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Figure 1. KirigamiTable is a shape-changing tabletop, supporting proxemic transitions in collaborative work. It deploys a kirigami pattern that allows
for transformation between three shapes – four-fold (A), flat-fold (B) and two-fold (C) – for working individually or together on a single tabletop.

ABSTRACT
A core challenge in tabletop research is to support transitions
between individual activities and team work. Shape-changing
tabletops open up new opportunities for addressing this chal-
lenge. However, interaction design for shape-changing furni-
ture is in its early stages – so far, research has mainly focused
on triggering shape-changes, and less on the actual interface
transitions. We present KirigamiTable – a novel actuated
shape-changing tabletop for supporting transitions in collab-
orative work. Our work builds on the concept of Proxemic
Transitions, considering the dynamic interplay between so-
cial interactions, interactive technologies and furniture. With
KirigamiTable, we demonstrate the potential of interactions for
proxemic transitions that combine transformation of shape and
digital contents. We highlight challenges for shape-changing
tabletops: initiating shape and content transformations, cooper-
ative control, and anticipating shape-change. To address these
challenges, we propose a set of novel interaction techniques,
including shape-first and content-first interaction, cooperative
gestures, and physical and digital preview of shape-changes.
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INTRODUCTION
Interactive tabletops have shown great promise for support-
ing collaboration [59, 63, 27]. However, several researchers
have pointed out that a core challenge for research on shared
displays (such as tabletops and wall-displays) is to support
transitions between different ways of engaging with co-located
others [16, 64, 6, 19, 50]. Recent research in actuated shape
displays has begun to address this challenge through design
of shape-changing furniture [13, 42, 29, 66, 67, 19]. With
TRANSFORM, Leithinger et al. [42] demonstrate how a
shape-changing tabletop can support a variety of activities.
Grønbæk et al. [19] coin the term Proxemic Transitions, con-
sidering how transitions in people’s social interactions are
conditioned by the interplay between interactive technologies
and features in the environment such as furniture. They il-
lustrate through a prototype how shape-changing furniture
enable people to re-organize themselves with respect to in-
terpersonal distance and orientation as well as in relation to
displays and other artefacts. Takashima et al. [66] explore
how the shape of a tabletop display can influence users’ spatial
arrangements and the atmosphere around it, and Takashima
et al. [67] explore the properties of different vertical display
shapes, motivating further research on shape-changing display



transitions. These examples are early experiments, and a num-
ber of challenges await further exploration. This includes the
challenges of constructing such interfaces, designing ways
of interacting with them, and exploring their design more
specifically within the context of collaboration practices.

Inspired by prior research, we propose a set of interaction
techniques to address challenges of designing for proxemic
transitions around a shape-changing tabletop. We developed
these through the design and implementation of KirigamiTable.
KirigamiTable is a shape-changing tabletop that utilizes a
kirigami actuator [9, 33] for shape changes. The prototype
simulates a foldable touch display where output is generated
via dynamic projection mapping, and display input is simu-
lated via Wizard of Oz (i.e., remote touch events triggered via
a tablet), allowing us to explore different touch-based interac-
tion techniques. The design exploration is driven by a focus on
supporting common proxemic transitions as seen in empirical
studies of collaborative creative practices (e.g., [24]).

With the KirigamiTable prototype and a demonstration sce-
nario 1, we make the following contributions:

• A novel interface that supports collaboration around shape-
changing tabletops
• Interaction techniques that combine transformations of

shape and digital contents
• Demonstration of how kirigami actuation can be used to

design a shape-changing tabletop

RELATED WORK
This work builds upon previous research on proxemics of col-
laborative work, display surfaces for co-located collaboration,
and shape-changing interfaces.

Proxemics, Collaboration and Transitions
Proxemics is increasingly gaining traction in HCI due to the
need for increased literacy regarding the interplay between col-
laborative activities, interactive technologies and spatial envi-
ronments [17, 19, 38, 54, 50, 22, 71]. For instance, Interaction
Proxemics [54, 50] and F-formations [34, 46, 71] are concep-
tual tools for articulating how interactive technology and the
spatial environment together foster proxemic behaviours in
collaborative work (i.e., hindering and enabling certain ways
of acting in relation to others). F-formations describe spatial
patterns in how people face each other through orientation and
spacing between each other and artifacts [34, 46], e.g., a group
of people may arrange in a semi-circular formation around a
tabletop. In addition, a line of research focuses on transitions
between proxemic relations [38, 71, 19]. Grønbæk et al.’s
research on Proxemic Transitions highlights how stationary
computers, laptops and furniture have several shortcomings
in supporting transitions of entering and leaving collaborative
situations, causing people to adapt to the environment rather
than re-configuring it (e.g., groups huddle around personal dis-
plays or stand uncomfortably for sustained ad hoc meetings)
[19]. Their work points to shape-changing furniture as a novel
research direction for supporting people’s re-configurations of
the environment during such transitions.
1See the demonstration video accompanying this paper.

