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ABSTRACT

Data physicalization is a research area that explores representing data
attributes through manipulating the geometric and physical properties
of tangible objects. We introduce VISMOCK, a data physicalization
approach that leverages a fabric manipulation technique called
“smocking”. VISMOCK supports the creation of interactive and
dynamic data physicalizations by extending the smocking technique
with programmable components such as thermochromic pigments and
shape memory alloys. Using a research-through-design methodology,
we develop an initial design space for VISMOCK that shows how data
can be represented using visual and tactile variables, as well as the
affordances of VISMOCK. We demonstrate the generative power of
our design space through four exemplars, created using VISMOCK.
We use these exemplars to discuss the advantages and limitations of
VISMOCK as a tool for data physicalization.
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Figure 1: Three data physicalization examples created using VISMOCK technique.



INTRODUCTION

Data physicalization research is concerned with
designing and studying approaches to encode data in the
“geometrical shape or material properties” of physical
artifacts [27]. Representing data in a physical form can
offer advantages such as improved cognitive, spatial
and perceptual understanding [11, 27, 72], lowered
technical skills threshold for engaging with data [27,
72], and multisensory experiences that can provide
richer understanding of the data [22].

However, to design new data physicalizations, a number
of challenges must be first addressed [27]. For example,
there is a need for identifying and studying new
physical mediums whose properties can be leveraged
for representing data [9, 37]. Similarly, we must identify
how interactions with such mediums can be designed
to facilitate understanding of the encoded data [19, 43,
57]. To this end, researchers have proposed new systems
and techniques for data physicalization, such as using
actuated objects to support data analysis [39, 41], and
using mediums such as paper with kirigami techniques
to facilitate interactive operations like retrieving and
sorting data values [9]. Building on these works, we
explore the potential of e-textiles (textiles combined
with computational materials [35]) as a medium for
representing and interacting with data (See Figure 1).

E-textiles have been used for conveying information in a
variety of contexts (e.g., [6, 10, 23, 31, 76]). Past works
have highlighted the potential of e-textiles to become an
ambient display [76], to employ personal meanings and
social functions [10, 31], to offer seamless integration
of computing into everyday objects [61], and to provide
less focus-demanding interactions [33]. However,
no previous work has focused on the development of
novel interactive data physicalizations by leveraging the
geometric and material properties of textiles, combined
with the benefits of programmable electronics, to map
data to visual and tactile variables.

We present VISMOCK, a technique that integrates
electronics within textile-based smocked patterns, to
create a programmable display for representing and

interacting with data (see Figure 1). Smocking is a
sewing technique that creates three-dimensional shapes
on fabrics [46]. The resultant 3D shapes can be utilized
to display a number of visual variables such as position
and size, or the area occupied by a data point [4].
Additionally, smocked patterns have an inherent elastic
quality and can have different textures, which can be
used to convey tactile variables such as roughness,
lay, and compliance [25, 70]. We combine these visual
and tactile variables afforded by smocked patterns
with off-the-shelf electronics such as thermochromic
pigments and shape memory alloys to create an
interactable display for data representation. Although
the individual components of our technique (smocking,
thermochromic pigments, and shape memory alloys) are
not new, how we combine them to develop interactive
data physicalizations is novel.

We designed and developed VISMOCK using the
research-through-design ~ methodology  [82]. We
iteratively developed a design space which shows how
visual and tactile variables, together with the affordances
of VISMOCK can be used to represent and interact
with data. Using the evaluation-by-demonstration
method [42], we demonstrate the generative power of
VISMOCK’s design space via four exemplars that show
potential applications in personal and group settings
(see Figure 1). These exemplars demonstrate three
main capabilities of VISMOCK. First, the technique
can be utilized to represent different types of data and
data visualization idioms such as bar charts (Exemplar
la), heat maps (Exemplar 2), and line charts (Exemplar
3). The technique can also dynamically update the
data representation based on new data gathered from
an activity such as running (Exemplar 3). Second,
supported via manual and computationally triggered
interactions, operations such as filtering and zooming
can be performed (Exemplars 1-3). Third, leveraging the
properties of thermochromic pigments, the technique
can modify visual variables such as the color of data
points dynamically.

