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Abstract

Elastic displays provide a unique and intuitive interaction and could
be deployed at large-scale. As an emerging technology, open
questions about the benefits large-scale elastic displays offer over
rigid displays and their potential application to our everyday lives.
In this paper, we present an overview of a 4-year project. First, we
describe the development of a large-scale elastic display, called
BendableSound. Second, we explain the results of a laboratory
study, showing the elastic display has a better user and sensory
experience than a rigid one. Third, we describe the results of two
deployment studies showing how BendableSound could support
the therapeutic practices of children with autism and the early
development of toddlers. We close discussing open challenges to
study the untapped potential of elastic displays in pervasive
computing.
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1 Introduction

Elastic displays are a type of deformable display that allows
temporal deformations [15], allowing users to use gestures and
explore novel ways of interaction that might enable them to use the
twenty-three degrees of freedom they have at their fingertips [32].
Elastics displays extend touch-based interactions, including an
extra dimension, by enabling users to vary the amount of pressure
used when touching the surface [26]. The size of the surface [23] is
one factor in classifying the type of deformable displays. Large-
scale displays are those bigger than four feet [7].

As an emerging technology, most of the current studies on elastic
displays have focused on evaluating the performance of such
displays [6,28]. However, evaluations of large-scale -elastic
displays are scarce. Descriptions of such real-life deployments
showing the value of elastic displays are needed to better
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understand the interaction experience of large-scale elastic displays
and their potential value to users. Such empirical evidence could
help pervasive computing researchers to improve the design and
development of large-scale elastic displays.

This papers aim to provide an overview of a research project on
elastic displays to provide empirical evidence about potential
differences in the user and the sensory experience when using a
large-scale elastic display vs. a rigid one; and how those differences
and advantages can be used in two concrete scenarios deployed in
real-life situations.

2 Related work

2.1 Deformable and Elastic Surfaces

One of the first research questions researchers have explored is to
uncover what are the best “technology” materials appropriate for
the development of elastic displays [12,33]. For example, Troiano
et al. [33] conducted three workshops with nine musicians studying
different deformable objects appropriate for music performances.
Deformable objects included a spandex fabric, a foam cube, a ball-
shaped sponge, clay, and a plastic cylinder. Their results indicate
the fabric was perceived highly deformable, intuitive, easy to learn
and fun, and better enable musicians to add effects to sounds.

Others have studied the development and performance of elastic
displays [6,28] to support navigation [36], and manipulation of
physical [26] and multimedia [5] information. For example,
TableHop [28], is a small-scale elastic tabletop using projections to
physicalize earthquake data through 3D animations. TableHop uses
overlapping transparent electrodes that vibrate when the earthquake
is shaking the ground. Performance evaluation of TableHop
indicates the fabric presents hysteresis when being bend,
calibration is paramount to ensure its usage under optimal
conditions, and higher voltages are required for larger vibrations. A
pilot study with six young adults using TableTop shows the tactile
feedback was appropriate as users easily perceived changes in the
vibrations.

Similarly, others have explored how to uncover novel potential
interactions with elastic displays [32]. For example, a laboratory
study where 17 young adults (with experience with touch-based
displays like tablets, smartphones) used a small-scale elastic
display to perform predefined touch-based interactions, like
displacing and rotating objects. The results of this study show that
the affordances of elastic displays enable users to interact
differently with the canvas by pulling it, pushing it, or twisting it
[32]. This body of work shows that the selection of materials must
be related to the performed activity (in the case of [33] music).
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BendableSound

Activity 1:
Erasing a black layer

Activity 2:
Moving space-based
elements

Activity 3:
Playing a song

Context 1

Context 2

Figure 1. Setting up BendableSound inside the school-clinic of children with autism (left-bottom), and inside the classroom of
toddlers (right-bottom). Children interacting with BendableSound. From top-left to top-right: A child taps and touches the
fabric removing the black layer covering the space nebula; one child moving a rocket while making harmonic sounds; and a

child playing a song by following the astronaut.

Spandex fabric is an appropriate material for those interested in
enhancing users’ interactions with music.

2.2 Musical Interfaces to Support

Neurodiverse Users and Child Development
Musical interfaces can be used to exchange music between the user
and an interactive interface. They include digital musical
instruments, augmented traditional instruments, or interactive
installations [17,18,25,35]. For example, Andantino [35] is a piano
augmented with a projection of animated figures representing
musical elements such as sound quality, moods in the music or
harmonies. The aim of Andantino is to provide an enjoyable music
learning environment for children.

