
Graphical > Tangible?



Graphical > Tangible?

• Dynamicity, Flexibility 

• Price



Graphical > Tangible?

• Reality based interaction 

• Compromise with software when it brings benefit

http://dl.acm.org/citation.cfm?doid=1357054.1357089

http://dl.acm.org/citation.cfm?doid=1357054.1357089


Reality Based Interaction

• Interface design 

• build on 4 themes (= human capabilities) from 
the “real” world 

• compromise with 6 tradeoffs in order to reach 
design goal



Reality Based Interaction

• Four themes from the “real” world



Reality Based Interaction

E.g., gravity, friction, velocity

Example of interfaces using 
users’ knowledge of naive 

physics?



Reality Based Interaction

E.g., relative position of body parts, 
range of motion, skills to coordinate 

movements (to walk, kick a ball)

Example of interfaces using 
users’ body awareness and 

skills?



Reality Based Interaction

E.g., horizon gives a sense of directional 
information, lighting and shadow 

provide depth cues

Example of interfaces using 
users’ environment 

awareness and skills?



Reality Based Interaction

E.g., verbal and non-verbal 
communication, exchange objects, 

ability for collaboration

Example of interfaces using 
users’ social awareness and 

skills?



Reality Based Interaction: 
Six tradeoffs

Expressive power  
ability to perform a variety of tasks within the application domain 

Efficiency  
ability to perform a task rapidly 

Versatility  
ability to perform many tasks from different application domains 

Ergonomics  
ability to perform a task without physical injury or fatigue 

Accessibility  
ability to perform a task when handicapped 

Practicality  
(designers) ability to produce the system



Reality Based Interaction
Case study: URP 

What themes does URP use? 

• Naive Physics 

• Body 

• Environment 

• Social Awareness



Reality Based Interaction
What does URP sacrifice for which benefit? 

• Expressive power 

• Efficiency 

• Versatility 

• Ergonomics 

• Accessibility 

• Practicality



Graphical > Tangible?
• Software mouse+touch GUI took over 

• Tangible might be coming back  
E.g., induction hub 
with removable magnetic tangible knob



E.g., Microsoft Surface Studio (2016)



Graphical > Tangible?

• New and Open research areas  
that bring tangibles closer to software



How can we benefit again  
from Tangibility?



Dynamicity & Flexibility:  
Shape

Illuminating Clay



Dynamicity & Flexibility:  
Shape
SandScape



Dynamicity & Flexibility:  
Shape

A Reconfigurable Ferromagnetic Input Device



Dynamicity & Flexibility:  
Shape

Dynamically changeable buttons:  
http://www.youtube.com/watch?v=Smai_Z_galE 

http://www.youtube.com/watch?v=Smai_Z_galE


Dynamicity & Flexibility:  
Shape

Shutters with shape memory alloy



Dynamicity & Flexibility:  
Shape



Dynamicity & Flexibility:  
Shape



Dynamicity & Flexibility:  
Shape



Dynamicity & Flexibility:  
Shape



Dynamicity & Flexibility:  
Shape



Dynamicity & Flexibility:  
Shape with nanoscopic cells



Dynamicity & Flexibility:  
2D location

Actuated workBench PICO



Dynamicity & Flexibility:  
3D location

(magnetic)



Dynamicity & Flexibility:  
3D location

(ultrasonic)

https://www.youtube.com/watch?v=g_EM1y4MKSc

https://www.youtube.com/watch?v=g_EM1y4MKSc


Dynamicity & Flexibility:  
Stiffness



Dynamicity & Flexibility:  
Stiffness

3D Printing Pneumatic Device Controls  
with Variable Activation Force Capabilities 

https://youtu.be/-4gFYvhkz0Y

https://youtu.be/-4gFYvhkz0Y


Dynamicity & Flexibility:  
Weight



Many possibilities
• How to make sense of it?  
→ Taxonomies and Design spaces 

1. Morphees 

2. Rasmussen 

3. Sturdee 

4. Emergeables



Morphees

 

We concretize our concept of Morphees by implementing 
preliminary prototypes that help us to explore six building 
strategies using different shape changing materials. For 
instance one uses tiles of wood that are actuated with thin 
Shape Memory Alloys (SMA) wires (Figure 1b) and the 
other bends a flexible touchscreen (E-Ink and Unmousepad 
[43]) using SMA wires that we forged to return to the shape 
we needed (Figure 1c). We compare the shape resolution of 
each design strategies and generate insights into creating 
high shape resolution self-actuated flexible devices.  

Our main contribution is to offer the first metric for 
comparing shape-changing devices in term of shape by 
introducing the term shape resolution and its definition in 
ten features. We also contribute the concept of Morphees, 
the next generation of self-actuated flexible mobile devices, 
and show six technological approaches for building them. 
By evaluating the shape resolution of these strategies, we 
present informative insights for builders toward creating 
high shape resolution shape-changing devices.  