Display Surfaces for Co-located Collaboration
Research on collaborative surfaces has contributed prototypes
and studies around different kind of surfaces, such as tabletop
displays (e.g., [63]), wall displays (e.g., [56]), bended displays
(e.g., [74]) and multi-display environments (e.g., [65, 11, 75]).
It has been found that deciding which display form factor is
best, depends on the activity it is used for [61, 59], e.g., ver-
tical displays are well suited for coordination and presenting,
whereas horizontal displays are better at supporting collab-
oration in terms of sharing ideas [59]. Empirical studies on
collaboration have further shown that proxemic behaviour is
supported by allowing for partitioning displays into territories,
both on tabletops [63, 61, 57, 52, 51] and wall displays [30,
47, 73, 56]. For tabletops, in particular, it has been found
that round- and square-shaped tables configure groups of peo-
ple differently. For instance, round tables have shown to be
problematic for some collaborative tasks due to their limited
opportunities for partitioning the workspace as compared to
rectangular tables [63]. Furthermore, the the ability to control
orientation of objects and digital items on tabletops has been
found to be crucial for how we collaborate [39, 25].

Shape-Changing Interfaces
Shape-Changing Interfaces is an emerging area of research.
Up till now, it has predominantly focused on exploring small-
scale applications (e.g. [76, 58, 72, 31]) relating to the scale of
handheld devices, some of which focus on combining digital
displays and dynamic physical shape [3, 60, 45]. For instance,
inFORM [13] demonstrates that rendering UI both digitally
and physically allows for dynamic physical constraints.

Recent research on shape-changing interfaces has started to
explore physically dynamic form at the scale of furniture (e.g.,
[13, 20, 19, 29]). For instance, 2.5D displays have demon-
strated how tabletops with a height dimension can enable new
ways of interacting with multi-dimensional data [44, 43, 10].
These mostly focus on a new form of data display, and less on
ways that the display shape may alter how groups can organize
themselves spatially. Another strand of research focuses on
addressing the technical challenges of constructing large-scale
shape-changing objects (e.g., [55, 12, 62]), such as production
methods for human-scale inflatable objects [62]. A few in-the-
wild studies have also demonstrated how changing the shape
can mediate social interactions in new ways (e.g., [20, 53]).
Finally, and most relevant to our research, shape-changing
furniture displays [66, 67, 29, 19] have been built to investi-
gate their potential for supporting transitions in collaborative
activities. These explore the relationship between transforma-
tions in shape, transitions in the activities they are used for,
and collaborators’ spatial organization enabled around them –
which Grønbæk et al. refer to as Proxemic Transitions [19].

While prior research on large-scale shape-changing displays
[67, 19] points to future work of combining shape and digital
content transformation, it remains largely unexplored.

CHALLENGES FOR SHAPE-CHANGING TABLETOPS
In the following, we highlight interaction design challenges
for proxemic transitions based on prior findings in research on
shape-changing interfaces and tabletop displays.



Figure 2. KirigamiTable supports three types of shape configurations: Flat-Fold, Four-Fold and Two-Fold.

Transitions between Personal and Shared Work is a core
challenge in tabletop research [16, 64, 27], and especially
important for mixed-focus collaboration [21, 69, 67], e.g.,
brainstorming, affinity diagramming [4] and collaborative
design [70]. Multi-device groupware often responds to this
challenge by separating display territories between personal
devices and tabletops [68, 77, 48], e.g., facilitating transi-
tions in collaborative activities by supporting branching,
independent exploring and merging across devices [48].

Communicating Upcoming Shape-Changes is a challenge
that has been addressed by enhancing shape changes with
digital contents [60, 45, 13]. Lindlbauer et al. [45] propose
different techniques that alter the optical appearance of
dynamic objects for anticipating shape-changes.

Interaction with Large Shape-Changing Displays is in its
early stages. Existing proposals can roughly be categorised
as either implicit based on tracking of users’ proximity
relations (e.g., [66, 67]), or explicit interaction via physical
buttons (e.g., [19]) or mid-air gestures (e.g., [67, 29]).

Supporting Cooperative Control is an important challenge
for tabletops, because multiple users need to coordinate
actions and resolve conflicts (e.g., [51, 69, 63, 27]). Studies
further show that users are hesitant to collide in centralized
controls (causing turn-taking) [51], and tend to not touch
other people’s personal territories [51, 63, 69].