Other musical interfaces have been proposed to support individuals
with motor and cognitive disabilities [4,14,16]. For example,
MINWii [4] is a serious game for patients with dementia that allows
them to play different songs. A deployment study of the use of
MINWIii shows that combining tangible and gestural interactions
ease the process of playing music for patients with cognitive
impairments.

These workS shows that musical interfaces are appropriate for
children and individuals with disabilities. On the other hand,
deformable and elastic display may facilitate interaction with
music. However, to our knowledge, there are no studies comparing
the potential differences between rigid and elastic display and how
the advantage or elastic display can be used in real-life scenarios.

3 BendableSound: Developing a large-scale
elastic display

BendableSound is a large-scale elastic display that allows users to
make music when tapping and touching on top of the canvas
(Figure 1) (for more details about the design process, we referred
the reader to [8,9] ). Users can play the sounds of different musical
instruments. Musical notes are arranged from low to high pitch in
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an ascending major scale on the vertical axis. BendableSound
displays a 3D background showing an animation of a nebula with
translucent space-based elements, like stars and planets, randomly
appearing on top of the fabric.

BendableSound is a multi-touch system using the Kinect sensor,
two audio speakers, and an ultra-short throw projector placed
behind a spandex fabric (Figure 1). The Kinect sensor, the speakers
and the projector are connected to a PC. BendableSound uses the
TSPS library to read Kinect’s data and infer users’ interactions. We
used the Processing language and a 3D shader to develop
multimedia interfaces (Figure 1). We used the OSC protocol to
integrate the Kinect’s data and multimedia interfaces.

4 Pilot study: potential differences between
rigid and elastic displays

We conducted a within-subjects pilot study aimed to evaluate
differences in the user and the sensory experience when using a
large-scale elastic display in contrast to a rigid one.

Twenty young adults participated in the study (16 men and 4
women aged between 23 and 30 years old). We recruited the
participants with flyers placed in a Research Center in Mexico. As
inclusion criteria, participants should have experience with touch-
based surfaces, like smartphones, and do not exhibit any sensory
issues. Participants used BendableSound with the same animation
and dimensions in two conditions: using a large-scale, elastic
display (C1) and rigid display (C2) (Figure 2).

Participants randomly rotated between the two conditions
conducting two activities lasting for around one minute each. In the
first activity, participants practiced gestures like swiping, pinching,
pushing, and tapping. For the second activity, participants were
able to interact in a free-way. At the end of each condition,
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Figure 2. Young adults using BendableSound in two conditions: using the elastic display (left) and a rigid display (right)

participants answered the User Experience Questionnaire (UEQ)!
[22] and the sensory experience questionnaire? [19,24]. To compute
the questionnaire scores, we scored each item using a scale from -
3 to +3, and we calculated the average score for all the items. We
used a t-test to compare the results of each participant under each
condition.

4.1 Results

Overall, our laboratory study shows participants found the large-
scale elastic display with a better user and sensory experience than
the rigid display.

4.1.1 User experience

95% of participants preferred to use the elastic display than the rigid
display; as the elastic display provided a better user experience than
the rigid one (Figure 3, top). 85% of participants found the elastic
display more attractive (p=0.005), 80% perceived it more
stimulating (p=0.012) and 70% more original (p=0.017). This result
could be because participants found more enjoyable the affordances
provided by the elastic display allowing them to interact with the
display and be more creative more naturally, but also, this
preference can be given the novelty of interactive with an elastic
fabric.

User experience
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Figure 3. Average of participants’ scores to UEQ survey (top). Results of the tactile, visual and auditory stimuli (bottom). As
expected, the area of the figures was very different.

! The UEQ is a 7-point bipolar scale questionnaire measuring
attractiveness, perspicuity, efficiency, dependability stimulation,
and novelty,

amxthc

2 The sensory experience is 7-point bipolar scale survey evaluating
if the display invites the user to touch it, and measures user’s
perception to visual, tactile, auditory stimuli.
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85% of participants perceived the activities performed with the
elastic display were easier (p=0.02) as participants could feel more
fluency when moving the digital elements on the canvas. 85% of
participants found the elastic display more reliable (p=0.0001) as
the rigid display was perceived more fragile than the elastic display,
especially when touching it too strongly.

4.1.2 Sensory experience

80% of participants perceived the elastic display invites them to
manipulate the animations, whereas 45% of participants perceived
the same with the rigid display (elastic; rigid Avg. = 0.85 out 3;
p=0.003). This result could be explained as participants perceived
the properties of the fabric to be more appealing when seeing them
or touching them. 75% of participants found the elastic display feels
“good” when they touch it; in contrast with the rigid display that
only 25% of the participants felt the same way (elastic Avg. =1.18;
rigid Avg. = 0.15; p=0.003). We attribute these results to the
consistency of the multisensory stimuli that facilitate participants
to match the visual stimuli more easily to both the audible and the
tactile sensations.