THE FRAMEWORK OF SHAPE RESOLUTION 
Our definition of shape resolution is based on the model of 
Non-Uniform Rational B-splines (NURBS) and has ten 
features (Figure 2) that are analogous to the ones used for 
display resolution such as number of pixel, size of pixel, bit 
per pixel etc. However, a high resolution feature is not 
about maximizing its value but maximizing the range of 
its possible values. For instance, a shape has a high-
curvature resolution if its surface has range of curvatures 
comprised between -π and π (concave to convex spike).  
Our features complement Coelho’s properties [7] that 
describe the technological properties of shape-changing 
devices. Examples  include  power  requirement,  ability  to  

 

memorize new shapes, input stimulus such as voltage 
potential or ability to sense deformations. This approach 
differs from ours in that these properties describe the object 
material and not the possible shapes it can adopt. To give a 
simple analogy, a display resolution is given by features 
such as pixel count, screen size or bits per pixel but not 
features such as power consumption or display technology 
(e.g. LCD), that, even if useful, relate to the underlying 
technology. Our approach follows the same line than the 
display resolution definition while Coelho’s approach 
informs the technological description of the device.  

NURBS principle 
Invented in the 70s, NURBS is the geometrical model used 
to represent shapes from straight lines, to conic sections to 
free-form curves. A way to understand it is to see the shape 
as a grid of control points (a mesh), with particles traveling 
across it to trace the surface of the shape. At any time t, the 
particles’ positions are an average of all the control points 
that attract them. The attraction depends on other attributes: 
the weights that can be seen as the amounts of attraction 
each control point has; the degree of freedom that can be 
seen as the size of the attraction effect: the more degrees, 
the more control points affect the particles, thus flattening 
the overall surface (e.g. a NURBS surface of degree 1 is a 
combination of lines). The knot vector allows some control 
points to affect the surface more strongly than others by 
partitioning the time into intervals. By varying the relative 
lengths of the intervals, it varies the amount of time each 
control point affects the particles, thus creating a surface 
less smooth. When the knot vector contains several 
consecutive knots of the same value (knot-multiplicity), it 
forces the curve to go through the associated control point, 
and create a kink in the surface [21].  

 

Figure 2. Summary of the 10 features of shape resolution. Contrary to the display or touch resolution, high resolution is not about 
maximizing each features, but rather maximizing the possible range of values.  



Rasmussen

 

this paper. Finally, we are concerned only with non-WIMP 

types of interfaces and non-desktop hardware.  

Previous papers have begun to characterize the potential of 

interfaces using shape change. In 2008, Communications of 

the ACM ran a special issue on organic user interfaces [52], 

the TEI conference has featured several overviews of 
shape-changing interfaces [37], and Coelho and Zigelbaum 

[9] recently reviewed the potential of shape-changing 

materials to HCI, focusing in particular on technology for 

invoking shape change.  

Compared to these earlier reviews, the present paper offers 

three novelties. First, we base our review on a selection of 

44 papers on shape change. We collected these by browsing 

proceedings of relevant conferences, following references 

in and citations to well-known papers on shape change, and 

searching the reference lists of the reviews mentioned 

above. The list of papers is available from the authors. 

Second, we discuss four aspects of shape change: the 
change in shape, the dynamics of change, the interaction, 

and its purpose. Previous reviews have only focused on a 

subset of these. Third, we discuss state-of-the-art, as well as 

open research questions and blind spots. In particular, 

existing reviews have mostly been about technology; we try 

to complement this by also focusing on the experience of 

using shape-changing interfaces. 

TYPES OF CHANGE IN SHAPE 

This section presents an overview of the types of change in 

shape that are used in the papers informing this review (see 

Figure 1). The types are changes in: orientation, form, 

volume, texture, viscosity, spatiality, adding/subtracting, 

and permeability. Changes in viscosity and spatiality do not 
necessarily deform objects (i.e., change shape in a strong 

sense), but are included because they may lead to the 

experience of shape change.  

Changes in orientation distort the original shape through 

rotations or changes in direction, while preserving the 

recognisability of the original form. Orientation is a widely 

used means to establish shape change [6,33,39,44,48]. The 
Thrifty Faucet [48] communicates information on water 

consumption and hygiene to the user through deforming its 

shape into various postures, using changes in rotation and 

direction.  

Form changes are defined by transformations that preserve 

the approximate volume of the shape while changing its 

overall form [10,26,27,32,33,47,56]. Horev’s Morphing 

Harddisk concept [20] changes form by sucking in or 

blowing up a cube shape, thereby hiding or revealing the 

cube’s skeleton structure. The concept applies the form 

change to visualize information about harddisk activity, 

synchronization, and the remaining space on the harddisk. 
Another example is the Shape-Changing Mobile [17], a 

mock-up phone that changes its form by using a set of small 

motors embedded in a flexible chassis. 

Changes in volume maintain the approximate form and are 

used in some shape-changing interfaces [16,26,32,59]. The 

Inflatable Mouse [26] uses change in volume, through 

inflating and deflating a form, in order to accommodate 

both fitting into the PC card slot on a computer and having 

the volume of a comfortable, ergonomic mouse. Although 

the inflatable mouse changes form to some extent, the most 

pronounced change is in the change of volume. 

Textural changes are small changes on the surface of the 

shape that add visual and tactile properties without affecting 

Topologically equivalent

Thrifty Faucet [48] Morphing Harddisk [20] Infl atable Mouse [26] Relief [27] MudPad [25] BMW museum [1] Blob Motility [53] Shutters [8]

Not topologically equivalent

Orientation Form Volume Texture Viscosity Spatiality Adding/Subtracting Permeabilty

Figure 1. Types of shape change. 
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Direction: Describes the directions in which the object 

moves. The BMW museum kinetic sculpture [1] uses 

simple up and down movements to create the fluid shape-

changing sculpture.  