METHOD
We explore interaction for Proxemic Transitions [19] with a
kirigami-actuated shape-changing tabletop. Proxemic Transi-
tions has served as a conceptual lens scoping the challenges
identified in related work, identification of relevant activities
for shape-changing tabletops, and finally, it has informed our
design explorations by drawing attention to the dynamic inter-
play between social interaction, technology and furniture.

We have adopted a research-through-design methodology [14].
Through the construction of the actuated table and design of
touch-based interactions simulated on the tabletop surface,

we have been challenged to invent novel (preliminary) so-
lutions, and as such, the prototype embodies a number of
design choices that raise interesting design issues. In par-
ticular, we have explored how to move from the principle
of kirigami actuation, as manifest in small-scale paper mod-
els (see Figure 15) to a proof-of-concept full-scale actuated
tabletop surface (see Figure 2). Next, (in line with [7]) we ex-
plored design of interactions for proxemic transitions through
a scenario (see Figures 3-5). We have focused on relevant
scenarios from collaborative creative practices. This is a com-
plex, challenging, and well-documented area of work, which
is characterized by shifts in ways of collaborating and use of
interactive technology to support work processes, and there-
fore puts our prototype design to a test. However, it should not
be regarded as an exclusive application domain, and further
potentially relevant areas are covered in the Discussion section.
Finally, we synthesized the exploration into a set of interaction
techniques for KirigamiTable (see Figures 6-14). Hence, the
KirigamiTable prototype represents a point in a design space
of shape-changing tabletops, inviting for further exploration.

KIRIGAMI TABLE
We envision a future where foldable shape-changing tabletop
displays can enable transitions between different ways of work-
ing – together or individually. We explore this vision through
KirigamiTable – a shape-changing tabletop augmented with
digital projection (see Figure 1 and video). The table is capa-
ble of changing between three different shapes (see Figure 2),
creating different socio-spatial conditions for working around
it. The table surface utilizes a kirigami actuation principle [33,
9] to enable complex shape changes based on minimal actua-
tion (using only two actuators operating along a single axis).
See implementation section for more details on the prototype.

With the design of KirigamiTable, we explore how shape-
changes can facilitate collaboration by enabling proxemic
transitions between working individually, in small groups or
large groups of people.



The following three shapes of the table surface support differ-
ent facing formations (see Figure 2):

• Flat-fold configuration can be used as any other tabletop,
allowing the people in the group to move around the table
surface freely.
• Four-fold configuration supports individual work, provid-

ing a semi-private work-area for each of the four members
of the group.
• Two-fold configuration allows group members to work in

pairs, while providing a shield space for each of the two
pairs working at the table. It also provides a vertical display
that may be desirable for presenting to others.

Figure 3. Basic Proxemic Transitions with KirigamiTable

Figure 4. Control Widget: Users can slide along the vertical axis to ex-
pose menus of digital content re-organization for each table shape.

The range of proxemic (socio-spatial) relations illustrated for
each shape in Figure 2 (indicated with F-formation patterns
[34]) highlights an important point: we aim to empower peo-
ple to dynamically re-organize around content in new ways.
Hence, rather than making the tabletop dictate how people
can re-organize through implicit interaction (e.g., via prox-
emic sensing [66, 67]), shape-changes of KirigamiTable are
initiated explicitly through touch-based interaction.

Basic Proxemic Transitions via Control Widget
Reflecting on shape-changes in the context of empirical ob-
servations of dynamic collaboration, Grønbæk et al. [19]
highlight tradeffs for proxemic transitions: digital transforma-
tions enable small quick shifts in proxemic relations (such as
scaling up a window on a big screen for a larger group to see),
while physical transformations enable radical shifts which
happen less frequently (such as collaborators re-organizing
from a semi-circular to a circular formation). We build on
this observation in our design proposals of combining phys-
ical shape and digital content transformations. In the fol-
lowing, we outline the basic proxemic transitions enabled
by KirigamiTable (see Figure 3), showing how digital con-
tents can be re-organized corresponding to the different shape
transformations. We designed a control widget (see Figure 4)
for basic interaction with shape-changes: users slide a finger
along a vertical menu representing transitions between three
possible shapes, where each shape-change supports different
opportunities for re-organizing digital contents. The widget
demonstrates the following basic content re-organizations:

• Transition to flat-fold: content items can be re-organized
in circular, one-sided or maintain existing arrangement.
• Transition to two- and four-fold: a selection of content

items can be divided or duplicated.

The widget is simplified to convey possibilities. Hence, it
does not represent an exhaustive exploration of the different
ways that content can potentially be re-organized along with
shape-changes.