95% of participants expressed that the elastic display provides a
better tactile sensation than the rigid display. 80% of participants
describe the elastic display as soft, 50% perceived it as flexible and
more pleasant to touch (Figure 3 bottom-left). Participants
perceived a different sensory experience when using the elastic
display in contrast to the rigid one. As the visual and auditory
stimuli were exactly the same for both displays, we did not expect
a variation in the results; however, more than half users perceived
the elastic display as being brighter (50%), with simpler
visualizations (75%), more simulating (55%, Figure 3, bottom-
center) and more relaxing (60%, Figure 3, bottom-right). These
results show that the elastic display could alter the sensory
experience perceived by participants as it might have better
perceptual integration.

4.2 Lesson Learned

Given the novelty interaction experience of the elastic display, the
users' experience was highlight superior to the rigid display. As
expected, the tactile experience was very different between the two
surfaces, but this also affects the auditory and visual experience, as
young adults found it more stimulating and relaxed. These two
aspects are important when design for therapeutic or playful
interaction with children. Thus, we decided to explore the potential
value of the large-scale elastic display in those scenarios.

5 Deployment studies

Here we present an overview of two studies exploring the potential
value of large-scale elastic displays for children.

5.1 Study 1: Supporting Therapeutic Practices
of Children with Autism

Autism is estimated to affect 1 in 59 children worldwide [3], and 1
in 115 [13] is estimated in Mexico. Autism is a neurodevelopmental
disorder associated with impairments in attention, social
interaction, and behavior [1].

3 Events where the child, without the intervention of the
psychologist or teacher, spontaneously initiates an interaction or change
the interaction mode (e.g., the child is using one finger and then he is
using both hands)
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Music Therapy is increasingly being used to support the
sensorimotor regulation of individuals with autism with promising
clinical results [21]. Music-therapy, heavily relying on the
voluntary use of musical instruments, is being used to support
children with severe autism with promising clinical results [31].
Music-therapy encourages the interactive use of music and their
musical elements [31].

We followed an iterative user-centered design methodology to
adapt BendableSound and design two activities supporting music-
therapy sessions (for more details about the design process, we
referred the reader to [8]). We develop two activities. In the first
activity, children must erase a black layer covering the animation
of nebulas (Figure 1 top-right). In the second activity, children
move space-based elements randomly appearing in the fabric
canvas that will reproduce sounds when touched or moved (Figure
1 top-center).

We deployed this version of BendableSound in a school-clinic
attending children with autism in the Northwest of Mexico.
Twenty-four children and one psychologist attended a 5-minute
music-therapy session, randomly rotating between using a
keyboard piano and interacting with BendableSound [8].

Teachers perceived the installation safe but not portable enough to
move the prototype around the clinic premises. For each condition,
we specifically measured voluntarily interactions® and the amount
of time children were focused during the therapy. We conducted a
special analysis to uncover novel interactions children exhibited
when using the elastic display.

Our results show children with autism spend 7.11% more time
focused during therapy sessions (p=0.02) [8] and doubled the
number of times they voluntarily initiated interactions when using
the elastic display than when using a keyboard piano (p= 0.04;
Figure 4 left-top). Furthermore, although most of the time, children
with autism were interacting with the elastic display in a typical
manner by tapping or swiping around the canvas, 5% of the therapy
time children with autism explored the use of different parts of their
body. During this time, 58% of the participants used their head,
back, or feet to bend the surface (Figure 4 left-bottom).

This result shows the affordances of the elastic display encouraged
children with autism to uncover new ways of interaction, even
though children with autism are very structured and struggle with
new experiences. Full-body interactions could support sensory
therapies enabling children to more easily rub against their body a
broad range of textures.

5.1.1 Lesson learned

This project shows BendableSound successfully supports music-
therapy sessions and excels traditional tools currently being used
during music-therapy with numerous educational benefits related
to cognitive, sensory, and motor skills [8] (for more details about
the impact on coordination skills for children with autism, see [9]).