In summary, we make the following contributions:

(1) We introduce the VISMOCK technique and present a
corresponding design space, which shows how a sewing
technique (smocking) can be adapted for physicalizing
data; specifically by controlling visual and tactile
parameters.

(2) We showcase VISMOCK ’s ability to create different
interactive visualizations to demonstrate the generative
power of the VISMOCK design space.

RELATED WORKS

Our work is informed by literature from the areas of
data physicalization and e-textiles. In this section, we
briefly explain the recent efforts in data physicalization
research, and research in the space of interactive
e-textiles for communicating data (e.g., [51, 55, 61]).

Interactive Data Physicalization

In non-physical visualization, data is represented using
graphical marks such as lines and points. The data
values for each data point are represented by varying
visual variables (also called visual channels) of the
corresponding mark such as its position, size and color,
in accordance with the type of data value (e.g., position
for quantitative values, size for ordered values and color
hue for categorical values) [53]. Data physicalizations
also leverage graphical marks and visual variables,
however, they are different in that they also represent
data values by varying the geometrical and material
properties of physical objects [27].

In the field of data physicalization, much of the research
focus has been around adapting digital visualization
idioms such as barcharts (e.g., [65, 71]), line charts
(e.g., [71]) and node-link graphs (e.g., [12]) to the
physical world in a static way. The topic of interaction
for data physicalization, although not new (for example,
Bertin’s reorderable matrices [5] were already being
used half a century ago), is only beginning to be
explored in academia. Notable interactive, dynamic
data physicalization examples include using actuated
rods to create 3D bar charts [72], micro-robots to
create scatterplots [41], and touch-sensitive 3D printed
material to create 3D networks [2].



A different approach consists of exploring what data
physicalization possibilities are enabled when starting
from the material, rather than the visualization idiom to
create. For example, KiriPhys [9] explores a new type
of data physicalization based on kirigami, a traditional
Japanese art form that uses paper-cutting. Investigating
such a technique makes it possible to identify and
explore the potential of new physical variables (such as
elasticity and density of the kirigami pattern) that can be
used to communicate data. We follow a similar approach
with VISMOCK: by utilizing the smocking technique
on fabric, we explore new physical variables and
interactive capabilities that can be used both to recreate
existing visualization idioms and to propose new types
of data physicalizations.

Smocking

Smocking is a fabric manipulation technique [68] that
can be used to create different shapes on fabric. There
are three variations of the smocking technique: English,
American, and Italian smocking. While English and
Italian smocking are created based on embroidery
stitches on top of gathered pleats, American smocking
is created by sewing regularly-spaced stitches on a grid
structure [29, 50]. Different stitching patterns result in
different 3D shapes [48, 50]. Smocked patterns like the
Honeycomb pattern also introduce certain affordances
such as an elastic property, and therefore are commonly
used in clothing such as swimsuits [48]. In architecture,
smocked patterns have been created using different grid
sizes, topological variations, and deep volumetric folds
to create highly complex structures [63]. In HCI, a few
studies have explored smocked patterns as a crafting
technique for interactive interfaces. For instance, Efrat
et al. [14] investigated how a catalog of different kinds
of smocked patterns can be combined using a parametric
design CAD tool to assist makers in creating artifacts.
GesFabri [28] is another study in which researchers
investigated interaction gestures with textile patterns by
studying a set of interactive textile interfaces, including
smocked patterns as systematic folding textures.
However, interactivity and affordances of smocked

patterns have not yet been explored to represent data in
the context of data physicalization.

Interactive E-textiles for Communicating data
Researchers have demonstrated how e-textiles can be
used to build interactive interfaces (e.g., [19, 21]). For
example, Nabil et al. showed through a set of design
fictions how artifacts used in interior design, including
some fabric-based artifacts such as a tablecloth and
couch, can be used as mediums to represent and interact
with personal data [55]. A study of Emotocouch, an
interactive furniture that conveys emotions, revealed
that personalization and complementing with existing
accessories and furniture in the home is a crucial aspect
of interactive furniture [52]. In the Social Fabric Fitness
project [51], researchers studied the potential for using
glanceable wearable e-textile-based displays to improve
awareness, cohesiveness, and motivation for group
running scenarios. FabriCar [33] explores e-textile-
based interactions incorporated in the steering wheel,
seat-belt pad and headrest cover of a vehicle; they
showed that users feel safer and less distracted using
e-textile prototypes for non-driving tasks like media
control, in comparison with screen-based interactions.

