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Figure 1: The Life of a Building (2021-2022), commissioned by the Ottawa Art Gallery, knit visitor data at the gallery during the
pandemic recovery year from July 2021-2022. An ultrasonic sensor placed at the front entrance detected when individuals
walked into the gallery and in response instructed a circular knitting machine to knit a row of stitches. The colour of yarn
(changed each month) physicalized visitor data and “piled up” over the year.

ABSTRACT

Innovations in digital fabrication technologies are increasingly
enabling artists and designers to create data physicalizations in real
time. In this paper, we discuss how we adapted a circular knitting
machine to physicalize visitors at a local art gallery during the
pandemic recovery year. To evaluate this year-long installation, we
conducted design critiques with 15 individuals including those who
worked in the building and lived alongside it for a year, as well as
subject matter experts. We then iteratively worked with 11 of those
individuals to gain insights for re-deploying the visualization for
interpretation. Overall, this paper contributes long-term reflections
and recommendations for using digital fabrication for real-time
data physicalizations.
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1 INTRODUCTION

Digital fabrication technologies are increasingly enabling design-
ers to incorporate data sources in the design of physical, tangible
objects. In this paper, we explore how textile fabrication machines
can be used to create real-time data physicalizations, as well as
the constraints these physicalizations experience during long-term
deployments. We discuss the making and evaluation of an aesthetic
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data physicalization called The Life of a Building (2021-2022) [48],
commissioned by the Ottawa Art Gallery, which aimed to visualize
visitor data during the pandemic recovery year (see Figure 1). This
installation used a circular knitting machine, the Circular Knitic [29],
connected to motion sensors in the gallery. When an individual
entered the gallery, this caused a row to be knit on the physicaliza-
tion. By changing the colour of the yarn each month, the result is a
long, colourful, knit tube that visualizes the fluctuations, the waves
and shutdowns, during the year.

1.1 Motivation

This installation was motivated by the pandemic context with a
desire to document the pandemic recovery year. The COVID-19
pandemic caused disruptions in many industries, including creative
and cultural industries and institutions [51]. UNESCO reported that
90% of museums and cultural institutions had to close their physical
spaces during lockdowns, resulting in the cancellation or delay of
events and exhibitions [89]. As a result, many museums explored
alternatives such as moving activities outside [50], and shifts to
digital-first strategies [52, 70]. When physical spaces could re-open,
physical distancing restrictions often limited the amount of visitors
that could attend, or felt comfortable doing so, and resulted in lower
attendance rates (a key metric for many of these institutions) [70].

To celebrate the re-opening of the Ottawa Art Gallery after
provincial pandemic closures, the gallery commissioned the first
and second authors to visualize visitor data to better understand
the changes happening within the physical building [8]. To do so,
we used textile fabrication to visualize that data in real time, while
also allowing hybrid participation to highlight the ways that the
digital and hybrid events during the pandemic made art events
more inclusive and expanded the gallery community to those that
lived outside of the city. The installation The Life of a Building was
launched in July 2021 when the gallery re-opened with the goal of
visualizing visitors during the pandemic recovery period and ended
one year later at the end of July 2022.

1.2 Research questions

As design researchers, we approached this project with two roles:
commissioned artists engaged in critical design, but also as HCI
researchers with an inquiry-based practice. Although knitting ma-
chines have been used in previous work [35, 49, 55], longitudinal
studies reflecting on the public reception of such data physical-
izations (beyond a brief encounter or lab study) is underexplored.
Textiles, and especially knitting as a fabrication method, can be fab-
ricated continuously, which provides unique opportunities when it
comes to data physicalizations with real-time data capture where
the physicalization results (and how much material will need be
fabricated throughout the deployment) are unpredictable. Thus, we
seized this opportunity to address two design research questions:

e RQ1: What are the constraints and challenges that will arise
while physicalizing real-time data with textile fabrication?

e RQ2: How do people experience data represented through a
textile medium over a period of 1 year?
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1.3 Contribution

In this paper, we provide insights on developing textile data phys-
icalizations based on reflections on the year-long installation. To
do so, we conducted design critiques with 15 participants at the
end of the installation year to understand the impact that the work
had for those working within the building, as well as the benefits
and limitations of visualizing data in real-time using textile com-
putational fabrication. We followed this with a group discussion
with 11 of them to unfold key insights for redeploying the work
for interpretation. Hence, this paper has two main contributions
including:

(1) Reflections on long-term usage: We discuss the impact
the installation had for individuals working in the building,
and their salient reflections on living alongside the installa-
tion.

(2) Iterations on the installation for re-deployment: We
discuss the re-deployment of the data physicalization for
interpretation.

2 RELATED WORK

This project is grounded in the literature of data physicalizations,
aesthetic data sculptures, and visualizing data in context.

2.1 Data physicalizations

One of the most cited and accepted definitions of a data physical-
ization is “a physical artifact whose geometry or material properties
encode data” [46]. Digital fabrication, which is the ability to fabri-
cate tangible objects from digital patterns [26], has made it more
feasible and accessible to take digital data sources and incorporate
or transform them into physical objects [37, 46]. The unique oppor-
tunity with data physicalizations is that they leverage our physical
skills, embodied cognition, and understanding of how we move
through the world [46]. For example, in previous work comparing
2D and 3D visualizations, individuals remembered examples from
the data better in 3D [45, 85]. Physicalizations can also leverage
skills such as our understanding of space, and the ability to leverage
non-visual senses such as those of touch, taste [56, 91], or smell [5].

Data physicalizations have unique constraints when compared
to data visualizations. They must deal with physical constraints
such gravity, structural stability, and the fact that they take up phys-
ical space [3, 46, 87]. In the context of digital fabrication, designers
need to ensure that materials won’t run out during the process of
fabrication [46], and often have a lack of control over the environ-
ment that the data physicalization is placed within [90]. For data
physicalizations that use digital fabrication, many of the difficulties
and challenges come from the “rendering” process, which will vary
depending on the material and medium of fabrication [20].