Moreover, the multisensory experience was well accepted for
children with attention, social and behavioral differences. Those
skills are learned since the early stages of life. Then as a second
approach, we use BendableSound to support early development of
toddlers.
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Deployment studies results
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Figure 4. Study 1: Frequency of voluntary initiation of engagement (i.e., events where the child, without the
intervention of the psychologist or teacher, spontaneously initiates an interaction or change the interaction model ) that
participants experienced when using piano against using BendableSound (BS) (left top). Percent of time that that children

with autism perform a gesture (push, or swipe) using different part of their body during the use of BendableSound (left
bottom). Study 2: Frequency of curiosity (i.e.,events where the child, without the intervention of the teacher,
spontaneously play with BendableSound) (right top). Percent of time that toddlers perform a gesture (push, or swipe)
using different part of their body or a tool during the use of BendableSound (right bottom).

5.2 Study 2: Early Development of Toddlers

Free play is a voluntary, spontaneous, engaging, pleasurable, and a
collaborative activity [29] that is important in any early
development program as toddlers learn from their playing
experiences. Designing activities to be used during free playtime
for toddlers is not an easy task [20]. Free play activities should be
interesting, sturdy, age-appropriate, gender-neutral, and arranged to
encourage independence, curiosity, and initiative in learning [20].

In this study, we explored if BendableSound was appropriate to
support the free playtime in toddler classrooms [11]. Following a
participatory approach to meet the needs of toddlers, we included
one activity to the previous design of BendableSound. In the third
activity, an astronaut appears to provide children with guidance on
how to play a song by touching a blinking star [11] (Figure 1 top-
left).

During nine weeks, 22 toddlers and 5 teachers from an early
education center in the United Stated at Southern California used
the new version of BendableSound twice a week during their free-
play time (1.5 hr. per day) [11]. Teachers demanded supervision for
toddlers when playing with BendableSound.

Every two weeks, we conducted a focus group with teachers. For
12 days, we video-recorded toddlers’ interactions. We quantified
15% of the recorded videos for the 18 toddlers who consented to
video-recording. As in our previous study, we quantified “atypical”
interactions, curiosity, an initiative in learning.

Overall, our results show that BendableSound was successfully
adopted and integrated in toddler classrooms. Toddlers were highly
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motivated when playing with BendableSound, they rapidly learned
how to use it, and most of the time, they played in teams [11].

We observed that 94% of toddlers decided to use the elastic display
interacting “atypically” by either using their full body (9.91%) or
including tangible objects (4.61%) (Figure 4, right-bottom). We
observed these “atypical” interactions happen for around 15% of
the time during free-play time. These results might indicate that the
use of different materials to develop screen-like interfaces could
help toddlers envision novel ways of interaction.

Our quantitative results confirm that BendableSound supports the
curiosity and initiative in learning, as 94% of the toddlers exhibited,
on average, 26.5 “atypical” interactions without needing help from
teachers (Figure 4 right-top).

5.2.1 Lesson learned

In the second study, we learned that BendableSound could be used
as a free play activity similar to a toy but with numerous
educational benefits related to self-regulation, socialization,
cognitive, and motor skills [11].

Overall, in the pilot-study and the two deployment studies
conducted, we found open challenges and research opportunities
mainly in the technology point of view.

6 Open challenges

The studies we conducted revealed two main challenges that
needed to be addressed to provide a richer user interaction
experience with elastic displays and facilitate their development.
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6.1 Increasing Portability and Robustness
Research around elastic displays is still in its early stages.
Deployment studies are scarce, and prototypes are still very
difficult to develop and deploy. Most prototypes require a very
complex set up and are highly fragile.

Our studies show that there is a trade-off between portability and
robustness. While our installation in the autism clinic proved to be
robust as it was heavily customized to the space, users regret the
lack of opportunities to move the installation. Intending to build a
more portable solution when installing our prototype in toddler
classrooms, we used a frame similar to a soccer goal that was
independent of the infrastructure available in the classroom (Figure
1). However, this installation was perceived to be unsafe, resulting
in constant supervision of the children playing with the elastic
display. We regret the lack of advances in technology that enable
us to come up with a set up that is truly standalone, portable and
easy to deploy. Overall, the development and deployment of elastic
surfaces are heavily limited due to the lack of advances in the
hardware currently uses for projection and sensing.

From a sensing point of view, there are limited solutions that
incorporate sensors directly into the fabric [6,28]. Current
technology using the fabric’s threads as sensors is too experimental
and hardly scalable. Elastic displays are more complex as threads
loose resistivity decreasing the precision for detecting users’
gestures when deployed at large-scale. In addition, the lifespan of
a fabric is very short. The long-term usage causes holes and thread
breakages affecting sensing precision. Other elastic surfaces have
used optical sensors and 3D cameras , however, the camera must
be placed at least 1.5 ft. from the fabric making the prototype
increasingly wider.