While these past projects describe interactions with
data, they do not explicitly consider how to leverage the
geometrical and physical properties of the textile and
computational materials to represent data. Therefore,
they do not fall within the realm of data physicalization.
In this work we focus on how data can be visually and
physically mapped to e-textiles and how interaction
with such data representations can be facilitated.

RESEARCH METHODOLOGY

We used the research-through-design methodology [81,
82] to explore the use of fabrics, the smocking technique,
and the incorporation of electronics, for representing
data. This method is an iterative design process wherein
researchers engage in designing prototypes and through
such design explorations construct knowledge about
a design opportunity. Following the steps outlined by
Zimmerman and Forlizzi [81], the lead researcher

engaged in the process of creating different smocked
patterns and integrating different types of electronics.
Informed by these samples we discussed and created
an initial design space for how smocked patterns can
be used for building multisensory visualizations. To
demonstrate the versatility of VISMOCK and its initial
design space, we used the evaluation-by-demonstration
method [42] and developed four prototypes for three
scenarios. These design exemplars highlight how
VISMOCK can be used as a technique for creating data
physicalizations that engage visual and tactile senses.

VISMOCK IMPLEMENTATION
In this section, we provide implementation details of
VISMOCK.

Smocking Display

The primary component of VISMOCK is an augmented
smocked pattern, which we refer to as a smocking
display (see Figure 1). To create a smocking display,
we combine American smocked pattern [48, 68]) with
programmable electronics to actuate textile shape [36,
56] and color [10, 76].

To create a smocked pattern, small stitches are sewn into
the fabric using specific designs (see Figure 3, step 5).
Such stitching can be done either manually or using a
sewing machine. A smocked pattern can be developed
using different types of fabrics such as cotton and linen.
To demonstrate VISMOCK, we created our displays
with a medium weight white cotton fabric. We chose this
fabric because it could i) show the details of the pattern,
i1) be shape-actuated with a reasonable amount of energy
consumption, and iii) have the weight and color that
would lend itself well to both integrating electronics and
to displaying actuated changes in color and shape.

In our implementation, a smocking display is composed
of a number of cells as shown in Figure 2. A single cell
within the smocking display can be described as follows:

A cell corresponds to a square grid of a specific
dimension that has a stitch design, and can be connected
to a circuit to control its color and shape.



Circuit Design

We use a composite technique to create a smocking
display. This involves compositing a separate fabric
layer, which we refer to as the heater layer, containing
the electronics and the circuit, with a smocked pattern
layer (see Figure 3).

Our heater layer has two faces. On the front face, we
sew conductive thread patterns that act like heating
elements. The back face of the heater layer acts as a
breadboard and connects to different parts of that heater
layer using copper tape. Regular cables can also be used
instead of the copper tape connections (see Figure 2).
To power and control our heater layer, we use an off-
the-shelf microcontroller, Arduino Mega. MOSFET is
used to control the current flow from an external power
source to the circuit. To power our circuit, we use 3.7
volt rechargeable Li-lon batteries with capacities higher
than 1000mAh (see Figure 4).

1. Sew conductive
thread on the base
layer for each cell
to create heater
layer

Figure 2: Steps to create a heater layer.

3. Paint another layer of
fabric with combination
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Programming Color Change

Color actuation has been explored in textile-based
user interfaces through combining heating elements
such as silver ink [74], Peltier element [47], and
fluidic channels [79]. Researchers have utilized color-
changing elements such as liquid crystal displays [17],
and thermochromic paints [47, 73, 79]. In VISMOCK,
we mix thermochromic pigments (with a variety of
activation temperatures: Black-Colorless (38 C),
Red-Yellow (31 C), and Green-Yellow (25 C))' with
white dye and paint the mix on the fabric surface. The
thermochromic pigment is then actuated using the
heater layer. Thermochromic pigments typically enable
a material to have two states — an original base color,
and a changed color when applying heat over a certain
threshold. When the material cools to a temperature
below the threshold, it returns to its base color.

