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The standard definition for ‘physicalizations’ is “a physical artifact whose geometry or material properties encode data” [47]. While
this working definition provides the fundamental groundwork for conceptualizing physicalization, in practice many physicalization
systems go beyond the scope of this definition as they consist of distributed physical and digital elements that involve complex
interaction mechanisms. In this paper, we examine how ‘physicalization’ is part of a broader ecology — the ‘physecology’ — with
properties that go beyond the scope of the working definition. Through analyzing 60 representative physicalization papers, we derived
six design dimensions of a physecology: (i) represented data type, (ii) way of information communication, (iii) interaction mechanisms,
(iv) spatial input-output coupling, (v) physical setup, and (vi) audiences involved. Our contribution is the extension of the definition of
physicalization to the broader concept of ‘physecology’, to provide conceptual clarity on the design of physicalizations for future work.
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1 INTRODUCTION

Data physicalization as a research area is most closely related to work on information visualization [71, 72], tangible
user interfaces [27, 89], shape-changing interfaces [2, 82], and ambient information displays [77]; but has emerged as
its own field of inquiry over the past ten years. In 2015, Jansen et al. [47] proposed the working definition for data
physicalizations, or simply physicalizations, as “a physical artifact whose geometry or material properties encode data”.
While this definition accurately describes the fundamental idea of the physicalization of data – it can also be interpreted
and operationalized across a range of different forms, representations, audiences, and contexts [21, 22, 47]. Hence,
the definition crystallizes the immediate properties of physicalizations, but the wider context is less well described.
Research in this area can also tend towards being device-centric, focusing on enabling the design through specific
interaction techniques or actuation mechanisms [2, 47], and does not further incorporate or consider the surrounding
physical world and broader context when investigating physicalizations.
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Physicalization research evidences many ways in which physicalizations (and related artifacts) are described, in-

cluding data sculptures[106], casual information visualizations[78], constructive visualizations[41], embedded data

representations[105], anddynamic composite data physicalizations[61]. Additionally, there are various interaction forms

possible, such as using gestures [96], the manual re-arrangement of data objects [42, 46], or the pushing/pulling of

physical bar charts [97]. The limited conceptualization of the context of use in physicalizations is also increasingly

re�ected in empirical research, as exemplar physicalization designs have shown to be ambiguous in how they were

perceived [46, 87], and therefore interacted with [88]. Furthermore, design explorations [24, 61, 96] and �eld stud-

ies [39, 84, 85] outline the challenges of using physicalizations as mediators for complex tasks, and the importance of

making them intuitive and context-sensitive interfaces for interaction with data. Lastly, research outside the �eld of

physicalization has previously shown that context is as important as the artifact or device itself [1, 20]. For example,

Fishkin's framework [27] on tangible user interfaces (TUIs) illustrates how users can have di�erent forms of embodied

relations to the physical interface. Likewise, work onproxemic interaction[3] shows the intricate relations that exist

between people, digital devices, and the surrounding environment. This raises questions on how this knowledge

transfers to the use of physicalizations in the real-world.

The physical and tangible nature of physicalizations inherently makes them susceptible to their surrounding audience

and context, and all interactions that can exist within and around them. Therefore, we base our inquiry around building

and exploring the de�nition and construction of the `ecologies' that make up data physicalization research. Based

on our re�ections on physicalization and a selection of related literature, we introducephysecology(a neologism of

`physicalization' [47] and `ecology' [31] � see Section 5) as unit of analysis that considers this important wider context

surrounding physicalizations, and unites it through six design dimensions: (i) data type represented; (ii) method of

information communication; (iii) interaction mechanisms; (iv) spatial coupling of input/output; (v) physical setup;

and, (vi) type of audience. We build directly on the broadly accepted de�nition of `physicalization' [47], and extend it

with these intertwined dimensions to provide a further conceptual understanding of how physicalizations are used

in real-world scenarios. To evidence our thinking, we describe a selection of existing research on physicalizations

through these six lenses, illustrating how their properties go beyond the scope of the current working de�nition of

physicalization. Based on the review of these dimensions of the conceptual framework, we discuss existing archetypes

and opportunities for further research and design implications.

With this work we aim to expand the working de�nition of data physicalization, considering the complete `ecology' [31,

50] that makes a physicalization, and introduce the termphysecologyto encompass the relationship between all design

elements � physical and digital � surrounding a physicalization. Further, we contribute an overview of the design

dimensions of a physecology, to provide conceptual clarity on the design space of physicalizations, and outline possible

future work in this area.