Most data physicalization research within HCI focuses on novel
devices with updatable physical displays. There are several common
ways that these displays provide updates, such as linear actuators
or pin-based displays for creating shape-changing surfaces [22, 23,
61, 68, 80]. Another common approach is assemblies, which are
small parts or tangible bits where individual objects act as a swarm
to create a data physicalization [57, 86] or can be used as a kit
of parts to create one [41]. Other well-known approaches include



Knitting Interactive Spaces

string-based visualizations [21], shape-changing objects [15, 69],
or the use of non-screen tangible lighting [79, 84].

2.2 Data sculptures

Another research direction is the exploration of aesthetic data phys-
icalizations or “data sculptures” [94], which have both functional
and expressive purposes. Their aesthetic characteristics can sup-
port an ambient presence where the object, rather than looking
like a “device”, looks like something that would belong in some-
one’s home [38, 66, 67, 80]. Here the focus is on the materiality
of data physicalizations, often leveraging hybrid craft digital fab-
rication processes [43, 97]. Craft practitioners, designers, and re-
searchers can either develop a new skillset, such as that of 3D
printing clay [16], or can use augmented digital tools to support
them in the hand-crafting process [72]. Aesthetic data physicaliza-
tions have been used for a diversity of purposes, such as to celebrate
positive memories [78] or commemorate and document personal
challenges [17, 18]. Expressive and crafted data physicalizations
are increasingly being researched as a way to make data recording
and physicalization accessible to novices [1, 36, 83, 90, 93].

2.3 Data in context

The recent concept of physecology [83] expands the study of data
physicalizations beyond the object to also include the physical con-
text and environment. As highlighted by Sauve et al. [83], there is
limited work on data physicalizations that explore visualizing the
data of physically co-located communities [6, 25, 47, 53, 58, 60, 77].
Researchers have discussed the concept of “situatedness” with data
physicalizations [3, 12], where the data is presented for interpreta-
tion in the location or environment that the data relates to. The goal
with situatedness is to connect people with the places and spaces
they inhabit to encourage reflection and greater understanding [12].
Researchers have also explored adding qualitative context to quan-
titative data physicalizations to help individuals further reflect and
interpret the data [40].

2.4 Textile data physicalizations

In this paper, we further explore an aesthetic data physicalization
using a textile digital fabrication machine. To date, there has been
some work in data physicalizations using textiles, but the focus is
often presenting data after collection, rather than physicalizing real-
time data. Designers have visualized bio data [31-33, 49], personal
libraries [35], economic data [54], and satellite data [76]. Individuals
can also hand-craft their own data to be interpreted by others [24].
For example, there are several knitting projects like Stitching the
Curve [63], and The Tempestry Project [4, 75], where individuals
have hand-knit data to bring attention to contemporary issues. In
contrast, our design uses digital fabrication, and explores how fabri-
cation can happen automatically, in order to present unpredictable
live data.

Previous research in this area has explored how knit structures
and patterns can in themselves be “stateful” [64], with for example
patterns for pushable bubbles, or pullable loops, and enable individ-
uals to document their data in expressive real-time ways through
tangible manipulation. Digital fabrication machines can also be
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adapted to incorporate live-data, such as previous work on explor-
ing undetermination with digital looms [2], or changing the colour
of yarn during fabrication [32]. Textile digital physicalizations, due
to the ways that textiles can be continuously rolled or piled up, can
be almost endless rather than being constrained by space [62] (in
comparison to the constrained space of a 3D printer or laser cutter
bed). This is a process we explore further in this current work.

3 THE LIFE OF A BUILDING

In this section, we describe the setup and implementation of an
installation that aimed to visualize and physicalize the community
of alocal gallery by creating rows of stitches as individuals entered
the physical space (Figure 2) or interacted online (Figure 3).

Figure 2: Our project installation on display during the sec-
ond month (August 2021). The knitting machine can be seen
from below as well as from above as individuals go up the
stairs and approach through the atrium balcony. Images cour-
tesy of Justin Wonnacott.

3.1 Physicalizing the community with textiles

The main goal of this installation was to physicalize the commu-
nity of the Ottawa Art Gallery through a textile medium. During
the pandemic, textile crafts became a source of comfort for many
individuals, and in this installation we wanted to knit together the
community as it came out of the pandemic shut downs.

During the gallery re-opening, and due to local physical distanc-
ing guidelines, individuals who went to the gallery would often
not see anyone else in the space during their visit. This was due
to limitations on the number of visitors allowed to register to visit
for any given hour. In response, the artwork aimed to physicalize
and record each visitor entering the space. Although visitors might
not see others during their visit, they could see the community
returning through the data physicalization and rows of stitches.

3.2 In-person interaction

We created a bright pink box at the gallery entrance that con-
tained an ultrasonic sensor connected to a Particle Wi-Fi microcon-
troller [42]. When an individual entered the building, the sensor
would recognize when an individual passed through the lobby
entrance and then would send that information to the microcon-
troller’s cloud data storage, activating the knitting machine to create
a row of stitches.

The ultrasonic sensor resembled a pair of eyes and so we painted
the sensor box with a matching smile. Together, these features
aimed to provide visitors with an awareness that this box was mon-
itoring them. Next, they would see wayfinding signage with an icon
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of a pink yarn cone (matching the sensor box), leading them up the
stairs, and through the gallery to the knitting machine on the other
side. In this way the installation aimed to bring individuals through
the space by having the sensor at the entrance and then signage
guiding them to the machine on the other side of the building.