Space: Describes the use of space by the interface, 

including scale change and form change. In the InSync hard 
drive [20] the space transformation is described as follows: 

“Two of the prototype adjacent planes were sliding in 

parallel to each other, causing the envelope to twist in a 

way that appeared as if the cube lost its alignment.” (p. 27). 

A few papers describe these parameters in detail. Shape-

changing Mobiles [17] include precise details of how the 

back plate of the mobile phone change by “…tilting of its 

back plate by 10° into each direction, extending by up to 

15mm in depth” (p. 3077). Several papers mention kinetic 

changes [5,31,48], but provide few details on how the 

transformation occurs. It is thus hard to discuss in depth 

how transformations happen. One reason seems to be that 
movements often are complex and thus hard to express in 

text. Videos might provide raw information about the 

transformation used. For Shade Pixel [21], for example, a 

video is available that shows the prototype, contextualizes it 

in relation to related work, and explains its technical 

construction. Videos are not, however, available for all 

papers in the sample and often do not focus on illustrating 

transformations.  

Expressive Parameters 

Expressive parameters account for how the effect of the 

kinetic parameters is perceived. A fast, pumping motion 

might be experienced as agitated; slow, flowing movements 

might be experienced as similar to grass moved by the 
wind. The expressive parameters are divided into two types: 

association and adjectives. 

Association 

This type of expressivity is about the associations generated 

by the transformation, in particular whether it is perceived 

as mechanical or organic. Several of the reviewed papers 

seek to give “life” to the interfaces through movement. 

Often papers do not distinguish whether the goal is 

anthropomorphic or zoomorphic. Togler and colleagues 

[48] describe The Thrifty Faucet, which “move and behave 

in life-like manners” (p. 43) and the authors emphasize how 

continual, small movements “enriched the impression of a 

living object” (p. 44). In the Inflatable Mouse, life is 

expressed as a heartbeat, which can alter tempo to create 
tension [26]. Along the same line, other examples aim to 

create interfaces that appear to be “living” [6,23,48].  

Other researchers seek to use movement to embody the 

interface with a sense of nature. The movements of Slow 

Furl [47] are described as a glazier, a frozen river, a 

landscape, a cloud formation, and an ice wall. In the case of 

Bamboostic [31], the movement of the individual 

mechanical “trees” creates the “feel of a rather natural 

landscape” (p. 76).  

Mechanical characteristics are less sought in shape-

changing interfaces, possibly because researchers seek to 

answer the question “what would computers look like if 

they were more curved, flexible and delicate” [19]. 

Although a more organic sense is sought, some of the 

examples might be perceived as mechanical. In Kinematics 

[32] the two types of kinematic blocks, one shape changing 
and one rotating, move with repetitive and jerky 

movements, which give the movement a mechanical feel. 

Adjectives 

Adjectives describe what type of traits and qualities are 

ascribed to the movements. The category is divided into 

qualities and personality traits. If an interface transforms 

with a continuous smooth movement, it can be perceived as 

having pleasant and peaceful qualities. Likewise, the 

movement can be ascribed certain personality traits, by 

Anthropomorphic/Zoomorphic

SlowFurl [47] Sprout 1/0 [7] Thrifty Faucet [48]

Bamboostic [31] Lumen [36]Thrifty Faucet [48]

Infl atable Mouse [26]

Qualities personality traits

Nature

MechanicalOrganic

Expressive parameters: association

Expressive parameters: adjectives

soft
pleasant
peaceful
turbulent

...

happy
sad

 angry
depressed

...

Velocity SpacePath Direction

Kinetic parameters

speed
acceleration

tempo
twitter

frequency

scale
form

kinesphere

linear/curved
continuous/intermittent 

smooth/jerky
pattern/random

up/down
right/left

forward/backwards

BMW museum [1]Infl atable Mouse [26] Morphing Harddisk [20]Muscle Tower 2 [31]

The Muscle Body [31]

 

Figure 3. Transformation vocabulary. 
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associating the movement with the interface being, for 

instance, relaxed or tired.  

The Thrifty Faucet [48] seeks to ascribe personality traits to 

the faucet through movements. It moves between poses 

being intended as curious, seeking, or rejecting [48]. 

Ambient Life [18] aims at giving life to mobile phones and 
uses, for example, movements of “excitement” to get the 

user’s attention. Oosterhuis and Biloria describe the 

movements made possible by the muscle wire as soft 

luxuriant undulations [31], and thus use adjectives to 

characterize the movement. 

The expressive parameters above are often combined, 

serving both to describe the user experience of 

transformations and to account for the designer’s intentions 

with the movements. Expressive descriptions that recount 

the designer’s intention with the movements tend to be 

rather subjective and provide little information about the 

movements necessary to obtain it. Furthermore, it is rare to 
see studies of how users actually experience the prototypes. 

Such studies would allow us to see or validate if the 

intended experience materializes. Exceptions include The 

Thrifty Faucet [48] and Topobo [39], both of which report 

evaluations of how users perceive the movements.  

INTERACTION 

Next, we survey how shape-changing interfaces use 

physical transformation as input and output. In the reviewed 

sample of papers, we see three approaches to interaction 

(see Figure 4): No interaction where shape change is used 

solely as output, indirect interaction where shape change 

occurs based on implicit input, and direct interaction where 

shape change is used as both input and output.  