2 BACKGROUND

To clarify how our work builds on prior ideas and concepts around `physicalization', we brie�y present the background

of data physicalization as a research area, discuss previously developed conceptual models, re�ect on insights from

related research �elds, and �nally, introduce the concept of physecology.

2.1 Data Physicalization

Whereas people have been creating physical depictions of data for centuries [21], only more recently has this been

identi�ed as an emerging research area [47, 106]. In 2008, Zhao and Vande Moere [106] introduced the termdata
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sculptureas�a data-based physical artifact, possessing both artistic and functional qualities, that aims to augment a nearby

audience's understanding of understanding of data insights and any socially relevant issues that underlie it�.This term put

emphasis on the artistic and social nature of physical depictions of data. Later in 2015 Jansen et al. [47] de�ned data

physicalizationor physicalizationas�a physical artifact whose geometry or material properties encode data�[47], which

is now commonly used to describe physical depictions of data.

Additionally, there are many more ways in which physicalizations (and related artifacts) have been described.Casual

information visualization[78] acknowledged there are motivations beyond information retrieval such as more ambient,

social or artistic depictions of data for it to be used in everyday life. Others have focused on the recon�gurable nature

of physicalizations, such asconstructive visualizations[41] which focus on manual recon�guration of physical tokens as

an infovis authoring tool, ordynamic composite data physicalizations[61] which further characterize the manual and/or

actuated recon�guration of a collection of physical objects to depict data. Lastly,embedded data representations[105]

focus on the integration of visual and physical representations of data in physical spaces. Hence, there are a variety of

ways to describe physical depictions of data, and these de�nitions have di�erent vocal points or topics of inquiry.

2.2 Study and Use of Physicalizations

Research contributions in the area of physicalization tend to be primarilydevice-centric,such as speci�c interaction

techniques or actuation mechanisms [2, 47] to advance the design of physicalizations. These contributions are mainly

concerned with the physicalization itself, isolated from the surrounding physical world it exists within. Looking at

empirical research in the area, exemplar studies on the fundamentals of physicalization design illustrate di�erent

perceptions of size across physical shapes [46], ambiguity in perception of physical information across perspectives [87],

and variety in people's strategies when organizing physical information [88]. Lastly, design [24, 61, 96] and �eld

studies [39, 84, 85] show the myriad of di�erent ways in which system infrastructures are designed and how they are

used and appropriated in context. To give some examples, the design explorations of PolySurface [24] and Zooids [61]

both aim to demonstrate the variety of their possible domain applications, but use di�erent implementations and

interaction mechanisms to do so. PolySurface [24] combines on-surface projection and a grid of individually actuated

pins which can be controlled through interactive buttons, whereas Zooids [61] makes use of a collection of wheeled

micro-robots that can be controlled through both direct (touch) and indirect (tablet) interaction. Regarding �eld

studies, we observed di�erent appropriations and deployment methods, for example Physikit [39] was under shared

responsibility and control of a household to visualize environmental data in their home through an interactive tablet

interface, whereas LOOP [85] independently visualized personal data from an individual (without user intervention) for

it to be observed by the household.

Summarizing, fundamental empirical work illustrates the challenges of implementing physicalizations in physical 3D

space, as their physicality and tangibility makes them inherently susceptible to their surroundings. Moreover, design and

�eld studies show the variety of ways physicalizations can be implemented and interacted with in context. Therefore,

there is a need to expand the focus of physicalization research from device-centric towards treating them as part of a

larger ecology, and describe and study them in relation to their surrounding context and audience.

2.3 Surveys and Conceptual Models

Together with introducing the working de�nition for physicalization in 2015, Jansen et al. [47] also laid out a research

agenda for the �eld of physicalization. Herein, they acknowledged the challenges of translating established concepts

from information visualization into the �eld of physicalization. For example, they discuss the research challenge of
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identifying physical variables(additional tovisual variables[5]) as physicality can go beyond solely visual concepts, and

we need to identify these to understand the design space of physicalization. In 2020, Dragicevic et al. [22] provided a

further overview of the research area of data physicalization, categorized by di�erent motivations to create and use

them.