To knit the community, we adapted the Circular Knitic (2014) [29,
30], an open hardware circular knitting machine created by the
artistic duo Varvara & Mar (Varvara Guljajeva and Mar Canet Sola).
In the spirit of maker culture, the duo released the files for repro-
ducing the machine using digital fabrication machines (such as 3D
printers and laser cutters). Using the files provided on GitHub [29],
we were able to get the machine created by a local prototyping
studio. We then customized the machine to use the Particle Wi-Fi
microcontroller [42] so that we could transmit sensor data to it
wirelessly. We chose a circular knitting machine for this installa-
tion, rather than a flatbed machine, due to the ability to make a
continuous record in the round.

The knitting machine was placed on a plinth with a weight
attached to the knit tube that would pull the yarn down enabling it
to continue to make new rows of stitching. Due to the architecture
of the building, visitors could also go up the stairs to see the work
from above. In this way, visitors could see the textile fabrication
process from multiple angles (Figure 2). To interpret the artwork,
there was a text panel placed beside the installation (Appendix A).

3.3 Online interaction

Alongside measuring individuals entering the physical space, the
gallery wanted to highlight some of the insights from their pan-
demic programming, and how virtual events expanded the Ottawa
Art Gallery community to beyond its physical location. For exam-
ple, the gallery did many virtual artist talks, tours, and workshops.
As a result, we developed a hybrid installation where individuals
could also virtually add stitches to the physical record.

On the the Ottawa Art Gallery’s website, we created a microsite
(Figure 3) where people could click a button (during gallery open-
ing hours), and then watch the knitting machine stitch their row
through the Youtube live stream (Figure 4). The livestream was
created with an overhead webcam connected to a Mac Mini device
running OBS (Open Broadcaster Software) [74], an open-source
live streaming solution.

4 RESEARCH APPROACH AND METHODS

In this project, we adopted a Research through Design (RtD) ap-
proach that viewed the produced knit data as a provocative artefact
for research inquiry as opposed to an end-product. The project
life cycle iterated between fabrication, visualization, and physical-
ization on one end, and collaborative exploration, evaluation, and
reflection on the other end. Those two intertwined strands started
from our research questions, implementation and deployment, all
the way to the evaluation through an expert user study followed by
the re-installation based on user feedback and design critique. At
the end of the year-long design research project, we gathered user
feedback in a two-part study: 1) design critiques for reflections and
recommendations; and 2) a group discussion for re-deploying the
physicalization, see Figure 5.
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The Knitting Machine is online and ready
for your knitted stitches.

The Knitting Machine is sleeping.

Come back during Gallery opening hours:

Wednesday to Sunday, from 10am to
6pm.

Figure 3: During gallery opening hours, virtual users could
click a button on the Ottawa Art Gallery’s website to create
a row of stitches and then watch the machine knit those
stitches in the live stream.
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Figure 4: View of the artwork through the online live stream.

4.1 Research through Design

As design researchers, the Research through Design (RtD) [95, 96]
approach supports our creative inquiry and empowers us with
thinking about research through designing and reflecting on our
evolving data physicalization artefact. The goal is not an end-
product or “design”, but the “designing” and fabricating the artefact
in the real-time, bringing otherwise invisible collected data about
our presence into existence. In addition, we relied on a collaborative
design exploration across stakeholders [7]. This approach fueled
our iterative process that flowed organically as we learned from
each step how to better represent, visualize, and physicalize the
data in a soft, malleable, and textile form.

4.2 Part 1: Design critiques

The aim of design critiques was to understand how participants ex-
perienced the physicalization, and to gather suggestions for future
iterations. In previous work, design critiques have been proposed
for evaluating aesthetic ambient displays [65], studio-based mak-
ing [73], RtD artefacts [13], and especially for works created in a
visual arts context [34].

4.2.1  Participants. The first part of our study (Part 1) was con-
ducted with gallery employees and external experts with the dual
goal of understanding the long-term experience of the installation
as well as gathering recommendations on how to improve the in-
stallation for future iterations. We recruited 15 individuals (P1~P15)
for design critiques. Participants 1~11 all worked at the gallery and
were able to reflect on what it was like to have the installation at
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Research
Questions

Deployment

Maintanance and production of
physical data ‘pile’ for 1Y

Implementation
Hacking the machine

and web/hybrid interaction P1~P15

Data representation in
a graphic diagram form

Part 1: Critique

Feedback and recommendations
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Visualization Re-Deployment

Display of all the
physical data in linear view
Design and
Implementation

User Feedback
and Analysis

Data
Visualization

Physicalization
Re/Deployment

Part 2: Reflection
Group discussion on data presentation
P1~P11

Figure 5: Our design process showing the project’s life cycle starting from research questions, implementation, and deployment,

to evaluation, and the re-installation based on user feedback.

their workplace for a period of 1 year. Participants 12~15 did not
work at the gallery but had expertise in useful areas for evaluating
and discussing the installation: one participant leads an information
visualization research team, one is a researcher in exhibition design,
one is a professor in theatre set design, and one is an arts educator.
All participants were regular museum visitors (pre-pandemic). All
participants were local residents of the same city where the instal-
lation took place. The goal in having this mix of participants was to
both gather critiques on the long-term impressions of living along-
side the artwork for a year, while also gathering first impressions
from the visitor perspective.

4.2.2  Procedure. These sessions were conducted virtually due to
COVID-19 restrictions. The gallery placed a bench beside the art-
work, and participants were asked to go to the art gallery, locate
the artwork, and then join a Zoom call [14] through their phones.
We used Zoom so that participants could show us what they were
looking at if needed, as well as for transcription purposes.