Shape-changing interfaces have the potential to create a 

bidirectional relationship between the physical and the 

digital: The shape can be changed both physically by the 

user (as a means of input) and digitally by the interface (as 

a means of output). Direct interaction takes advantage of 

this bidirectional relationship, and in some cases indirect 

interaction also uses digital input to change the physical 

form. However, the majority of reviewed examples only use 

shape change as a means of output, focusing on the ability 

to alter the physical shape.  

Shape-changing Output - No Interaction 

The category of shape-changing interfaces without 

interaction uses shape change solely as output and 

disregards user input [4,5,6,8,21]. 

Some of these interfaces change shape in order to display 

digital information in physical form, either visually or 

haptically. For example, Shutters [8] and Shade Pixel [21] 

use a limited number of “pixels” to communicate with the 

user, while BubbleWrap [4] vibrates a set of 

electromagnetic actuators to provide haptic feedback. 

Other interfaces use shape change more randomly without 

attempting to convey information. SlowFurl [47] changes in 

its own rhythm, engaging a “geological time of 

imperceptible flow” (p. 2). Likewise, Skorpions [6] (four 

different kinetic garments) and Vilkas [5] (a kinetic dress) 

all change shape autonomously and independently of the 

users’ actions.  

Indirect Interaction 

The interfaces employing indirect interaction use shape 

change as output, but base the change in shape on implicit  

input outputinput output input output input output

No interaction Indirect interaction Direct interaction

Lumen [36]SlowFurl [47] Pinwheels [22] Topobo [39]

Shape-changing input and remote outputShape-changing input and outputShape-changing output only Implicit input and shape-changing output

 

Figure 4. Three approaches to interacting with shape-changing interfaces. 
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Sturdee
over seven days with 74 participants generating a total of
336 unique ideas; (2) Analysis of the generated ideas us-
ing Grounded Theory, identification of common theme cat-
egories, characteristics, and descriptive statistics; (3) Dis-
cussion around associated emergent themes, ideation output,
and ideas relating to existing research (4) Reflection on the
methodological approach—discussing generalisability, limi-
tations, and considerations for future practitioners and; (5)
A database of the generated ideas made available online at
http://www.shape-change.org/brainstorm/.

RELATED WORK

Existing Shape-changing Prototypes
Shape-changing prototypes encompass a diverse range of ma-
terials, hardware, and usage scenarios. Many of these proto-
types focus on a single application output (such as physically
dynamic bar charts [36]) or interaction focus (displays that
emulate reading a book [40]), or on material-based techno-
logical advancement of the field (Shape Memory Alloys [26]
or partical jamming [32]), although there are cases where sub-
sequent iterations of the same prototype have explored new
application directions (e.g. inForm [10], deForm [9] and
TRANSFORM [22]).

A large body of research in this area also looks at devel-
oping shape-changing versions of pre-existing technologies
such as mobile phones [12, 15], tablets [35, 33] and desk-
tops [37], although there are also more novel approaches
considering artistic output [21] or emotive social-touch sur-
faces [24]. Another way in which research into these tech-
nologies progresses is to build upon previous prototypes in-
crementally, or to re-purpose components or ideas from ex-
isting work for development in other contexts. By following
the citations within any given paper, justification for the pro-
totype could be seen to come from the research community at
large, rather than via ideation means.

User-studies & Prototype Evaluation
Taking a user-centered approach for evaluation of a proto-
type is commonly seen in a commercial context although the
details surrounding this methodology are not always given
[18]. In academic research institutions it is common to
ask colleagues/student participants to evaluate prototypes, or
for studies to use low numbers of participants. Methodolo-
gies utilise observational studies either from product place-
ment [13], or artistic installation [25]. Other issues surround-
ing participant selection due to local availability can stem
from gender bias or incentivisation [41], and research famil-
iarity [27]. This is not to say that researchers employing such
methods of participant selection are not making valid contri-
butions to the field, but that there is space for an expanded
viewpoint around such studies.

Brainstorming and Ideation
Brainstorming is a methodology commonly employed within
groups for freely generating ideas to solve a particular prob-
lem or to generally come up with new ideas. As a non-
experimental method, it is uncommon to see this kind of free-
associative thinking in scientific research. In contrast to the

Figure 2. Indicative parameter posters

norm, Hardy et al’s [14] experimental set-up utilised brain-
storming to generate new research directions using design-
ers and expanded upon these with rapid prototyping of viable
ideas for shape-change. Notably, Jung et al. [17] also held
sessions within their process (albeit with fewer participants).
Utilising the general public in evaluation is unusual within
the sphere of shape-changing interface research, although as
previously mentioned both Gronvall et al. [13] and Nakajima
et al. [25] successfully integrate a prototype within a public
space. This allows both observation of diverse public interac-
tion with shape-changing artefacts, and user testing in a non-
pressurised setting. Follmer et al. hosted an open-house dur-
ing which deFORM was showcased [9] but little information
is provided as to demographic and experimental organisation.
What is missing from research methodology in this area is
purposeful and transparent recruitment of a participant pool
from the general public. This paper hopes to elaborate upon
participant selection and the use of non-institutional spaces
in shape-changing research, following the success of such
public-focused studies in co-design scenarios [31] and using
brainstorming techniques such as De Bono’s system outlined
in Serious Creativity [7].