The proxemic transitions of Figure 3A-D all involve shape-
changes, allowing for a shift in how people organize with
spacing and orientation between each other. However, prox-
emic transitions can also simply be facilitated by re-organizing
the digital content in the same shape configuration. For in-
stance, the flat-fold configuration can support a range of facing
formations, allowing people to re-organize the digital contents
in a way that is appropriate for the current task (see Figure
3E). The circular arrangement distributes contents around the



Figure 5. Scenario of proxemic transitions in creative collaborative practices: Inspiration Card Workshops (see also video figure)

surface oriented from a centre point, supporting a circular
facing formation. However, there might be instances where it
is desirable to re-organize from a circular to a semi-circular
formation in order for everyone to view the digital contents
from the same direction in a one-sided arrangement.

Use Case: Collaborative Creative Practices
Our design exploration with KirigamiTable is motivated and
inspired by proxemic transitions related to collaborative cre-
ative practices. Several creativity methods take advantage of
providing participants the opportunity to express themselves
by both working individually (e.g., using Post-It notes), and
sharing the materials with the rest of the team [40, 26, 35, 35,
26, 15]). More generally, it is acknowledged that a hybrid
structure, in which individuals first work independently and
then work together generate better ideas than a team struc-
ture, in which the group works together throughout the whole
process [15]. As a perspective on such transitions in team
work, we draw from Grønbæk et al.’s distinction for Proxemic
Transitions, where transitions manifest as either quick (and
frequent) or radical (less frequent) shifts in people’s social
interactions. For instance, transitions in collaborative ideation
may be subtle, such as shifting attention without particularly
significant changes to interpersonal spacing and orientation
(e.g., when co-creating via laptops [8]). However, as can be
seen in the literature above, methods for collaborative creative
practices often promote more disruptive shifts between individ-
ual and shared work, where materials need to be re-organized
and developed over time. Such transitions may then mani-
fest more significantly in people’s spatial re-organization, as
shown by Møller et al. in their study of collaborative ideation
with physical and digital sticky notes [32]. While we have
focused on proxemic transitions in the creativity domain, such
transitions are not confined to these practices, but can also be
found in, for instance, collaboration in a learning context [18],
during surgery [50, 49] or sense making [28, 5, 69].

In order to demonstrate the potential of KirigamiTable for
supporting the more radical proxemic transitions, we have
selected one of the many design methods which inherently
incorporate dynamics between individual and collaborative
activities: An Inspiration Card Workshop [24] is a collab-
orative design method involving professional designers and
participants with knowledge of the design domain. As de-
scribed in more detail in [24], the goal of such a workshop
is to develop design concepts from two types of inspiration

cards: Technology Cards and Domain Cards, index card-sized
cards with a picture and a title. Figure 5 illustrates the com-
mon proxemic transitions and workflow as it unfolds around
the KirigamiTable during the core part of an inspiration card
workshop. Initially, the two sub-teams of domain experts and
professional designers (technology experts) discuss domain
cards and technology cards in sub-teams. Subsequently, they
all convene in order to present the cards to each other. For the
core part of the ideation process, participants for a short pe-
riod typically work individually followed by co-creation in the
team as a whole. The workshop is concluded by a presentation
to other participants about the developed design concepts.

We implemented a basic application to explore how
KirigamiTable may support common proxemic transitions in
the collaborative practice of inspiration card workshops (see
Figure 3): content items in the Kirigami UI are inspiration
cards of images and videos, which are color-coded in two
separate categories – blue for technology cards and green for
domain cards – to illustrate the basic distinctions between
users working in subteams (separated colors) and when they
all collaborate and combine cards (mixed colors).

INTERACTION TECHNIQUES FOR KIRIGAMITABLE
Having described the design of the KirigamiTable, the basic
proxemic transitions it enables and an application scenario,
we now describe the results of our explorations into designing
interaction techniques for the KirigamiTable. These explo-
rations have been guided by the challenges of designing for
proxemic transitions with a shape-changing tabletop that we
earlier identified in terms of how to design for initiation and
anticipation of shape-changes as well as cooperative control.

Initiating Shape and Content Transformations
Apart from the basic interactions with KirigamiTable, our de-
sign work opened up a range of opportunities for how shape
transformation can possibly trigger meaningful content trans-
formations on a shape-changing surface, and vice-versa.

Shape-First Interaction
The basic transitions (see Figures 3 and 4) demonstrate inter-
action through a control widget, where physical shape transfor-
mation is taken as the primary entry point for interaction, and
users subsequently decide how the digital contents should be
re-organized and distributed across the surfaces. We refer to
this technique as shape-first interaction, because it starts with



Figure 6. Content-first widget: A card is selected for duplication, and subsequently the four-fold shape is selected (A). KirigamiTable splits into four-fold
with four duplicates of the card, provided on each individual vertical surface in the four-fold configuration (B).