1 https://www.colorchangingdeals.com/product-page/thermochromic-
powder-pigments

2. Attach copper
tape to the ends
of the thread for
connecting
alligator clips

5. Draw smocked
pattern stitch
lines

4

Figure 3: Steps to create a composite of heater layer and smocked pattern layer.
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Figure 4: circuit design.
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For example figure 6a shows the color of an actuated cell
changes from one color state (black) to another (white)
within 60 seconds when using a 3.7 volt battery and
conductive thread with relatively low resistance. Over a
given time (60s in our case) by manipulating the on and
off duration for passing current we can have different
color intensities. This makes it possible to apply non-
binary color changes to cells (See Figure 6b).

Programming Shape Change
Shape actuation has been proposed in user interfaces in
many different ways such as using shape memory alloys

a Binary color change of thermochromic pigment from one state to another

State 1- Black State 2 - White
(05s) (~60's)

b  Non-binary color changing of a cell actuated for 60 seconds with different
duration of being on and off.

ON:1s ON:1s ON:1s ON:1s
OFF:4s OFF:3s OFF:2s OFF:1s

Figure 6: Binary and non-binary color actuation.

ON:1s
OFF:05s

6. Stitch using regular

thread Alloy to pins

(SMAs) [36, 54, 56], fluidic shape changing [49, 62,
80] and magnetic effects [78]. Among these, SMAs are
most frequently used in e-textile user interfaces because
of their light weight and relative flexibility to integrate
into fabrics. In VISMOCK, we use shape memory alloys
(SMAs), such as shape memory wires and springs. These
types of SMAs have a trained state. Applying current
and heating the wires above their activation temperature
causes these wires to go back to their trained state.

In our implementation (see Figure 5), to expand, we
use NiTi shape memory alloy with wire trained state,
of size 0.5mm, and transition temperature of 45C!.
To compress, we use NiTi shape memory alloy with
helical spring trained state, of size 0.5mm, a mandrel
size of 8mm, a pitch of Wire size*4, and a transition
temperature of 45C2. By setting the state of current flow
to ‘on’ or ‘off’, or by controlling the time interval during
which the current flows, we can either reach a specific
shape state or animate an expansion or compression
sequence. Figure 7 shows a cell of 3*3 cm size fully
expanded or compressed by shape memory alloy within
2 and 8 seconds appropriately.

7. Connect Shape Memory

F’%\\ of smocked pattern

1 https://www.kelloggsresearchlabs.com/product/round-wire/
2 https://www.kelloggsresearchlabs.com/product/helical-spring/

8. Sew pins to the lines

clips

/

Figure S: Steps to implement shape actuation and example of shape actuation.

9. Sew conductive thread to the
pins for connecting to alligator

>

Using shape memory alloys and thermochromic pig-
ments comes with challenges that are opportunities for
future research. First, in our implementation the SMAs
are one-way actuators that can be used either for com-
pression or for expansion. Investigating two-ways SMAs
would make it possible to actuate both expansion and
compression via heating and cooling of a single kind of
SMA [45, 69]. Second, as shape memory alloys and ther-
mochromic pigments activate by heat caused by passing
current, in wearable applications it is important to use
thermal protection to prevent thermal discomfort [66].

a Wire SMA actuation

b Spring SMA actuation

Figure 7: Compression and expansion shape actuation.
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VISMOCK DESIGN SPACE

In our exploration, we developed the VISMOCK
design space shown in Table 1 that consists of three
parts: independent variables, dependent variables, and
affordances. We selected to explore an initial set of visual
and tactile variables that are both relevant to textiles and
relevant to data physicalization. Our selection, guided
by the multisensory visualization design space by Hogan
et al. [23] and the design space for data physicalization
by Bae et al. [3], includes variables that are fundamental
to visualization design and that support as a whole both
quantitative and qualitative data attributes [4].

Independent variables are aspects of smocked patterns
that can be modified independently from other
parameters. They can be visual (cell size, number of
cells, pattern kind and cell color) or tactile (cell stitch
state, and cell temperature). Each independent variable
can be controlled either manually while making the
smocking display, or by manual interaction or using
electronics within the fabricated smocking display.

Dependent variables are aspects of smocked patterns
that are modified by varying independent variables.