For our expert participants who were seeing the work for the
first time (P12~P15), once they joined the Zoom call [14] they were
first asked about their interpretation of the work based on what
they saw and the textual panel. This included how they located the
artwork, their initial impressions on what was happening, what
caused a row of stitches to be created, and how they interpreted
the pile of knitting at the bottom of the plinth. After their initial
impressions, we then described what caused a row of stitches to
be created (someone entering the gallery or clicking a button on-
line) and the changing of the yarn colour each month, starting in
July 2021 and ending at the end of July 2022. For all participants
(experts and individuals who lived with the physicalization for a
year) we then asked them, knowing the setup, on their impressions
of the year based on the knit data (most visitors, least visitors, etc.).
For participants who had lived with the artwork over the entire
year (P1~P11), we then asked them about what that experience
was like. Then we did a design critique where we discussed their
recommendations for the next iteration.

4.3 Part 2: Visualization and reflection

Based on the qualitative data collected in Part 1, we engaged in
several attempts to visualize the sensor data in meaningful ways to
facilitate interpretation and critical reflection.

We physically measured each of the knit “months” and created
a data spreadsheet of the “length” of each month, representing the
interaction frequency throughout the year. First, we did a straight-
forward bar graph that shows how “long” each month was knit,
representing the number of interactions per month. Even by adding
respective yarn colour and transposing into horizontal bars, we
realized that this is a mute representation of the data that doesn’t
reflect the longitudinal, textural, and aesthetic qualities of the data
visualized.

Finally, our visual design evolved into an annotated illustration
of yarn balls (as legend) and a long knit tube (similar to the actual
knit artefact) divided into colour-coded sections (in a “knit” pattern)
and “lengths” mapping the physical measured length of each month
(Figure 6). Although as a graph this might seem to some as less
“scientific” (as with many other design research approaches), it
proved to be a better way to represent and reflect on the data in
subsequent correspondence with stakeholders in Part 2.

With this aesthetic data visualization, we conducted a follow up
session with the subsection of participants who worked at the art
gallery (P1~P11)). We used this population so they could reflect on
what occurred in the previous year using the linear visualization
and could annotate their own memories onto it.

We conducted the group meeting through Zoom [14]. Before
this meeting, we placed the visualization (Figure 6) on an online
whiteboard (Miro). We then went through and as a group added
virtual sticky notes to the visualization based on what individuals
experienced throughout the year. We then asked the group ques-
tions about what it was like to use the visualization to reflect on
the year it visualized, and the benefits and limitations of seeing the
data in this way.

4.4 Analysis

We used automatic verbatim transcriptions [14] for analysis. These
automatic transcriptions were verified and edited by the first au-
thor by comparing them to the video recording. We then performed
reflexive thematic analysis as described by Braun et al. [9-11] that
aims to generate analysis by leveraging the lens or perspective of
the researchers; in our case, the lens focused on understanding the
constraints of textile data physicalizations. This was an iterative
process where codes were developed over several stages. First, we
imported the transcripts into MaxQDA [27] for analysis, a software
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July August

(True Summer) (Soft Summer)

Aqua Fonce 1439 Lilas 1411

September October

(Soft Autumn) (True Autumn)

Jaune 1423 Rouille 1456
December

(DarkAutumn) (Dark Winter)

Vert Fonce 1429 Royal Fonce 1464

January February
(True Winter) (Bright Winter)
Royal 1463 Ceres 1453

\ March April
(Bright Spring) (True Spring)

Vermillon 1491 Jaune Fonce 1436

eeeeoeee

May June
(Light Spring) (Light Summer)
Jaune 1431 Turquoise 1438

Figure 6: The illustrative summary of the data that was used for discussing the results and how the artwork would be re-deployed
for interpretation. The illustration demonstrates when gallery visitation increased, and when it decreased during closures

(such as the closures during January and February 2022).

that enables easy iteration, note taking, and collaboration for qual-
itative research. This first involved familiarization with the data
by reading the transcripts over several times and taking notes, and
then an initial coding of the complete dataset with line-by-line
data-derived codes for each quote that emulated the language our
participants used. With this initial list of codes, we then grouped
them into central organizing concepts to create narrative themes
around the user experience of the textile data physicalization. These
themes and subthemes were reviewed to create a thematic map with
sentence summaries of each theme and subtheme. This thematic
map was then used to develop final themes on recommendations
for future iterations of the artwork with quotes and data extracts
to further demonstrate our findings.

4.5 Redeployment: Public data presentation

As a final step in the life cycle of this project we brought the physi-
calization back to the community and deployed it again for inter-
pretation with insights from our study findings. In May 2023, the
textile data physicalization was hung again in the main atrium of
the gallery as a physical and tangible manifestation of the invisible
interactions with(in) the building.

5 FINDINGS

Our participants discussed the textile data physicalization in re-
lation to five themes including: the ability to create an ambient

awareness of visitors, demonstrating the fabrication process of
physicalizing data, issues with the cause-and-effect relationship,
the importance of context for data physicalizations, and a separate
step needed for data presentation.

5.1 Soft and slow ambient awareness of visitors

The knit physicalization provided an ambient awareness of visitors
to the space both through the intended textile physicalization as
well as through the resulting sounds of fabrication as the motor
swirled and the machine stitched new rows.

5.1.1 Soft data is comforting. Our participants discussed the bene-
fits of textile data physicalizations being soft “material expressions of
data” (P14) that provided “a different way of looking at it” (P12). The
use of a knit medium was described as providing comfort to viewers
by being “bright and cheerful and soft, in an otherwise stressful time
in our lives” (P3). The pile of stitches invoked playful feelings —
“the lump is really awesome [...] you just want to like, jump into
it, which is very comforting” (P2). Even though individuals could
not touch the work, textile knits were described as familiar. As P9
states: “It’s certainly a much more human and gentle way to present
the data. [It’s] what we wrap our bodies in. Textiles are familiar to all
of us” (P9). The textile visualization also helped to make the data
more tangible and concrete: “we usually think of data as being very
cold and disconnected from us whereas this felt immediate. It felt like
we embodied those rings of beautiful colour. I like that idea that it’s
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something soft and immediate and that we could connect to it, and
could understand that it was us that impacted it as opposed to some
of the nebulousness that makes up data in our world (P8)” Though
participants couldn’t touch the data, they described how seeing the
textile physicalization still brought out those tactile associations of
soft and comforting.