From a visualization point of view, multimedia projectors have
become smaller and more portable and could be easily integrated
into a piece of fabric. However, there are too expensive to be used
“in the wild.” Also, multimedia projectors still serve as “dumb
terminals” needing a computer to run all the multimedia processing.
Embedded computers like Raspberry Pi could facilitate the
portability of the software with dedicated functions in small and
powerful hardware and could be a potential solution to integrate a
small ultra-short multimedia projector with embedded displays that
could facilitate the development of elastic displays.

6.2 Interaction Sensing Tools Invariant to

Deformation

Large-scale elastic displays are highly deformable, creating slopes
or valleys around the surface, making it very difficult to detect
where the user is touching, what part of the body he is using to
interact with the fabric or discriminate between different gestures.
In our second deployment study, when toddlers collectively used
BendableSound, the sensing library that we used was not precise
enough when trying to detect when two or more children touched
the fabric at a very close distance. After a time-consuming
calibration process, optical indirect sensing solutions are sufficient
for detecting individual touch-based interactions. Open questions
remain as to develop more robust gesture recognition algorithms
that can recognize various deformations more efficiently and when
being used collectively.

Current solutions to overcome these challenges could involve the
use of an array of heterogeneous sensors combining, for example,
several Kinect cameras and leap motion sensors placed in front,
behind, and on top of the fabric. Having multiple sensors may
overcome challenges associated with occlusion and increase the
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resolution at a finger level. However, these solutions are not
scalable and increase the cost of the installation.

The development of new hardware that requires little maintenance
that could be unnoticed by users and algorithms that provide robust
and efficient detection invariant to deformation are urgently
needed.

7 Future work

Although several challenges lay ahead in the design, development,
and evaluation of elastic displays, the results from our studies have
motivated us to continue working on this domain. We used our
lessons learned from our studies to redesign BendableSound. We
designed a new set of activities to support children with autism
when practicing movements that require variations in strength [10].
We are currently testing the efficacy of using this new version of
BendableSound as a therapeutic intervention to improve the self-
regulation of the strength of children with autism. Here we outline
other future projects in this area.

7.1 Collaboration Mechanisms for Elastic
Displays

Our results indicate that users wanted to use large-scale elastic
displays collectively [11]. However, the current version of our
prototype does not take into account collaboration mechanisms.
Novel content design and interactions that successfully promote
social interactions could help us to understand the design space of
elastic displays in social settings. Activities that encourage both
synchronous and asynchronous coordination for elastic displays are
needed. Social interactions are both important for therapeutic
interventions and have been heavily limited in public spaces.
Primarily because collective experiences are hard to achieve, but
also because users no longer have a medium that facilitates them.
So, there is an untapped potential to study if the playful interaction
provided by elastic displays could serve as an “ice-breaker” that
might lead to richer collective experiences. Preliminary efforts on
this direction have been made using different light markers to
identify each participant [34].

7.2 Touch and Gestural Analysis for the

Detection of Behavioral Markers

Our results indicate that users uncovered novel ways of interaction
with large-scale elastic displays[8] [11]. The analysis of users’
interactions could help us to infer the identity of the user or
deviations in the patterns of their interaction, as others have pointed
out [2,27]. For example, studies have found that children with
autism interact differently when using rigid small-scale displays by
using more force when pressing the surface and tapping in a faster
way [2]. Elastic displays provide better affordances to more easily
discover and classify tapping behaviors [26]. The development of
appropriate machine learning techniques to identify such behaviors
could allow the identification of behavioral markers to help with
the early detection of autism and related disorders.

Similarly, 3D interactions have been identified as capable of
detecting the variations in the position of hands to infer affective
states [27]. Elastic displays using 3D descriptors of hand
movements and finger pressure could help to more easily identify
descriptors of the expressive interactions, like tiredness, tension,
pain, and satisfaction [33].

7.3 Sonification of Movements
Our results show that elastic displays could alter the sensory
experience. Researchers have been studied sonification techniques
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varying the structure of sounds to alter the body perception of
movements [30]. For example, a study with patients with chronic
pain found that varying the musical structure as audible feedback
could help patients to stretch beyond their movement range [30].
So there is an untapped potential to study the musical structure that
is more appropriate to guide the movement of users, and how such
auditory feedback could be used in tandem with the tactile
affordances offered by elastic-displays.

The lessons we learned from this project might benefit other
researchers interested in understanding the design space of elastic
displays. Many of the open challenges we have discussed here
could also facilitate the development of deformable surfaces more
broadly.
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