METHODOLOGY
The study goal was to generate shape-changing application
ideas from a non-expert public group during an unstructured
brainstorming session. These ideas were captured following
demonstration of, and interaction with, an existing shape-
changing display prototype. Analysis of the ideas isolated
themes and characteristics of interest. By sampling a ‘general
public’ user-base we hoped to: (1) obtain grounded applica-
tion ideas that go beyond those currently documented; (2) ex-

220
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Emergeables

210mm

120mm

80mm

15mm

15mm

15mm

80mm

10mm

10mm

15mm
15mm

270mm

5mm

10mm

120mm

Figure 2. Far left: the design of the low-resolution emergeable. Each circular ‘sensel’ of the device can be pushed vertically as a button, rotated as a dial,
and tilted vertically or horizontally to form part of a slider. Centre left: the low-resolution emergeable prototype, with projection to highlight a raised
slider (top) and dial (bottom). See Fig. 4 for an example of using the prototype. Centre right: the high-resolution emergeable prototype. Far right: the
design of the high-resolution emergeable. The box contains four rotatable subsections, each capable of flipping between dial, slider or flat surface.
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Figure 3. The core design space for emergeables describes devices that
allow for both translation and rotation in three axes. Our low-resolution
prototype fully supports translation, and partially supports rotation (Z-
axis), while similar prior work (e.g., ShapeClip [13]) has supported only
Z-axis translation. Our high resolution prototype, in contrast, supports
X-axis translation and Z-axis rotation.

are constructed of pixels, emergeables’ elementary unit is a
sensel [33], with two key properties:

Manipulation: Sensels can be manipulated by the user. As
a starting point to explore their potential, we consider
two basic tangible manipulations from [4]: translation and
rotation, each in three dimensions.

Size: The size of each sensel defines the resolution of the
emergeable interface. Sensels’ physical size is completely
independent of the pixel resolution of the display surface.

As illustrated in Fig. 3, our ultimate aim is for emergeables to
be created at very high resolutions, on the order of millions
of sensels (just like today’s visual displays have millions
of pixels). Such a display would allow users to grab and
manipulate groups of sensels to interact with as, for example:

• A slider, by translating the sensels in the Y-axis only;
• A dial or handle, where the central sensel rotates around the

Z-axis, while other sensels translate in the X- and Y-axes;
• A mouse wheel, where the central sensel rotates around the

X-axis, while other sensels translate in the Y- and Z-axes.

There is a richer design space to be explored that goes beyond
manipulation and resolution. Alexander et al. [1]’s survey of
more than 1500 household physical buttons led to a range
of features of existing physical buttons (e.g., bigger buttons
are pressed with less force) that can inform the design of
emergeables. As explained in [1], controls could be physically
modified to make critical actions harder to invoke. Moreover,
controls could be provided with a range of textures and vary
in response, some gliding smoothly, others providing more
resistance. Adding such features to a prototype will certainly
create a broad range of interaction experiences, including a
method to address the eyes-free recognition of controls as they
emerge. In this work, though, we have focused on the two key
ones that describe the fundamental operation of the controls.

PROTOTYPES
We built two prototypes with different levels of resolution to
both demonstrate the emergeables concept and test its potential
(see Fig. 2). The first is a low-resolution emergeable designed
after the popular Pinscreen3 desk toys, and existing research
implementations, such as [10]. Each 15 mm sensel can emerge
and be fully rotated, or translated up to 15 mm in any direction.
The second, built to the predefined tasks of our experiment,
raises real tangible controls on-demand. Using real controls
allowed us to explore the benefits of high-resolution, fully
manipulable future emergeables. The full dynamics of both
systems are shown in the video accompanying this paper.4

Low-resolution emergeable
The low-resolution emergeable prototype (see Fig. 2 (left))
consists of an array of 4⇥7 circular sensels of 15 mm diameter.
Each sensel moves independently (powered by a micro stepper
motor), and can be raised and lowered up to 15 mm to create
a three-dimensional relief. Each individual sensel can also be
manipulated by the user in three ways: pushing (as a button);
rotating (as a dial); and, tilting to simulate a limited translation
(15 mm in any direction), which is used to create sliders in
conjunction with adjacent sensels (see Fig. 4). Sensels are
surrounded by a bristle mesh that fills gaps as they are moved
during interaction (see Fig. 2 (centre left)). With these features,
it is possible to emerge a dial or slider in any location on the
prototype’s surface, but remove it when not required.
4See ACM Digital Library resources or goo.gl/sPKtyu.
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Figure 2. Far left: the design of the low-resolution emergeable. Each circular ‘sensel’ of the device can be pushed vertically as a button, rotated as a dial,
and tilted vertically or horizontally to form part of a slider. Centre left: the low-resolution emergeable prototype, with projection to highlight a raised
slider (top) and dial (bottom). See Fig. 4 for an example of using the prototype. Centre right: the high-resolution emergeable prototype. Far right: the
design of the high-resolution emergeable. The box contains four rotatable subsections, each capable of flipping between dial, slider or flat surface.
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Figure 3. The core design space for emergeables describes devices that
allow for both translation and rotation in three axes. Our low-resolution
prototype fully supports translation, and partially supports rotation (Z-
axis), while similar prior work (e.g., ShapeClip [13]) has supported only
Z-axis translation. Our high resolution prototype, in contrast, supports
X-axis translation and Z-axis rotation.

are constructed of pixels, emergeables’ elementary unit is a
sensel [33], with two key properties:

Manipulation: Sensels can be manipulated by the user. As
a starting point to explore their potential, we consider
two basic tangible manipulations from [4]: translation and
rotation, each in three dimensions.