Table 1: VISMOCK design space.

The dependent visual variables we explored are shape,
shape size, shape position, and dynamic cell color.
Shape in VISMOCK corresponds to each repeating unit
of the smocked pattern and depends on the pattern kind
(see Figure 8). Shape size and position correspond to
the characteristics of that unit within the entire pattern.
Dynamic cell color corresponds to the current color of
the thermochromic pigments applied to the cell’s surface
and depends on cell temperature. Shape depends on
pattern kind and cell stitch state, while size and position
depend on pattern kind, cell stitch state, and the size of
the grid structure that the pattern is made from.

The dependent tactile variables we explored are
roughness, lay, and compliance [25, 70]. Roughness in
VISMOCK is modified through variations in the fabric
caused from changes in shape. Lay depends on the
orientation of the rows and columns of the pattern kind.
Compliance refers to the capability of the pattern used
to be compressed and expanded, which can range from
high compliance like honeycomb, to relatively rigid like
the flower shaped pattern, and depends on pattern kind
and cell stitch state.
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Figure 8: a) Lozenge, b) Wave, ¢) Honeycomb,
d) Flower pattern.
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Affordances in VISMOCK refer to the functional, sensory,
cognitive, and physical affordance categories described by
Hartson [20]. These categories are not entirely distinct, but taken
together correspond to how data represented using VISMOCK is
being perceived, sensed, and used as a function of independent
and dependent variables that represent data (see Figure 9).

Functional affordances are design features that help users
accomplish tasks. Functional affordances in VISMOCK
encompass the ability of the system to close or open the stitches
and to map the color value of a cell to a range of data values,
which enables users to visualize quantitative, categorical, and
ordinal data.

Sensory affordances are design features that help users sense
something in support of cognitive or physical affordances.
Sensory affordances in VISMOCK relates to temperature
changes that pertain exclusively to the tactile sense (e.g.,
feeling data value changes), color changes to the visual sense
(e.g., seeing trend), and compliance, lay, and roughness to both
tactile and visual senses (e.g., extent of roughness could indicate
differences in data values).

Physical affordances are design features that help users in doing
a physical action. Physical affordances in VISMOCK are about
compliance as it helps users compress and expand the smocking
display to perform operations such as zooming in and out.

Cognitive affordances are design features that help users in
knowing something. Cognitive affordances in VISMOCK relate
to lay, compliance, and roughness as they help users in knowing
the characteristics of the smocking display. For example, high
compliance can enable users to know that the pattern can be
compressed and expanded or lay can communicate that there is a
trend in the visualized dataset.

Next, we demonstrate through a series of exemplars how
VISMOCK might help users to sense, understand, and interact
with data. Together, these exemplars demonstrate the usefulness
of the VISMOCK design space to generate new types of
interactive data physicalizations.

- Functional Affordances ~
The ability of the system to close and open stitches The ability of the system to map
(compression and expansion) a range of data into color

L S

- Sensory Affordances N

Compliance Lay Roughness Color and temperature
N
‘;:‘ . -‘ . >
In support of Physical In support of Cognitive
affordances affordances

o J

Physical Affordances ——,  ~———— Cognitive Affordances —

LS J (N S

Figure 9: Examples of functional, sensory, physical and cognitive affordances.



EXEMPLAR 1A AND EXEMPLAR 1B: SHAREABLE
AND PORTABLE DATA VISUALIZATIONS

Researchers have demonstrated data physicalizations
can facilitate sharing data with others in contexts such
as: education to support learning abstract concepts [75];
family life to create a sense of community and shared
understanding [40, 59]; health to communicate the state
of a patient with biometric monitoring over a distance
[7]; and decision making [41].

In this scenario, we demonstrate how VISMOCK can
also be utilized for sharing data with others. Unlike
past works, which primarily comprise of systems that
are placed at a fixed location, VISMOCK supports
creating mobile [38] physicalizations. Physicalizations
made with VISMOCK are made using fabric, a flexible
material, and therefore they can be integrated into

portable garments and accessories as shown in Figure
10. Such portability can be useful for data monitoring
when individuals want to learn about others while
going about their routine activities for example [38].
Because VISMOCK physicalizations do not look like
standard visualization idioms, it is not obvious that these
represent data and therefore can be used to maintain data
privacy even if the data physicalization is carried around
as a publicly visible wearable.