Figure 7. Content-first widget: A widget emerges from a selection action, indicating possibilities for content manipulations that also trigger shape-
changes (A). Presentation mode is selected, and the table transforms into two-fold (B)

a menu of shape-changes, followed by a sub-menu of options
for re-organizing contents according to the shape-change.

Content-First Interaction
An alternative approach is to trigger shape-changes implic-
itly, based on digital content manipulations. This is referred
to as content-first interaction. When a user selects one or
more cards, a content-first widget appears that operates on
the selection. For instance, the user can choose to duplicate
a card into four individual copies, triggering a shape-change
that corresponds to the content action, as illustrated in Figure
6. Additionally, a user can choose a selection of cards for pre-
sentation as illustrated in Figure 7, subsequently triggering a
shape-change into the two-fold with vertical display real-estate
for presenting to others.

Cooperative Control of Shape-Change
The design of cooperative control with KirigamiTable builds
on prior tabletop research [51, 27] that responds to the chal-
lenge of designing multi-user interactions for tabletops. First,
Morris et al. [51] propose coordination policies for handling
conflicts of control, e.g., touching the same item may dupli-
cate the item or tear it to pieces, or cooperative gestures may
serve as a mechanism to avoid potentially disruptive actions to
occur by accident. Second, Hornecker [27] exploits embodied
constraints of tabletops (caused by their size and shape) to ex-
plicitly inhibit certain social behaviours (e.g., control conflicts)
while inducing others by design (e.g., helping and participa-
tion). Based on these findings, we propose two techniques
for designing controls for shape-changing tabletops: dynamic
distribution of controls and cooperative gestures.

Dynamic Distribution of Controls
As part of designing the shape-first interaction, we considered
coordination problems of interaction. It has been proposed
to exploit (or even overcome) embodied constraints on action
around tabletops [27, 51, 63]. For instance, Morris et al. show

that providing private feedback locally in the user’s territory
can avoid social embarrassment [51], and Hornecker shows
that providing multiple access points for control increases
participation [27].

With KirigamiTable, we demonstrate that physical tabletop
transformations can change how digital territories are physi-
cally constrained, in consequence making some actions possi-
ble and inhibiting others (e.g., flat-fold facilitates social aware-
ness and equal participation, while four-fold facilitates individ-
ual focus). However, since the four-fold configuration supports
individual display territories, it also complicates shared control
of shape-changes because no-one can see the entire display
surface. Hence, we propose to provide multiple access points
[27] for interacting with shape-change (see Figure 8): con-
trol widgets are dynamically re-distributed depending on the
shape to continually provide multiple access points that are
accessible and visible from any position around the display.

Cooperative Gestures for Shape-Change
An important challenge for collaborative displays is to design
interactions that avoid potentially disruptive actions to occur
by accident [51]. The potential of causing disruptive effects to
people’s work environment is specifically evident with shape-
changing tabletops, in the sense that when shape-changes
occur it radically transforms the space around which people
work. This is further exacerbated when interactions with shape-

Figure 8. Control widgets are distributed depending on the shape: in
two-fold and flat-fold there is one widget on each end (A), while in four-
fold each personal area has a widget (B).



changes are implicit, i.e., based on contextual information
(such as in content-first interaction).

A response to this challenge, is seen in Morris et al.’s con-
cept of cooporative gestures [51]. Building on this concept,
we explore how cooperative gestures can be designed for
KirigamiTable: Figure 9 demonstrates a cooperative gesture,
where the four participants collaboratively trigger a duplicate
action of an item by all simultaneously touching the same
inspiration card. The number of hands detected for the gesture
can then determine whether to transform into four-fold (four
hands) or two-fold (two hands).

Anticipating Shape-Changes
One obvious challenge is how to provide feedforward regard-
ing the physical shape transformation of an actuated surface.
As shape-changes are disruptive to the ongoing activity, dy-
namic displays can provide feedforward on their upcoming
shape-change. In the following, we illustrate how prior ideas
of feedforward at handheld shape-changing device scale [58,
45] can be extended to furniture scale and support collab-
orators in anticipating shape-changes for coordinating their
actions around the tabletop.

Digital Preview: Indicating via Digital Animation
Lindlbauer et al. [45] propose the concept of Anticipating
shape-change, where upcoming shape-changes are simulated
virtually by altering the optical appearance of shape-changing
objects with displayed graphical animation. We extend this
concept for collaborative tabletops with KirigamiTable (see
Figures 10 and 11). Here, digital previews are not only hint-
ing at changes, but can also indicate how content will be
re-organized. For instance, when transforming from team to
individual work, the interface may first indicate how content
is sub-divided before it shape-changes (see Figure 10).