5.1.2  Recognizing the sounds of fabrication. A more ambient aspect
of the artwork was the sound the machine made as it knit stitches
and fabricated rows in response to people entering the building.
“There’s the sound, but the sound is more of a background sound until
you realize that it goes on and off ” (P12). Over time, individuals who
worked in the building started to recognize the sound as part of the
ritual of entering the building. “Going up the stairs I'd hear it [the
machine] going [...] and I'd be very conscious of making that noise
every time I came in[to the building]” (P2). Because the machine was
on the other side of the building, it also made employees aware of
when people were entering and to anticipate their arrival: T would
open up the shop every morning. I would hear the machine start going
and then I would know, I would kind of anticipate, visitors coming
upstairs. So, it became like a way of knowing that people were there
(P11)” Though the sound of fabrication was not an intended part
of the physicalization, our participants discussed how it created an
awareness of individuals moving through the space.

5.1.3  Value of returning to it throughout the year. Our participants
described the installation as “a slow piece of art” (P12) that gave
them an ambient awareness of visitors throughout the year. Due to
pandemic and physical distancing restrictions there were often very
few individuals in the gallery at any given time, and individuals
came alone or in smaller groups than pre-pandemic. The installation
acted as a visual reassurance that though individuals came alone,
they could still see the other visitors through the installation. For
individuals who worked in the building daily they felt the “impact
of the actual knitted output that [they] would see every day” (P11)
and seeing “the length of the sock just get longer” (P3). Individuals
who checked in on it throughout the day, such as gallery security,
enjoyed seeing the changes. As P11 discussed: ‘Tt was really cool
to see that the security team was really interested in it. I don’t think
I’ve ever gotten so much feedback from the security team about an
artwork as I did from this one.”

Though the physical distancing environment in the gallery gave
the impression of the gallery being empty - the installation enabled
individuals to see the collective of gallery visitors. “Sometimes it
seemed like there weren’t visitors, but I would kind of check [the
installation], I was using it as a visual log, and we were like: ‘Okay,
people came this month’” (P9). Gallery employees also worked from
home to a greater extent, and enjoyed seeing the updates to the
visualization every time they came in and to see what happened
while they were away. As P3 states: “Because we were all working
at home most of the time, we didn’t really have a sense of the activity
in the building. It was nice to come and see there were a lot of visitors.
We can see all the stitches.” The fluctuations in the knit record also
gave employees an impression of how events happening in the
city were impacting gallery visitation. As P9 discussed: ‘I like the
idea of artwork that changes [...] it’s different depending on what’s
happening around it. I was thinking a lot about the pandemic and the
constant closures and the uncertainties and watching these bands of
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colour and the widths. It’s an interesting approach to have something
that isn’t stable, and it’s continuing to become”.

5.2 Showing the fabrication process

Having a data physicalization that was fabricated in real time
brought attention to the fabrication process itself.

5.2.1 Data physicalizations can help with understanding fabrication.
By using textile fabrication to create the data physicalization in
real time, viewers were able to watch the fabrication process of the
machine creating rows of stitches. They were more interested in
watching the machine fabricate and physicalize data, rather than the
data itself; i.e. the result. As P3 summarizes: “The benefit came from
walking by, and seeing it actively stitching, not so much seeing the
pile. Seeing it moving made the building feel very alive”. This focus
on the fabrication process, rather than the data being physicalized,
came from constraints within the fabrication process of knitting
(i.e. the reliance on gravity and weights to create a new row). As
P13 discussed the knit visualization: “It’s coming down and creating
a natural piling up [... ] the natural pile of gravity”. Our participants
discussed their attention being drawn to the fabrication process
and spending time watching it to see how the machine worked:
‘T can see the mechanism for making the loop [stitch], I can see the
string slowly going up, you know around and up the mechanism, I
get a sense that the weight is there to keep it pulling down” (P14). For
our participants the act of fabricating and recording the data gave
them a sense of the real-time activity in the space, rather than the
history of what had come before in the knit record.

5.2.2  Enable viewers to see the fabrication process in detail. The
architecture of the space also enabled this focus. By having the
artwork on the stairwell, it meant that individuals could look at the
work from below or could climb the stairs to see the machine from
the top. Participants mentioned wanting to get even closer to the
machine to be able to watch the mechanisms and recommended
further highlighting the fabrication process by enabling participants
to get a closer and more detailed view of the machine stitching. As
P15 summarizes: ‘It was hard to see from that distance. To improve
it [I recommend] having a closer view of the actual looping over. I
wasn’t really satisfied with seeing that process [from afar].” This
demonstrates how the scale of the installation impeded participants
from getting close and examining the fabrication process.

5.3 Distance creates confusion

Though our installation aimed to capture and encourage movement
through the space by having the sensor and knitting machine on
opposite ends of the building, participants highlighted the way that
this distance made it harder to understand the interaction.

5.3.1 Confusion over cause and effect. All participants seeing the
work for the first time discussed barriers to understanding what the
data physicalization was visualizing. Due to the colour variations,
they understood that it was visualizing data (as P14 states ‘T have
a sense of a sort of partial set of data on the ground”), but what it
was visualizing wasn’t immediately clear. As P12 summaries, “At
first it wasn’t clear, [and then] you read the interpretive panel and
it suggests that your interaction has some influence on it. So, then I
extrapolated that there must be some movement sensor”. This feeling
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of uncertainty, and that they had to “guess” what it was measuring,
was shared across all of our first-time interviewees. As P13 states: ‘It
seems like it’s movement within the space so I'm guessing it’s as people
enter?” Individuals relied on the interpretive panel to infer what the
interaction was and felt that the textual description was not specific
enough. As P12 summarized: ‘Tt wasn’t clear why it’s turning on and
off, like it wasn’t clear because it says it’s an interaction, but it doesn’t
really tell you what the interaction is.” P15 echoed this sentiment:
“T know that it is activity at the gallery, but at what point that was
being measured wasn’t really clear”

Part of the confusion was understanding the cause and effect.
What was being measured specifically (i.e. where and what the
sensor was), as well as the impact of that measurement on the knit
record. “What’s an individual? Is an individual one little loop [i.e. a
stitch]? Is it the entire group going around [i.e. a row]? When I look
at it I don’t get a sense of scale” (P14).