Size: The size of each sensel defines the resolution of the
emergeable interface. Sensels’ physical size is completely
independent of the pixel resolution of the display surface.

As illustrated in Fig. 3, our ultimate aim is for emergeables to
be created at very high resolutions, on the order of millions
of sensels (just like today’s visual displays have millions
of pixels). Such a display would allow users to grab and
manipulate groups of sensels to interact with as, for example:

• A slider, by translating the sensels in the Y-axis only;
• A dial or handle, where the central sensel rotates around the

Z-axis, while other sensels translate in the X- and Y-axes;
• A mouse wheel, where the central sensel rotates around the

X-axis, while other sensels translate in the Y- and Z-axes.

There is a richer design space to be explored that goes beyond
manipulation and resolution. Alexander et al. [1]’s survey of
more than 1500 household physical buttons led to a range
of features of existing physical buttons (e.g., bigger buttons
are pressed with less force) that can inform the design of
emergeables. As explained in [1], controls could be physically
modified to make critical actions harder to invoke. Moreover,
controls could be provided with a range of textures and vary
in response, some gliding smoothly, others providing more
resistance. Adding such features to a prototype will certainly
create a broad range of interaction experiences, including a
method to address the eyes-free recognition of controls as they
emerge. In this work, though, we have focused on the two key
ones that describe the fundamental operation of the controls.

PROTOTYPES
We built two prototypes with different levels of resolution to
both demonstrate the emergeables concept and test its potential
(see Fig. 2). The first is a low-resolution emergeable designed
after the popular Pinscreen3 desk toys, and existing research
implementations, such as [10]. Each 15 mm sensel can emerge
and be fully rotated, or translated up to 15 mm in any direction.
The second, built to the predefined tasks of our experiment,
raises real tangible controls on-demand. Using real controls
allowed us to explore the benefits of high-resolution, fully
manipulable future emergeables. The full dynamics of both
systems are shown in the video accompanying this paper.4

Low-resolution emergeable
The low-resolution emergeable prototype (see Fig. 2 (left))
consists of an array of 4⇥7 circular sensels of 15 mm diameter.
Each sensel moves independently (powered by a micro stepper
motor), and can be raised and lowered up to 15 mm to create
a three-dimensional relief. Each individual sensel can also be
manipulated by the user in three ways: pushing (as a button);
rotating (as a dial); and, tilting to simulate a limited translation
(15 mm in any direction), which is used to create sliders in
conjunction with adjacent sensels (see Fig. 4). Sensels are
surrounded by a bristle mesh that fills gaps as they are moved
during interaction (see Fig. 2 (centre left)). With these features,
it is possible to emerge a dial or slider in any location on the
prototype’s surface, but remove it when not required.
4See ACM Digital Library resources or goo.gl/sPKtyu.
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ABSTRACT 
Audio and vibrotactile output are the standard mechanisms 
mobile devices use to attract their owner’s attention. Yet in 
busy and noisy environments, or when the user is physically 
active, these channels sometimes fail. Recent work has 
explored the use of physical shape-change as an additional 
method for conveying notifications when the device is in-
hand or viewable. However, we do not yet understand the 
effectiveness of physical shape-change as a method for 
communicating in-pocket notifications. This paper presents 
three robustly implemented, mobile-device sized shape-
changing devices, and two user studies to evaluate their 
effectiveness at conveying notifications. The studies reveal 
that (1) different types and configurations of shape-change 
convey different levels of urgency and; (2) fast pulsing 
shape-changing notifications are missed less often and 
recognised more quickly than the standard slower vibration 
pulse rates of a mobile device.  

Author Keywords 
Mobile devices; notifications; shape-change; 

ACM Classification Keywords 
H.5.2. Information interfaces and presentation (e.g., HCI): 
User Interfaces—Haptic I/O. 

INTRODUCTION 
The increasing array of applications available for mobile 
devices has resulted in a steady rise in the number and 
frequency of notifications pushed to users. Some of these 
notifications are urgent (incoming phone calls, diary ap-
pointments), while others are less worthy of immediate 
attention (application updates, game progression). Missing 
high-priority notifications is at best annoying, but can also 
lead to more serious consequences. 

Current mobile devices use audio and vibrotactile channels 
to attract the user’s attention. Unfortunately, many scenari-

os arise where these two channels collectively fail to alert 
the user. Typically this happens in noisy and busy environ-
ments (where the user fails to hear the audio notification) 
and/or when physically active (failing to feel the vibrotac-
tile notification). Shape-change is one alternative for 
providing notifications, for example Hemmert et al’s back-
plane tapering for in-hand information transfer [5]; Gomes 
et al’s display bending for ambient (visual) notifications [4] 
and; Horev’s actuated pixel matrices [6]. 

 
Figure 1: Shape-changing notification devices. (a) Inactive 

Corner Bending (b) Four corners bent (c) Inactive protrusion 
(d) Maximum protrusion (e) Inactive Volume Expansion (f) 

Full volume expansion 

By augmenting audio feedback with shape-change (or, in 
silent mode, replacing vibrotactile feedback) mobile devic-
es may provide more reliable event notifications. However, 
we do not yet understand the effectiveness of this new 
modality for attracting users’ attention when the phone is in 
their trouser pockets (which is common among males [7]).  