We created two data physicalizations for family
members to share data with each other at a distance.
Each physicalization represents i) how busy a family
member is during a day and ii) if the person is currently
busy with an ongoing task. Sharing such insights with
family members can be useful for providing support and
coordinating activities.

Figure 10: Shareable and portable physicalizations inte-
grated into accessories.

Table 2: Exemplars 1a and 1b described using the VISMOCK design space.

Independent Variables

Dependent Variables
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Change in 1D size (width)

Change in position
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7D‘ ‘ | o
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3*3cm 3*3 Flower No static color  Diagonal stitch  Rises (passing current) Square Change in 2D size (area) Change in position Green to Yellow Pattern Compression No change in lay Pattern compression




Exemplar la (see Figure 11) is a bar-chart like
physicalization that represents data about multiple tasks
being performed by an individual. Each vertical bar
corresponds to a task the person is scheduled to engage
with on a given day - so the larger the number of bars, the
busier the family member is that day. Each vertical bar
is divided into three segments (for start, middle and end)
that indicate the person’s progress toward completing
that task. Progress toward completing a task is indicated
by changing the color of the three segments within the
corresponding bar. As a task is being completed, its
corresponding bar closes and the bar that corresponds to
the next task opens up.

Exemplar 1b (see Figure 12) shows a single task. The
task being performed by a person is represented by a

Color actuation

single smocking display consisting of nine cells, and
each cell corresponds to a step within the task. As the
person makes progress within a step, the color of the
corresponding cell begins to change, reaching its final
color (here yellow) when the step is complete (see
Figure 12a-c). When all steps for that task are complete,
the shape of the display changes (see Figure 12c-¢). In
future implementations, several such displays could be
assembled and organized in different ways to provide
richer insights into different tasks accomplished by the
same person or different people in a shared setting such
as a home or an office.

These two exemplars utilize visual variables color,
shape, size, and position and tactile variables roughness
and compliance.

Color actuation

Shape actuation

 ——

The second column expands.

The First SMA compresses. The second SMA compresses.

Regarding affordances, changes in temperature, size,
shape, position, roughness and compliance can be
perceived through tactile and visual senses; while
changes in color can be perceived through visual senses
only. For example, when the user looks at or touches
the pattern, more roughness means that more tasks
have been completed by the user. In terms of cognitive
affordances, the collapsible form factor of the pattern
shape communicates that expansion and compression
in one spatial dimension in Exemplar la, and in two
spatial dimensions in Exemplar 1b. Both exemplars
also include functional affordances given that shape and
color are actuated.

Figure 11: In Exemplar 1a, a,c) task progress is represent-
ed with color actuation, c-d) upon task completion the cor-
responding bar compresses, and e) the next bar expands
when a new task starts.

Figure 12: In exemplar 1b, a,c) task progress is repre-
sented with color actuation, and c-e) upon task comple-
tion the two SMA compress.



EXEMPLAR 2: VISUALIZING AND ENGAGING WITH
PERSONAL DATA

Personal data is a common application area for data
physicalization (e.g., [32, 43, 44, 60]). For example, in
the domain of health, it has been shown that representing
data in everyday spaces in playful ways can increase
awareness of, and engagement with data that are crucial
to understand one’s mental health [77]. VISMOCK
can be used to that end: fabric lends well to integration
with everyday spaces and artifacts such as furniture
in the home, and the elastic and soft characteristics
of a honeycomb smocked pattern can create a playful
experience, as is the case with other stretchable
physicalizations (e.g., [9]). As an example of playful
physicalization that can be integrated into everyday
spaces, we created a stress tracker. The physicalization
is integrated into a sofa arm that supports casual
interactions and reflection opportunities (see Figure 1b).

The physicalization is a heatmap of a person’s stress
level wvalues, where each column of the pattern
represents a week, and each row represents a day of
the week (see Figure 13). The daily stress level of the
person is represented on a red-yellow color scale, with
red meaning ‘high stress level’ and yellow meaning ‘low
stress level’. Because this physicalization represents data
over a significant amount of time, performing operations
such as zooming into specific weeks can be useful.

