2598566
https://doi.org/10.1145/258549.258715
https://doi.org/10.1145/2702123.2702180
https://doi.org/10.1007/s00779-012-0589-z
https://doi.org/10.1007/s00779-012-0589-z
https://doi.org/10.1093/oxfordhb/9780199941339.013.36
https://doi.org/10.1093/oxfordhb/9780199941339.013.36
https://doi.org/10.1088/1748-9326/ab465d
https://doi.org/10.1088/1748-9326/ab465d
https://doi.org/10.1145/2598510.2598536
https://doi.org/10.1145/2598510.2598536
https://doi.org/10.1080/1350462022014540
https://doi.org/10.1080/1350462022014540
https://doi.org/10.1145/2858036.2858363
https://doi.org/10.1145/2638728.2638772
https://doi.org/10.1145/3546155.3546641
https://doi.org/10.1145/3546155.3546686
https://doi.org/10.1145/3532106.3533453
https://doi.org/10.1145/1240866
https://doi.org/10.1145/1240866
https://doi.org/10.1145/3283458.3283490
https://doi.org/10.1145/3283458.3283490
https://doi.org/10.17351/ests2020.363
https://doi.org/10.17351/ests2020.363
https://doi.org/10.1109/MCG.2021.3115417
https://doi.org/10.1109/MCG.2021.3115417
https://doi.org/10.1145/1858171
https://doi.org/10.1145/2207676.2207771
https://doi.org/10.1145/1979742.1979583
https://doi.org/10.1145/1979742.1979583
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1145/1709886.1709911
https://doi.org/10.21428/BF6FB269.E78D19F6
https://doi.org/10.21428/BF6FB269.E78D19F6
https://doi.org/10.1145/3491102.3517679
https://doi.org/10.1145/3491102.3517679
https://doi.org/10.1177/1525822X02239569
https://doi.org/10.1145/3357236.3395509

DIS ’23, July 10-14, 2023, Pittsburgh, PA, USA

[84] Jannick Schmidt, Stefano Merciai, Ivan Munoz, Michele De Rosa, and Miguel F

Astudillo. 2021. The Big Climate Database Version 1 - Methodology Report. Tech-
nical Report February. CONCITO. http://denstoreklimadatabase.dk/

Katie Seaborn, Johanna Méhonen, and Yvonne Rogers. 2020. Scaling Up to
Tackle Low Levels of Urban Food Waste Recycling. In DIS 2020 - Proceedings of
the 2020 ACM Designing Interactive Systems Conference. ACM (ACM), Eindhoven,
Netherlands, 1327-1340. https://doi.org/10.1145/3357236.3395524

Gozel Shakeri and Claire H. McCallum. 2021. Envirofy your Shop: Development
of a Real-time Tool to Support Eco-friendly Food Purchases Online. In Conference
on Human Factors in Computing Systems - Proceedings. ACM, Yokohama, Japan,
1-10. https://doi.org/10.1145/3411763.3451713

John Shotter. 1993. Cultural politics of everyday life: Social constructionism,
rhetoric and knowing of the third kind. University of Toronto Press.

Yolande Strengers. 2013. Resource man. In Smart Energy Technologies in Everyday
Life. Palgrave Macmillan, London, 34-52.

Yolande Strengers. 2014. Smart energy in everyday life: are you designing for
resource man? interactions 21, 4 (2014), 24-31.

Anja Thieme, Rob Comber, Julia Miebach, Jack Weeden, Nicole Kramer, Shaun
Lawson, and Patrick Olivier. 2012. "we’ve bin watching you" - Designing for
reflection and social persuasion to promote sustainable lifestyles. In Conference
on Human Factors in Computing Systems - Proceedings. ACM Press, New York,
New York, USA, 2337-2346. https://doi.org/10.1145/2207676.2208394

Bill Tomlinson, Bonnie Nardi, Daniel Stokols, and Ankita Raturi. 2021. Ecosys-
temas: Representing Ecosystem Impacts in Design. In Extended Abstracts of the
2021 CHI Conference on Human Factors in Computing Systems. ACM, New York,
NY, USA, 1-10. https://doi.org/10.1145/3411763.3450382

Iris Vermeir and Wim Verbeke. 2006. Sustainable food consumption: Exploring
the consumer "attitude - Behavioral intention" gap. Journal of Agricultural and

Lindrup et al.