In this paper, we evaluate the effectiveness of three shape-
changing devices for providing notifications. We imple-
mented devices capable of delivering variable-urgency 
notifications while in the user’s pocket (see Figure 1). 
Through two user studies we evaluate the efficiency of 
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Author Keywords 
Mobile devices; notifications; shape-change; 

ACM Classification Keywords 
H.5.2. Information interfaces and presentation (e.g., HCI): 
User Interfaces—Haptic I/O. 

INTRODUCTION 
The increasing array of applications available for mobile 
devices has resulted in a steady rise in the number and 
frequency of notifications pushed to users. Some of these 
notifications are urgent (incoming phone calls, diary ap-
pointments), while others are less worthy of immediate 
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to attract the user’s attention. Unfortunately, many scenari-

os arise where these two channels collectively fail to alert 
the user. Typically this happens in noisy and busy environ-
ments (where the user fails to hear the audio notification) 
and/or when physically active (failing to feel the vibrotac-
tile notification). Shape-change is one alternative for 
providing notifications, for example Hemmert et al’s back-
plane tapering for in-hand information transfer [5]; Gomes 
et al’s display bending for ambient (visual) notifications [4] 
and; Horev’s actuated pixel matrices [6]. 

 
Figure 1: Shape-changing notification devices. (a) Inactive 

Corner Bending (b) Four corners bent (c) Inactive protrusion 
(d) Maximum protrusion (e) Inactive Volume Expansion (f) 

Full volume expansion 

By augmenting audio feedback with shape-change (or, in 
silent mode, replacing vibrotactile feedback) mobile devic-
es may provide more reliable event notifications. However, 
we do not yet understand the effectiveness of this new 
modality for attracting users’ attention when the phone is in 
their trouser pockets (which is common among males [7]).  

In this paper, we evaluate the effectiveness of three shape-
changing devices for providing notifications. We imple-
mented devices capable of delivering variable-urgency 
notifications while in the user’s pocket (see Figure 1). 
Through two user studies we evaluate the efficiency of 
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plane tapering for in-hand information transfer [5]; Gomes 
et al’s display bending for ambient (visual) notifications [4] 
and; Horev’s actuated pixel matrices [6]. 
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By augmenting audio feedback with shape-change (or, in 
silent mode, replacing vibrotactile feedback) mobile devic-
es may provide more reliable event notifications. However, 
we do not yet understand the effectiveness of this new 
modality for attracting users’ attention when the phone is in 
their trouser pockets (which is common among males [7]).  

In this paper, we evaluate the effectiveness of three shape-
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notifications while in the user’s pocket (see Figure 1). 
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changing devices, and two user studies to evaluate their 
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that (1) different types and configurations of shape-change 
convey different levels of urgency and; (2) fast pulsing 
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recognised more quickly than the standard slower vibration 
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the user. Typically this happens in noisy and busy environ-
ments (where the user fails to hear the audio notification) 
and/or when physically active (failing to feel the vibrotac-
tile notification). Shape-change is one alternative for 
providing notifications, for example Hemmert et al’s back-
plane tapering for in-hand information transfer [5]; Gomes 
et al’s display bending for ambient (visual) notifications [4] 
and; Horev’s actuated pixel matrices [6]. 

 
Figure 1: Shape-changing notification devices. (a) Inactive 

Corner Bending (b) Four corners bent (c) Inactive protrusion 
(d) Maximum protrusion (e) Inactive Volume Expansion (f) 

Full volume expansion 

By augmenting audio feedback with shape-change (or, in 
silent mode, replacing vibrotactile feedback) mobile devic-
es may provide more reliable event notifications. However, 
we do not yet understand the effectiveness of this new 
modality for attracting users’ attention when the phone is in 
their trouser pockets (which is common among males [7]).  

In this paper, we evaluate the effectiveness of three shape-
changing devices for providing notifications. We imple-
mented devices capable of delivering variable-urgency 
notifications while in the user’s pocket (see Figure 1). 
Through two user studies we evaluate the efficiency of 
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• Height (10mm or 15mm)  
• Type (static, slow pulse, or fast pulse)

• Mode (full expansion or tapering) 
• Height (5mm or 10mm) 
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• Number of corners (1−4) 
• Height (8mm or 12mm)  
• Type (static, slow pulse, fast pulse)
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Audio and vibrotactile output are the standard mechanisms 
mobile devices use to attract their owner’s attention. Yet in 
busy and noisy environments, or when the user is physically 
active, these channels sometimes fail. Recent work has 
explored the use of physical shape-change as an additional 
method for conveying notifications when the device is in-
hand or viewable. However, we do not yet understand the 
effectiveness of physical shape-change as a method for 
communicating in-pocket notifications. This paper presents 
three robustly implemented, mobile-device sized shape-
changing devices, and two user studies to evaluate their 
effectiveness at conveying notifications. The studies reveal 
that (1) different types and configurations of shape-change 
convey different levels of urgency and; (2) fast pulsing 
shape-changing notifications are missed less often and 
recognised more quickly than the standard slower vibration 
pulse rates of a mobile device.  

Author Keywords 
Mobile devices; notifications; shape-change; 

ACM Classification Keywords 
H.5.2. Information interfaces and presentation (e.g., HCI): 
User Interfaces—Haptic I/O. 