To fix this, our participants recommended including more trans-
parency about how the data is collected and the scale of each in-
teraction. As P14 summarizes: “There is a real lack of transparency
for the data collection process. You need to make those things more
explicit for your audience. You need to craft a story as to what you
want me to look at [...] make it as clear as possible”. Solutions in-
cluded mentioning where the sensor was placed in the description;
drawing more attention to, and explaining, the movement sensor
at the entrance of the building; and being explicit that each person
measured was a row of stitches.

5.3.2  Encourage active rather than passive engagement. To get from
the sensor at the front entrance to the knitting machine required in-
dividuals to notice and follow the wayfinding signage up a flight of
stairs and down a hallway. Our participants recognized the wayfind-
ing signage on the floor to the machine, (“At the front door, we saw
clearly on the steps the instructions to follow the icon, so it was no
problem at all” (P15)), but often missed the bright pink sensor box
at the gallery entrance (‘T didn’t notice it” (P3)). As P2 summarizes,
“Because the sensor was at one entrance and the artwork was at the
other [...] I kind of forgot about the sensor”. Our participants recom-
mended making the interaction more active by having individuals
perform an action (such as opening a labeled door) as they walked
into the building rather than passively measuring them with a
motion sensor. By forcing more active participation, individuals
would become more aware of what the machine is measuring and
the cause-and-effect relationship. This was emphasized by posi-
tive comments on the direct interaction through the button on the
gallery’s website: “So what the kids like to do, just because it was
like the direct interaction, was to go on my phone on the website
and trigger the machine and see it instantly knit from my phone.
That direct interaction was great” (P10). Overall, our participants
recommended giving visitors a more active role in order to make
the cause-effect connection stronger.

5.4 Providing context

Our participants discussed the challenges with contextualizing the
textile data physicalization.

5.4.1 Importance of interpretive panel and being told how to ‘read’
the visualization. Our participants seeing the work for the first
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time needed the interpretative panel to understand what they were
looking at — “[I] only get that by reading the panel” (P13). Viewers
wanted more “direction [... ] on how to make sense of the data” (P14).
They discussed the importance of data storytelling and telling view-
ers how to interpret the work or what specifically to look for. As
P14 summarizes: “there’s so much potential, there are so many stories
here, but I want [you] to lead [me] through the story you are trying to
tell”. Another approach could be adding leading questions of what
to look for. “If you get just a little hint, it doesn’t give you the answer,
but it helps you look at it from a different perspective that you might
not have had” (P15). By providing this context individuals can then
use the data and “mobilize it” (P14). As it was, the live installation
featured the collection of data, but didn’t provide viewers with a
way of interpreting and making sense of the result.

5.4.2  What does each colour reference? As mentioned earlier, the
rings of colour signaled to visitors that they were looking at a
visualization (‘T knew that each measured a set amount of time”
(P12)), but they required more information on what each colour
referenced. Immediately, they wanted to correlate the colours to
a time of the year — “you’re looking to see this summer month, or
a winter month” (P15). Initially we chose a rainbow of colours to
celebrate the re-opening of the gallery, but our viewers wanted the
colours to be more literal and tied to the period of the year. Even
after being told the colour of the starting month, and the colour
of the last month (the same shade of blue for July 2021 and July
2022), individuals had a difficult time making connections between
colour and month. For example, when asked about the fluctuations
throughout the year, they would say there was a lot of one colour or
less of another colour, rather than saying the month or time-period.
They were able to interpret that areas with more of a single colour
were when pandemic restrictions were lifted but were not able to
connect the colours to their respective month.

5.4.3 What was going on at the time? To make sense of the data,
participants wanted more context — ‘T kept wanting to see it in rela-
tion to other data” (P10). For example, P14 suggested “diagramming
things that were happening with the Ottawa Art Gallery and within
Ottawa in terms of COVID and other sorts of things”. Our participants
suggested adding ways to annotate the knit data with markers or
pins to be able to overlay a timeline on the knit physicalization. The
visualization could also be annotated by the individuals creating
the data with their movements to highlight that “every point of data
is someone’s personal experience” (P14).

5.5 Data fabrication versus presentation

Our participants discussed how, with the focus on the knitting fab-
rication process and the pile of knit data, the installation showed
the process of data collection, rather than data presentation. As P14
summarizes, “in many ways this installation is not about me and
it’s not about my understanding. This data is really the process of
collection, and then there’s also [a separate process for] data visual-
ization for presentation purposes”. Our participants discussed how
data presentation would require the knit data physicalization to be
shown in a different way.

5.5.1 The pile of knit data covers months. The main reason why
individuals could not use the knit visualization to understand and
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interpret the data was because the fabrication process created a pile
of data which hid previous months — [it] is so jumbled up and just
sort of piled on top of one another” (P14). At first the data created a
mountain shape, with each month on top of the other, and where
months could be compared, but by May the pile had fallen over.
As P2 summarizes the change, “As the month went on, I found it
difficult to get anything from that data when it fully slumped over. I
couldn’t even see all the colours anymore” . This negatively impacted
the ability to read the visualization in a linear way — “the way it’s
laid out it seems to be spilled over to the side, so it doesn’t seem linear”.
There were also two months (January and February) where shut
downs occurred and resulted in very small amounts of knit rows
that were completely covered by the knit months that followed
them. As P15 describes, ‘T was looking for 12 [months] so there needs
to be two more colours [hidden] here’.