Inspired by existing focus+context [8] and distorting lens
[8] visualization techniques such as ‘melange’ [16] for
displaying large data sets on a relatively small display,
we use the expansion characteristics of honeycomb to
zoom in and out physically. By compressing the pattern
at the beginning and end of a desired time interval
and expanding the interval area, we can zoom in on
the data in that area (see Figure 14a,b). The zooming
as currently implemented in our exemplar is closer to
a focustcontext technique [8] than to a magnification
of the material that would improve resolution. Other
types of implementation are possible with VISMOCK
to reveal information at a different level of detail. For
example, Figure 14c shows how opening up the fabric
and expanding cells can reveal another level of stitched
patterns and corresponding level of data.

This exemplar uses visual and tactile variables to
communicate through both visual and tactile senses. It
utilizes the functional affordance of actuating color, and
the physical affordance of providing manual compression
and expansion as a result of using a honeycomb pattern
that has high compliance. As the temperature rises and
the color changes, the user understands the increase in
stress level through both touch and visual senses.

Table 3: Exemplars 2 described using the VISMOCK design space.

Each triangle means a day

One week

Figure 13: Meaning of cells individually and as a group.

Figure 14: Manual zoom interaction to see- a,b) cell colors,
and c) nested cell level patterns.
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EXEMPLAR 3: VISUALIZING GROUP DATA

Previous work has demonstrated positive effects of
physicalizing activity data to increase motivation for
maintaining healthy habits in both individual and
group activities. For example, Bookly [30] and LOOP
[64] support continuous self-reflection through a data
physicalization of reading time and physical activity data.
It has also been shown that digital visualizations of group
data can help forming communities [1 , 51]. Building on
this research, Exemplar 3 is a physicalization of progress
toward group activities that offers continuous exposure
to data about individuals in the group to motivate
and provide peer support. It can be worn as a sleeve
attachment to enable in-situ interactions (see Figure 1c¢).

The physicalization, shown in Figure 15, is a ‘small
multiples’ physicalization of time series line charts,
where color hue, shape, position, roughness, lay, and
compliance represent data. Each color-coded line (i.e.
each small multiple line chart) represents the running
distance of an individual for several days. The frames
for each small multiple are created by adding two buffer
rows on the bottom and on the top of the line. This way,
updating one of the line charts does not accidentally
affect the shape of the other line charts. To get an update
on a friend or family’s running performance, the person
can update the positions of the points of a line chart with

updated data using a touchpad sewn at the end of each
small multiple (see Figure 1c).

This exemplar can be perceived through visual and tactile
senses. Shape actuation provides a functional affordance.
Sensory affordances are being used as support for
cognitive affordances. For example, the rectangular
shape of the pattern that is communicated through both
visual and tactile senses supports the idea of compression
and expansion of pattern and facilitates the connection
of the pattern with the line chart structure. Lay of each
line can also be perceived by tactile and visual senses
and supports the cognitive affordance of understanding
trends.

—
b >
NS

Figure 15: Actuated line charts of running distance

Table 4: Exemplars 3 described using the VISMOCK design space.

DISCUSSION AND FUTURE WORK
We discuss the insights we gained from developing the
exemplars we presented.

Representing Data Points

Unit visualizations represent each data point using a
unique visual mark [13, 58] -- for example, a scatterplot
where each data point represents a student. In contrast,
aggregate  visualizations  summarize  collections
of data points [15, 58] -- for example, a barchart
where each bar represents the aggregate value for all
students of a given research group. Our exemplars
cover both unit and aggregate visualizations. For
instance, Exemplar la is a unit visualization because
each bar (visual mark ‘line’) represents one task. But
when the bars collapse they form a stack of collapsed
bars whose size represents the number of completed
tasks, much like what is done in visual sedimentation
[26], and this visualization is an aggregate one.