INTRODUCTION 
The increasing array of applications available for mobile 
devices has resulted in a steady rise in the number and 
frequency of notifications pushed to users. Some of these 
notifications are urgent (incoming phone calls, diary ap-
pointments), while others are less worthy of immediate 
attention (application updates, game progression). Missing 
high-priority notifications is at best annoying, but can also 
lead to more serious consequences. 

Current mobile devices use audio and vibrotactile channels 
to attract the user’s attention. Unfortunately, many scenari-

os arise where these two channels collectively fail to alert 
the user. Typically this happens in noisy and busy environ-
ments (where the user fails to hear the audio notification) 
and/or when physically active (failing to feel the vibrotac-
tile notification). Shape-change is one alternative for 
providing notifications, for example Hemmert et al’s back-
plane tapering for in-hand information transfer [5]; Gomes 
et al’s display bending for ambient (visual) notifications [4] 
and; Horev’s actuated pixel matrices [6]. 

 
Figure 1: Shape-changing notification devices. (a) Inactive 

Corner Bending (b) Four corners bent (c) Inactive protrusion 
(d) Maximum protrusion (e) Inactive Volume Expansion (f) 

Full volume expansion 

By augmenting audio feedback with shape-change (or, in 
silent mode, replacing vibrotactile feedback) mobile devic-
es may provide more reliable event notifications. However, 
we do not yet understand the effectiveness of this new 
modality for attracting users’ attention when the phone is in 
their trouser pockets (which is common among males [7]).  

In this paper, we evaluate the effectiveness of three shape-
changing devices for providing notifications. We imple-
mented devices capable of delivering variable-urgency 
notifications while in the user’s pocket (see Figure 1). 
Through two user studies we evaluate the efficiency of 
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Volume

Corner bending



For notifications
• Type 

• Static: Moves immediately to its final position 
(taking 200ms) 

• Slow pulse: repeats 
• Moves to the position (200ms), 
• Pause for 500ms,  
• Return to the rest position (200ms)  
• Pause for a further 500ms  

• Fast pulse: Continually move between positions



For notifications

• Vibrotactile feedback 

• Samsung Galaxy S3  

• Default vibration mode (1.6s pulse/pause cycle)



For notifications

• Measures 

• Recognition time 

• Missed notifications



For notifications
• Task 

• Participants walk 

• with device in pocket, facing body 

• with headphones playing white noise  

• 5 notifications, lasting each 20s (~ phone call) 

• Participant presses a physical button held in their 
dominant hand  
when they feel the device move 



For notifications

0%
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50%

Missed notifications
Vibrotactile Protrusion Corner bending Volume



For notifications
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For notifications

• Limitations of this study?



Switching between  
tangible controls and touchscreen



Mobile UIs lack tangibility



Mobile UIs lack tangibility



Mobile UIs lack tangibility



Mobile UIs lack tangibility



Mobile UIs lack tangibility

Preference 

Performance 

Safety



Emergeables



Emergeables



Emergeables



Emergeables



Emergeables



Emergeables



Emergeables



Emergeables



Emergeables



Emergeables



Emergeables



Emergeables



Benefits of Emergeables 
vs. new interaction

known tangible 
controls

Karrer et al., 2011 Serrano et al., 2014 Ramakers et al., 2014



Benefits of Emergeables 
vs. additional controls

no additional configuration
Florian Born, 2013Jansen et al. 2012



Benefits of Emergeables 
vs. discrete control

continuous control
Harrison and Hudson, 2009 http://tactustechnology.com



Benefits of Emergeables 
for eyes-free mobile tasks

+ known tangible controls

+ continuous control

+ no additional configuration task



Difficulty: technology



Technology: 
current approach

Follmer et al., 
2013 Taher et al., 2015Poupyrev et al., 2004



Our approach



Manipulation



Manipulation: Translation



Manipulation: Rotation



Resolution



Is it worth the effort? 
How far are we today?



Prototype simulating high-resolution:  
tailored for experiment



High-resolution:  
Simulation prototype



High-resolution:  
Simulation prototype



Is it worth the effort? 



Is it worth the effort? 
How far are we today?



How far are we today?



Low-resolution prototype



Design



Components



Components



Prototype



Controls



Experiment



Experiment
• Within-subjects design  

• Three interfaces: 

• High-resolution prototype 

• Low-resolution prototype 

• Graphical comparison interface



Experiment



Experiment
Resolution

Widget



Setting



Pursuit Tasks



Measures
• Pursuit accuracy  

• Visual attention required 

• Perceived usability
• Ease of use (1 – 10) 

• Rank interfaces  
in order of perceived visual attention required



Results
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Users’ preferences

• Hi-res most preferred (8.8 / 10) 

• Low-res promising (4.8 / 10) 

• GUI least preferred (3.4 / 10)



Future work

• How to do higher resolution emergeable 
dials? 

• How to improve interaction with 
emergeable sliders?



Design space is large 
(and largely unexplored)

• Balancing footprint and performance 

• Notifications 

• Switching between controls and flat screen 

• etc.



Future of Tangible Interaction
Flexibility will not be software’s monopoly  

and will reach Tangibles

Radical Atoms & Perfect Red  
https://vimeo.com/61141209

Claytronics 
http://www.cs.cmu.edu/~claytronics/movies/carDesign_12_vo_H264.mov



Future of Tangible Interaction 
(getting there)

• bitDrones 
https://www.youtube.com/watch?v=hHBYMWc3ux8 

• SwarmUI  
https://www.youtube.com/watch?v=ZVdAfDMP3m0