Moreover, di�erent conceptual models have been introduced to expand our understanding of physicalizations and

provide new ways of describing them. Examples are conceptual models such as theextended infovis pipeline model[45] �

which describes the complete process from raw data to a visualization rendered in the physical world � and thephysical

rendering process[18] � which unpacks the `rendering' process of the prior model in further detail.

These prior surveys and models shaped the scope and agenda of data physicalization as a research area, and provide

important insights on how to bring physicalizations into existence within the physical world. However, this could be

expanded with further re�ections on how physicalizations coexist with their surroundings beyond the realization of

the physical representation.

2.4 Insights from Related Research Areas

Research on data physicalization shows close relation with the research areas of information visualization [71, 72],

tangible user interfaces [27, 89], ambient information displays [77] and shape-changing interfaces [2, 82]. In contrast to

physicalization research, research outside the �eld has focused more on the role of context, showing it is as important

as the artifact or device itself [1, 8, 20]. Knowledge in these areas is transferable to physicalizations, such as insights on

the directness of interaction [82]; the coupling between user and system [27]; the intricate relations between people,

devices, and their surroundings [3]; as well as the situatedness of visualizations in their physical context [9].

2.5 Introducing Physecology

To conclude, the working de�nition for physicalization could bene�t from expansion as prior work shows a variety

of ways to describe, operationalize and deploy example systems, beyond the scope of the current working de�nition.

Moreover, contributions in the research area tend to be device-centric and would bene�t from considering a further

context. Conceptual models have been proposed inside and outside the �eld that already expand on this device-centric

view, but so far no attempt has been done to synthesize these concepts speci�cally tailored for the �eld of physicalization.

Hence, we propose to consider a physicalization together with its surrounding context of use � the `physicalization

ecology' orphysecology� and discuss them together to expand our vocabulary for and understanding of physicalizations

in the real-world.

3 MOTIVATION & CASE STUDIES

To motivate our work we discuss �ve case studies, using varied examples from related work, to illustrate how the

current de�nition of physicalization is wider than just its physical or material properties, and how it does not provide a

further explanation or dissection of all the di�erent features of these systems. For each of the examples we re�ect upon

(i) what information is represented, (ii) how this information is represented, (iii) how the information can be changed

and/or interacted with, (iv) what the input/output mapping is, (v) what the physicalization setup consists of, and lastly

(vi) who is engaging with the physicalization in what way.

We have chosen these �ve case studies to give a sense of the breadth of the existing work in data physicalization, and

how research in this �eld di�ers by approach and deployment. The justi�cation for the selection of these �ve particular

works is to create a complementary set of representative examples that illustrate the variety in features of existing
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Table 1. An overview of the case studies illustrating how their di�ering features go beyond the physical properties of a physicalization
and include a wider interaction context.

systems beyond the scope of the working de�nition. Table 1 shows the direct comparison of the case studies based on

the factors above (i-vi).

3.1 Case Study 1: Physikit

Physikit [39] is a system consisting of a digital screen-based touch interface to control physical cubes (PhysiCubes)

containing di�erent physical properties (such as light, vibration, and movement), for members of a household to

visualize real-time environmental data (for example air quality, temperature and humidity) in their home environment.

Hence, the physicalization of Physikit is not solely a physical data embodiment, but includes an input interface to

control the output visualization (PhysiCubes). The user interaction is meant to recon�gure the settings for the cubes,

whereas the input comes from an online database. Moreover, the cubes can be moved around and appropriated in the

home environment, so input and output can happen in di�erent locations and at di�erent times. Additionally, beyond

the physical form or material properties of the PhysiCubes, their multimodal output (such as vibration, air�ow, and

light) is the actual method of communicating the data visualization. Lastly, multiple users within the household can

interact with the digital touch interface and appropriate the PhysiCubes in their home, which has implications for

di�erent user roles and social interactions with the system. In contrast, visitors to the home would be mere spectators

of the visualization (Physicubes).

3.2 Case study 2: Econundrum

Econundrum [84] is a ceiling mounted physical display which maps users' dietary choices to carbon emissions to

encourage food habits that might produce lower environmental impact. The installation collects personal data on food

consumption via a simpli�ed mapping of 10 food types over four meals, and three portion sizes. This input data updates

in real time and provides categorical and quantitative information, respectively shown via colored LED lights and icons,

and height change (distance from ceiling) showing changes in the overall level of climate impact of each user. Users

could input their data via a mobile application, either in close proximity to the physicalization situated in their shared
Manuscript submitted to ACM
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