Physical Preview: Indicating via Intermediate Shape Steps
Rasmussen et al. [58] propose the concept of Negotiated
control of shape-change (for single-user interactions), where
shape-change can be negotiated (i.e., initiated and altered) be-
tween the user and the interface. We explore this principle for
designing (multi-user) interactions at tabletop scale: physical
previews use intermediate shape steps (i.e., a slight shape-
change hinting at a full shape-change) to provide feedforward
on a global interface transformation affecting all users’ indi-
vidual activities. As shown in Figure 12A-B, a slight shape
change towards an intermediate step can communicate an up-
coming shape change and prompt users for preparing their
cards (sorting into private and shared) for the transition. In

Figure 9. Cooperative gesture: Four hands simultaneously pulling away
from the centre of the surface (A) will implicitly trigger a duplicate ac-
tion, transforming into four-fold (B).

Figure 10. Digital preview (four-fold): indicating transitions through
digital animations that resemble the shape change (A). The folds are
highlighted digitally before the shape change (B).

Figure 11. Digital preview (two-fold): indicating transitions through
digital animations that resemble the shape change (A). The fold is high-
lighted digitally before the shape change (B).

the current demonstration, the intermediate period is timer-
based. However, it could as well prompt users to cooperatively
confirm the shape-change when they have sorted their cards.

Highlighting Edges that Fold
A previewing technique that is utilized in both of the others
is to digitally highlight the folding edges. This is not only to
indicate how the shape is going to fold in an upcoming transi-
tion, but can also serve as a digital boundary for indicating a
threshold between private and shared or how contents will be
split between individuals.

First, we implemented a digital boundary as a draggable bar
(see Figure 13), enabling users to prepare before triggering
transformations from individual to team work: users can sort
cards into private and shared via the boundary separating the
contents on the triangle UI. This is input to the table trans-
formation when re-organizing content for a different shape
configuration. However, in developing this transition, we fur-
ther explored the idea that highlighting a subset of edges on
the kirigami pattern can indicate boundaries during transitions.
We extended the draggable bar to implicitly trigger a shape-
change to flat-fold when dragging over the physical boundary
of a shape fold (see Figure 14A-B). After the trigger, the fold-
ing edges below each triangle in the four-fold configuration are
highlighted digitally to indicate to everyone that a transition is
coming up, and they can prepare by sorting cards into share
and minimize zones (see Figure 14C).

Figure 12. Physical preview: indicating a transition towards flat-fold
by an intermediate step (A), prompting users to finalize their individual
card sorting activities. It subsequently transforms fully into flat-fold (B).



Figure 13. Before shape change, a digital boundary allows for preparing
content, dividing it into content that will be shared and minimized (A).
The boundary is draggable (B-C).

Figure 14. Shape change is triggered implicitly based on dragging the
digital boundary below the physical fold on the shape (A). Fold edges
all around the table are highlighted (B) to indicate a boundary between
what is will be shared and minimized, respectively (C).

DESIGN AND IMPLEMENTATION
The following outlines the design of the Kirigami surface
and describes the technical implementation of the different
components of the KirigamiTable prototype.

The Kirigami Surface
The surface of the table utilizes a metamaterial strategy called
Kirigami Actuators [9, 33], in order to create complex three-
dimensional transformations through a simple linear actuation.
Kirigami Actuators build on the traditional Japanese art of
Kirigami, where folding and cutting paper is used to create
three-dimensional structures. Dias et al. [9] have illustrated
how understanding the mechanical properties of thin sheets
makes it possible to generate four fundamentally different
forms of actuation: roll, pitch, yaw, and lift, using the same
linear actuation. Building on this work, Kaspersen et al. [33]
further explored how the same principles can be utilized when
thickness is added to thin sheets. The Kirigami surface utilized
in the design builds on the foundational work of Dias et al. [9],
and utilizes some of the tactics proposed by Kaspersen et el.

The starting point for the design process of the Kirigami sur-
face was to explore different ways that the surface actuation
can be controlled. Figure 17 illustrates how creating a simple
cut down the centre of a piece of paper, allows for an up- or
downwards actuation of the surface when it is pulled, creat-
ing a soft curve on the surface. By introducing folds into the
surface (see Figure 15), the direction and placement of the
actuation can be controlled. Figure 15 illustrates how different
aspects of this basic principle have been explored during the
design process. This includes different patterns of cuts and
folds, and combinations of patterns, different shapes of the
table (eclipse, rounded square), and different combinations
of surface materials (cardboard & tape, wood & textile, 3-d
printing on textile, gluing laser cut elements on textile). In the
process different shapes and proportions of the surface have
been experimented with, to achieve a surface that works in

each of the three shape configurations and where users have
equal access from all sides.