Within both wunit and aggregate visualizations,
VISMOCK supports tracking items during animated
transitions [58] (Exemplar 1a, 1b and 2) and supports
interactions (Exemplar 3). In our implementation, the
modifications of unit and aggregate visualizations are
achieved using SMAs and thermochromic pigments
-- materials that are difficult to scale due to their high
power consumption.
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To address this limitation, research in electrical
engineering is required to explore new ways to power
the circuit (e.g., [34]). Nonetheless, manual actuation
of smocked patterns is a useful alternative as the 3D
structure of a smocked pattern can be utilized to represent
individual or aggregate data points. For instance,
a VISMOCK unit visualization can represent each
student by using techniques such as coloring individual
cells and constructing individual cells using different
fabrics. Similarly, a VISMOCK aggregate visualization
can represent the number of students in each research
group with a bar chart whose implementation leverages
the grid structure of smocked patterns (as shown in
Exemplar 1a).

All the exemplars we designed are about a single
individual or a small group of people, such as runners
or a family. In such contexts, only the individual or
group of individuals is expected to be able to decode
and understand the data, and one would imagine that the
decoding key would be explained to whoever should be
able to read the data. Other people outside the group might
not even realize that some data is being represented, and
it is an advantage for obvious considerations of privacy.
However, there are other scenarios in which it is desirable
that anyone can understand the representation, typically
in public settings such as a museum. Even though this
could be addressed by providing a decoding key or a
legend besides the physicalization, in the future we plan
to look into how to integrate labels, axes and legends
into VISMOCK. Similarly, retrieving exact values is
difficult (as is the case with many physicalizations) and
future work should investigate interactive techniques
that support getting details on demand.

Enabling Operations and Transformations

Our work addresses the challenge to “integrate input and
output modalities into physicalizations by concurrently
considering form and interactivity” [2], by combining
textile and electronics for the purpose of representing
data physically. Notably, compliance is one of the
primary characteristics of many smocked patterns. For
example, we leverage the high compliance of some

patterns such as honeycomb to compress and expand a
physicalization. Similarly change in roughness as a result
of shape change is an inherent part of using actuated
smocked patterns. Such affordances unlock interaction
possibilities such as updating, filtering and zooming.
Manual zooming was demonstrated in Exemplar 2 and
automated adjustment was demonstrated in Exemplar
3. In exemplar 1 updating data is visible by changing
roughness. Similarly perceiving roughness change
could be utilized in specific application areas such as
accessibility [73].

Supporting Color Schemes and Scales

Digital visualizations support different color schemes
and color scales [67]. To achieve similar flexibility
with data physicalization is much more challenging
[27]. One could simply add color-rich LCD screens and
LEDS, but these are known to conflict with aesthetic
requirements [56], and their rigidity would also hinder
the manipulation of fabric.

We explored the use of thermochromic pigments to
encode categorical data with color hue and quantitative
data with color value Yet, the number of available
color options is limited by the number of available
thermochromic pigments. The visual resolution of the
color ranges is also limited by the difficulty to accurately
control thermochromic actuations. Lastly, color ranges
are limited to interpolations of values between two colors
and thermochromic pigments do not support multi-hue
color scales. In the future we will explore materials that
provide multiple hues such as liquid crystal inks [18].

Computational fabrication and ideation tools

Through the development process of VISMOCK,
we faced many ideation, scenario development, and
fabrication challenges — as is the case with most data
physicalizations. For example, combining different
smocked patterns while having color- and shape-
changing capabilities is promising. However, it is hard
to imagine what a set of design decisions will result in
without actually creating physical objects, and we had
to prototype by hand any idea we wanted to explore.

This ideation process is therefore difficult, resource-
intensive and time-consuming. Fabricating and testing
VISMOCK samples also results in non-negligeable
energy consumption and waste of electronics and
chemicals that have a negative environmental impact.
Much like toolkits, libraries and frameworks have
bolstered research and practice for digital visualizations,
similar toolkits are needed for data physicalizations
(only a few research prototypes have been proposed [2,
71]) to support faster, cheaper and more environmentally
sustainable ideation and prototyping solutions.

CONCLUSION

In this work, we introduced VISMOCK, a programmable
smocking technique for creating interactive data
physicalizations. We showcased four exemplars that
illustrate the technique’s potential across three scenarios.
Using our examples, we demonstrated and discussed
how this approach can be used to represent data with
both visual and tactile variables, and to support both
manual and computational interactions like updating
data and zooming in and out. Through this work we
contribute an understanding of how sewing and e-textile
techniques can be leveraged to create interactive data
physicalizations.
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