5.5.2  Viewers want to explore and compare. Along with the excite-
ment around the data collection process, participants also wanted
the data presented in a way that it could be understood. As P11
summarizes ‘I think people are excited, not only in participating in
the moment, but kind of knowing the whole story”. To do so, our
participants expressed a desire to touch the knit pile and to stretch
it out and see it as the linear tube of knitting. As P3 discussed, ‘T
really want to see it all stretched out to really get a sense of how long
it is, because it’s hard to tell when it’s all bundled up in a pile”. The
art gallery context prevented them from doing so, “there’s the sug-
gestion that I shouldn’t be touching this since this has been marked
off” (P14). To support the ability to explore and understand the
visualization, our participants recommended displaying it in a lin-
ear way by, for example, “displaying it longitudinally around room”
(P15) or to have it “go up and loop over or to somehow activate [the
area] above” (P9).

5.5.3 Annotate data in real-time. Participants enjoyed seeing each
other’s comments on the data during the group reflection and said
it helped them make sense of what they were seeing. As P2 states,
‘T like seeing all our comments on it, because the comments do relate to
the sensor links, and the comments actually make sense”. Individuals
expressed some difficulty adding annotations to the data afterwards,
i.e. after the year was completed. They expressed feeling like that
time period was “a blur” (P10). Instead, they recommended being
able to add annotations to the data in the moment. As P2 summa-
rized, “For future iterations, having a feedback session about that
month while it’s happening, [... ] while in the process of it happening,
would be useful”. For example, being able to pull out the data lin-
early and reflecting as a group — ‘T like that whole idea of being able
to all be together in a room touching the sock and like connecting that
way. I think that would be incredible” (P4). They also recommended
annotating the visualization in a tangible way directly on the knit
record. As P3 discussed, ‘T think it would be cool as well if we had
like a little tag, with all the openings of 2021 on it or real time major
events of the gallery, and then they’re like physically on the sock’.

6 RE-DEPLOYMENT

After running our study, and a year after the initial deployment
ended, The Life of a Building was re-deployed at the Ottawa Art
Gallery in the same location where it was initially displayed at
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Figure 7: The data physicalization was re-deployed above
couches so individuals could spend time looking and reflect-
ing on it from below.

the beginning of May 2023. The goal of this re-deployment was to
iterate on how the data was shown based on the findings from our
user study, and to create a space for reflecting on the year.

In our interviews, our participants discussed how the installation
emphasized data collection, instead of data presentation, so in this
re-deployment we aimed to create a space for data presentation
and for visitors to reflect and make sense of the data (see Figure 7,
Figure 8, and Figure 9). We once again used the atrium space, thus
presenting the data in a way that it could be viewed from multiple
angles while still presented in a linear fashion. The data was hung
from the ceiling in a way that individuals could see the data spread
out without having to touch it. When sitting on the couches they
could view the data from below (see Figure 9). From the stairwell,
they could view the data up close at eye-level.

A tangible legend listed the month corresponding to each yarn
used and the length of each knit month. Beside each one legend
item, we provided a sample of the yarn so individuals could more
tangibly see and feel it. The legend aimed to enable individuals to
make quick comparisons between months.

7 DISCUSSION

Though in this work we evaluated the constraints of a textile data
physicalization, we came up against many of the challenges that
other data physicalization researchers have experienced with other
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Figure 8: When walking down the staircase the data physical-
ization can be viewed from another angle. On the far right is
the blue from July 2021, on the far left is the blue from July
2022.

Figure 9: The view of the physicalization when sitting on the
couches and looking up. A tangible legend was placed on the
pillar beside the couches.

materials. Issues included data occlusion, scale, causation, and con-
textualization.

7.1 Data occlusion

Data physicalizations, due to the way that they exist in physical
space, can create occlusions that obscure the data depending on a
viewer’s orientation and perspective when viewing the physical-
ization [81]. For example, the way that objects that are closer to
you appear larger and can obscure objects farther away. In our cur-
rent project, our participants discussed how the fabrication process
itself created occlusion through the way that the physicalization
piled months on top of one another. The process of live digital
fabrication of data is challenging due to the physical processes
of “rendering” data [20]. As found in previous work, live digital
physicalizations deal with constraints of gravity, structural stability,
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physical space [3, 46, 87], and the lack of control of the environ-
ment [90]. To correct for the way the fabrication process and gravi-
tational forces created data occlusions, we needed separate stages:
one where the data was collected and fabricated, and another where
it was presented for interpretation. In this way our project high-
lights how physicalizations can have a similar pipeline to traditional
visualizations where data representation is a separate step from
data presentation for public interpretation [39, 44]. This project,
with the knit pile of data, highlights the way that gravitation forces
can create occlusion with fabricated data physicalizations, where
more recent data can hide or obscure older data.

7.2 Scale

Previous work has discussed the impact of scale on how we inter-
pret data physicalizations: smaller physicalizations make it easier
to explore and inspect the data [59]. Our findings further support
this. In our case the length of the knit data produced each month
made it difficult to inspect and compare months, and we required
illustrations of it with measurements (i.e. our sketched illustrative
summary) in order to discuss it with the Ottawa Art Gallery team
before re-deployment. Whereas previous work found that large
scale data physicalizations are easier to discuss [59], the large scale
of our knit tube meant that it had to be spread out and presented
farther way (i.e. on the ceiling and viewed from afar) so that indi-
viduals could see the physicalization (and the differences between
months) in a comparable way. In contrast, a smaller scale physical-
ization could have been created by designing the system to fabricate
less material (i.e. stitching a stitch rather than stitching a row per
person), or by using a smaller knitting machine (i.e. one with fewer
needles). The resulting data would have had the same textile appeal,
but with less material would have likely been more easy to inspect,
compare, and interpret without illustrative summaries.