We sought specific inspiration from common proxemic tran-
sitions that occur in collaborative creativity methods such as
Inspiration Card Workshops when generating design ideas.
Finally, using the actual shape (affordances and constraints)
of the Kirigami Actuator as inspiration for generating UI con-
cepts, we approached the challenges of designing a segmented
UI that consisted of, not just rectangles, but also triangles and
bends with unconventional UI edges. This further led to the
idea of using its transitions from flat-fold to the other shapes
as a metaphor for ’splitting’ content.

Based on these design considerations, the KirigamiTable sur-
face is constructed out of individual cardboard segments,
which are taped together to create hinges. Figure 17 illus-
trates the different components of the surface; hinges with
valley and mountain folds as well as cuts.

The Actuation and Frame
Figure 16 illustrates the construction of the frame and actu-
ation mechanism of KirigamiTable. The frame underneath
the table consists of four linear actuators (Linak DL17) for
height-shifting the table between a seated to a standing table.
To change the shape of the table, two linear actuators (Linak
LA14) actuate from the centre and outwards. Two rails have

Figure 15. Prototypes of different kirigami patterns.



been used to create an attachment point on a central axis and
to support the actuation. In principle, the surface actuation
could have been carried out by a single actuator, but to main-
tain the symmetry along a central axis, allowing the table to
expand from a central point, two actuators have been used.
The Kirigami surface rests on a wooden surface mounted on
top of the frame, and is connected at two points to the actuator.

The Projection Mapping Setup
Projection mapping is achieved using a single projector
mounted over the table. A virtual 3D model of the Kirigami
surface is rigged inside Unity and the Unity physics system
is used to simulate the physical deformations virtually, and
custom-designed calibration software developed by our re-
search laboratory CAVI [23] enables the digital model to be
projected precisely on the Kirigami surface according to the
physical transformation of the table. Unity receives events
for virtual deformation through a USB interface to the Linak
actuators. The actuated state is continuously communicated as
events with a new integer value from the actuators, indicating
its current actuation along one linear axis. These events can
then be applied as a virtual linear force along the same axis in
the virtual representation, consequently resulting in a virtual
deformation that resembles the physical deformation.

The Interactive Application Setup
A host PC runs the Unity application and displays it through
the projector. The Unity application is responsible for render-
ing the graphics using the estimated projector pose from the
calibration. The surface of the 3D model renders a texture with
the real-time updated contents of a Chromium browser, allow-
ing us to embed a Web application on the Kirigami surface.
The same host PC runs an event bus application, responsible
for USB communication with the Linak USB interface and
WebSocket communication to the Web app running inside
Unity. The Web application is implemented using Webstrates
[37], which synchronizes DOM events between open browser
clients. Webstrates thus serves as infrastructure for Wizard Of
Oz, enabling a tablet to remotely trigger multi-touch events
in the Web app, which in the Unity Web container translate
into both 2D content manipulations on the projected Kirigami
surface and table events that actuate the table surface.

DISCUSSION
Through the design and implementation of the KirigamiTable,
we have come to identify a set of challenges and opportunities
for shape-changing tabletops that point towards future work
for this new and exciting type of user interfaces.

Designing Interactions for Proxemic Transitions
Designing interactions for proxemic transitions with a shape-
changing tabletop is complex. With the KirigamiTable, we
have demonstrated a set of novel interaction techniques, explor-
ing how shape-change and re-organization of digital contents
can provide new opportunities for meaningful proxemic rela-
tionships in collaboration around a tabletop interface. How-
ever, these techniques should not be considered as final solu-
tions, but rather as initial explorations. With the control wid-
gets, we have, in particular, presented shape-first and content-
first interaction techniques as different approaches to initiating

shape-changes. But there are rich possibilities for combining
shape and content transformation and this topic invites for
further investigation. There may be a potential in exploring
different forms of negotiated shape-change [58], e.g., where
content and shape are manipulated in parallel, either in a step-
wise re-configuration of shape and digital content [19], or
perhaps by concurrent, continuous manipulations. In addition,
the demonstrated control widget only conveys a preliminary
mapping of shape-change and content transformation.

Figure 16. Technical drawing of the Kirigami table, top: side view of
table, below: view from bottom up.

Figure 17. The Kirigami surface. Top: top view of kirigami surface.
Bottom: section side view of hinge structure



Our particular design choices then serve as inspiration for the
research community, inviting for more systematic exploration
and mapping of possible combinations of shape and content
transformation – including future evaluations of these.