Environmental Ethics 19, 2 (2006), 169-194. https://doi.org/10.1007/s10806-005-
5485-3

R. T. Watson, H. Rohde, H. Oeschger, and U. Siegenthaler. 1990. Greenhouse
Gases: Sources and Sinks. In Climate Change, The IPCC Scientific Assessment,
J. T. Houghton, G. J. Jenkins, and J. J. Ephraums (Eds.). Cambridge Univ. Press,
Cambridge, MA, USA, Chapter 1, 25-46.

Karl E Weick. 1995. Sensemaking in organizations. Vol. 3. Sage.

Mikael Wiberg. 2014. Interaction, new materials & computing - Beyond the
disappearing computer, towards material interactions. Materials and Design 90
(nov 2014), 1200-1206. https://doi.org/10.1016/]. MATDES.2015.05.032

Mikael Wiberg. 2014. Methodology for materiality: Interaction design research
through a material lens. Personal and Ubiquitous Computing 18, 3 (mar 2014),
625-636. https://doi.org/10.1007/S00779-013-0686-7/FIGURES/2

Mikael Wiberg. 2018. The Materiality of Interaction: Notes on the Materials of
Interaction Design. MIT Press, Cambrigde, MA, USA.

Eliza Williams. 2007. Global Cities: Elevation Maps of City Population. http:
//dataphys.org/list/city-populations/

[99] Jorge Luis Zapico and Bjorn Hedin. 2018. Energy weight: Tangible interface

for increasing energy literacy. In 5th IFIP Conference on Sustainable Internet
and ICT for Sustainability, SustainIT 2017. Institute of Electrical and Electronics
Engineers Inc., 1-3. https://doi.org/10.23919/SUSTAINIT.2017.8379807

[100] Jorge Luis Zapico, Cecilia Katzeff, Ulrica Bohné, and Rebecka Milestad. 2016.

Eco-feedback visualization for closing the gap of organic food consumption.
In ACM International Conference Proceeding Series, Vol. 23-27-Octo. ACM, New
York, New York, USA, 1-9. https://doi.org/10.1145/2971485.2971507

[101] John Zimmerman and Jodi Forlizzi. 2014. Research through design in HCI. In

Ways of Knowing in HCI (1 ed.), Judith B. Olsen and Wendy A. Kellogg (Eds.).
Springer, New York, Chapter 8, 167-189.


http://denstoreklimadatabase.dk/
https://doi.org/10.1145/3357236.3395524
https://doi.org/10.1145/3411763.3451713
https://doi.org/10.1145/2207676.2208394
https://doi.org/10.1145/3411763.3450382
https://doi.org/10.1007/s10806-005-5485-3
https://doi.org/10.1007/s10806-005-5485-3
https://doi.org/10.1016/J.MATDES.2015.05.032
https://doi.org/10.1007/S00779-013-0686-7/FIGURES/2
http://dataphys.org/list/city-populations/
http://dataphys.org/list/city-populations/
https://doi.org/10.23919/SUSTAINIT.2017.8379807
https://doi.org/10.1145/2971485.2971507

	Abstract
	1 Introduction
	2 Sustainability in and through design
	2.1 Materializing environmental data
	2.2 Fostering engagement through physicalization
	2.3 Sense-making toward carbon literacy

	3 Making Carbon Bits and Carbon Scales
	4 Design Process and Principles
	4.1 Interaction-first
	4.2 Peeking into the black box
	4.3 Narratives in the design process
	4.4 Physicalization
	4.5 Designing with materials at hand

	5 Field Study
	5.1 Data collection and analysis

	6 Results
	6.1 Who are the participants?
	6.2 Materiality and tangible data interactions
	6.3 Collective sense-making and negotiations around environmental data
	6.4 Impact of interactions

	7 Discussion
	7.1 Sustainability through design
	7.2 Sustainability in design
	7.3 The multi-purpose of Carbon Bits

	8 Conclusion
	9 Acknowledgments
	References