7.3 Cause and effect

The installation used passive interactions (individuals entering the
building), but our participants wanted cause and effect to be linked
more strongly. This relates to the physecology concept of “spatial
input—output coupling” [83] where individuals can clearly see the
cause and effect. Our participants often missed the bright pink
box at the door, or did not connect it with the knitting machine.
Wayfinding signage led them to the machine. Individuals expected
the interaction to be more closely linked, for example, to have the
sensor spatially near or next to the machine, and suggested that
having more active forms of interaction would help to link the
cause with effect. Future work should make it clear what causes
the physicalization to be created. As is, the sensor and knitting
machine created what Guljajeva calls a “post-participation” form of
interaction where individuals were not aware of their participation
until they saw the knit record [28].

7.4 Context

Though “data sculptures” [94] often focus on aesthetics and materi-
ality, our participants highlighted how data sculptures also need
to be usable so that participants can make sense of them. Though
individuals who worked in the building understood the project
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and found it meaningful, we also wanted the installation to be ac-
cessible to the broader community (i.e. visitors to the art gallery).
Throughout HCI research on data physicalizations, researchers
struggle with evaluating the “task” of data physicalizations — how
should we evaluate their usability [19, 46]? Because the installation
was meant to be accessible, future iterations must prioritize being
“readable”. In contrast, other data physicalizations are only meant
for habitual communities (such as co-workers rather than visitors),
and therefore might not need recognizable legends and obvious
directions, and can rely on icons or knowledge on how the physical-
ization works [79]. In our study, participants required more legend
items from the text panel such as: how much knitting is created per
person, what is the timescale of each colour, what does each colour
mean. In our case participants wanted to know that each person
created a row, and that the colours represented months of time,
and that, for example, July was represented with a specific shade of
blue. This furthers previous research that discussed the importance
of making “situatedness” more obvious with data physicalizations
so that individuals can understand the relation and connection to
the space [3, 12].

Our participants wanted more context to direct them on how
to interpret the data with data storytelling. They provided a few
recommendations including: asking leading questions for what to
look for, or overlaying another source of data about what was going
on at the time. Previous work has recommended adding qualitative
context to quantitative data physicalizations to help individuals
further reflect and interpret the data [40]. Our participants similarly
recommended tangibly adding “tags” to the data in real time, due
to how difficult it can be to reflect on time periods after the fact.
Our project findings highlight the importance of capturing this
information in real time during the data gathering period, and fur-
ther supports previous work on constructing data physicalizations,
where researchers found that participants often intertwine labelling
with making practices [82]. In future work, we will aim to explore
how to provide this context to tangible textile visualizations during
the fabrication process.

8 REFLECTIONS ON DATA LOSS

For this project, the knitting machine “filtered” the data. For ex-
ample, there were a few times where the machine jammed and
data was lost for that day, or where individuals hanging around the
ultrasonic sensor or passing by it together would skew the count of
individuals in the knit record. Despite these “data accidents” [16]
our resulting physicalization still shows the flow of individuals
through the space during an unpredictable year. For example, you
can see the increase in stitches as the community increasingly felt
safe returning to public spaces, as well as the decrease in stitches
during gallery closures (such as the provincial shut down in January
2022 in response to the Omicron variant [71], and the downtown
closures in the area surrounding the Convoy in February 2022 [92]).

Besides data accidents during the fabrication process, there’s
also the potential data loss as the data physicalization ages. For
example, when we brought the physicalization out again for re-
deployment we noticed a few areas where the colour of the yarn
faded due its location in the window during the fabrication process.
As artists we enjoy how these changes in the material reveal traces
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of the physicalization’s journey, but it also highlights how crafted
data physicalizations are affected by their environment and can
experience data loss due to material aging.

9 CONCLUSION

Data physicalizations that are fabricated in real time come up
against physical constraints. In this paper, we explored the ability to
use textile digital fabrication to visualize visitor data at the Ottawa
Art Gallery. To evaluate and gather insights from this year-long
installation, we conducted design critiques with 15 individuals who
either lived alongside the installation for a year, or were subject
experts. Furthermore, we conducted a follow-up group discussion
for reflecting on the visualization and physicalization of the col-
lected data, to design the next iteration of the visualization. Our
findings highlight difficulties with presenting data to be interpreted
when it is gathered in real-time (emphasizing previous work on
the physical constraints of data physicalizations), the downside of
passive interactions for developing strong “spatial input—output
coupling” [83], the need for legends and intuitive colour schemes
in data physicalizations, and the need to contextualize data physi-
calizations with what was going on at the time. Overall, this paper
contributes reflections from the year-long deployment, and design
recommendations for future work in real-time digital fabrication
of data physicalizations.
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A TEXT PANEL

To interpret the artwork, there was a text panel placed beside the
installation. The description stated:

“Can we convert you into a knitted row? Gathering data from the
Ottawa Art Gallery visitor interactions —on our website and onsite in
the building itself— this machine is knitting a tactile visualization of
ongoing visitor statistics.

Linked to digital platforms and sensors in the Gallery, the machine
responds to visitors with a knitted full circular row. Growing longer,
and piling up as each interaction is documented, the knitted creation
will be a record of the Ottawa Art Gallery’s activity over the course
of one year.

Ottawa-based artists Greta Grip and Lee Jones are interested in
the relationships between textiles and information technology. Here,
data is filtered into something supple.

We live in a world in which data mining is a hidden practice, and
the digital traces we leave behind are collected and used without our
knowledge. By contrast, this machine is transparent in its conversion
of selected data into something tactile: a graphic spectrum of colour,
and the tangible result of our collective interaction, growing before
our eyes.”
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