Automatic Re-organization of Contents
One of the obvious design challenges with a shape-changing
tabletop is that, when shape-changes occur, contents often
need to be re-organized to accommodate for the new shape
configuration. This is a challenge since the ability to manage
orientation of shared objects is crucial for how we collaborate
[39, 25], and it has been shown that no single digital orienta-
tion and translation mechanism is best for every scenario of
interaction in collaboration, however, each presents its trade-
offs [25]. It is further complicated by the fact that organization
of digital items on KirigamiTable is not merely a matter of
pure 2D translation and orientation. The digital display is only
consistently flat in the flat-fold configuration, however, in both
of the other configurations, there are multiple horizontal and
vertical parts on the display surface. This creates a complex
interplay between shape and displayed contents, which only
adds to the potential confusion in perceiving contents that are
being re-organized along with shape-changes. However, as
there are many possible ways that contents can be meaning-
fully re-organized (as well as confusingly re-organized), we
suggest that the menu options are scoped by designers for
particular applications with widgets and controls that only
provide action possibilities meaningful to a particular activity.

Transformations with Global Consequences
We have proposed the interaction techniques of digital and
physical previews to align expectations among users regarding
transformation with "global" consequences (i.e., consequences
for everyone using it). There are trade-offs when comparing
digital and physical previews. Physical previews make good
sense when not all users can see the entire display (as in four-
fold) because the change of a shape is more visible to everyone.
However, digital previews work well for transitions from flat-
fold, because the entire display surface is visible to everyone
– and in case objects like cups are resting on the table, they
can be safely handled before the transition. Furthermore, a
consequence of the kirigami pattern of the KirigamiTable is
that, when the shape changes, it changes for everyone around
the table. This is in contrast to TRANSFORM [42, 29] which
enables "local" shape-changes. KirigamiTable, then, has its
limitations with respect to the proxemic transitions that it
supports. However, it would be feasible to design a different
structure, e.g. with multiple, local kirigami structures.

Potential Application Areas
As aforementioned, the kirigami pattern on KirigamiTable
mostly facilitates radical shifts [19], in that the transforma-
tions have consequences for everyone around the tabletop. We
believe that this is most appropriate in situations, where syn-
chronous shifts among everyone around the table is relevant.
This could be in structured processes such as collaborative
creative practices, but it could also be in educational settings,
where it would be relevant for pedagogic reasons to facilitate
certain proxemic transitions. Informal feedback from teachers

and educators based on demonstrations of the KirigamiTable
have pointed to its potential for facilitating group activities in
classrooms. Furthermore, considering different time frames
points to other potential application areas. In the Inspiration
Cards scenario, we have focused on transitions happening
within minutes or hours, however, it could also be relevant to
consider transitions over several hours or days. This could be
classrooms or other public and private spaces that are used in
different ways throughout the day.

Finally, while prior research on Collaborative Coupling Styles
(around tabletops [69, 28] or across devices [5]) exhibit less
radical proxemic transitions, it can inspire future work for
exploring how the combination of shape-changing tabletops
and people’s mobile devices can support Proxemic Transitions.

Limitations of the KirigamiTable Prototype
An important next step is to evaluate shape-changing tabletops
with users in collaborative activities. The KirigamiTable pro-
totype has certain limitations which prevent us from further
evaluating its potentials. In particular, the touch functional-
ity on the tabletop is simulated in the current prototype. In
order to conduct user studies, we need to further develop
KirigamiTable into a fully interactive prototype. This involves
developing and integrating a multitouch-enabled display sur-
face. As the first foldable touch-enabled OLED displays have
already been produced (e.g., [41, 36]), we are not far from
being able to cover shape-changing tabletops with OLED dis-
plays. And we believe that kirigami principles provide an
interesting approach to enabling this future, in that an actuated
foldable display surface ideally can be manufactured from one
or two ultra-thin foldable display films that can cover the two
sides of the cut in the kirigami pattern.

CONCLUSION
We presented the design of KirigamiTable – a shape-changing
tabletops for supporting transitions in co-located collaboration.
Our work has started to unpack the potentials of emerging
interactions that combine physical shape change and digi-
tal content re-organization to enable new ways of transition-
ing between working individually and collaboratively. Our
research-through-design process has highlighted a set of novel
touch-based interaction techniques for supporting proxemic
transitions: (1) Initiating Content and Shape Transformations
(shape-first and content-first interaction), (2) Supporting Co-
operative Control (dynamically distributed controls and coop-
erative gestures), and (3) Anticipating shape-changes (digital
previews, physical previews and highlighting edges). Our
summary of novel opportunities and challenges with shape-
changing tabletops outline an exciting new direction for sup-
porting transitions in co-located collaboration via interaction
with the combination of shape-change and digital contents.
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