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ABSTRACT
We present TableHop, a tabletop display that provides con-
trolled self-actuated deformation and vibro-tactile feedback
to an elastic fabric surface while retaining the ability for high-
resolution visual projection. The surface is made of a highly
stretchable pure spandex fabric that is electrostatically ac-
tuated using electrodes mounted on its top or underside. It
uses transparent indium tin oxide electrodes and high-voltage
modulation to create controlled surface deformations. Our
setup actuates pixels and creates deformations in the fabric up
to ±5 mm. Since the electrodes are transparent, the fabric sur-
face functions as a diffuser for rear-projected visual images,
and avoid occlusion by users or actuators. Users can touch
and interact with the fabric to experience expressive interac-
tions as with any fabric based shape-changing interface. By
using frequency modulation in the high-voltage circuit, it can
also create localized tactile sensations on the user’s fingertip
when touching the surface. We provide simulation and exper-
imental results for the shape of the deformation and frequency
of the vibration of the surface. These results can be used
to build prototypes of different sizes and form-factors. We
present a working prototype of TableHop that has 30×40 cm2

surface area and uses a grid of 3×3 transparent electrodes. It
uses a maximum of 9.46 mW and can create tactile vibrations
of up to 20 Hz. TableHop can be scaled to make large inter-
active surfaces and integrated with other objects and devices.
TableHop will improve user interaction experience on 2.5D
deformable displays.
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Figure 1. TableHop consists of (a) a top layer of fabric glued to an
ITO array, (b) an ITO and glass bottom layer, (c) a projector for back-
projected contents (not shown), and (d) gesture sensor for interaction.

INTRODUCTION
Elastic deformable devices are increasingly used as physical
user interfaces for both information input and output. A driv-
ing vision behind shape-changing interfaces is creation of a
display surface that can both actuate itself and at the same
time allow users to touch and manipulate it. These displays
transform our interactions by exploiting inherent physical af-
fordances. Instances of this vision include information dis-
plays [52] where maps or landscapes can be molded by the
user’s hands, physical visualizations of time-series data [41],
and drawing applications that use physical extrusions to show
texture.

Current approaches to create table-sized shape-changing sur-
faces use pin-actuators [14, 19]. inForm [14] uses 900 pins
to create an actuated surface. Transform [23], an architecture
similar to inForm, uses two sets of 400 pins to create a telep-
resence system. Pin-actuated devices suffer from large power
consumption and limited scalability. For example, inForm
can use 700 W during operation [14], and this power con-
sumption will go up with scaling. Furthermore, pin-actuated
surfaces do not afford touch-based user input - users cannot
move their fingers freely on the surface of these devices as
one may with any touch tablet.

A key aspect of shape-changing devices is the expressivity of
the interaction that they allow through surface deformation.
For example, users can stretch, twist or fold surfaces to ma-
nipulate 3D models [60]. This partly explains the popularity
of using elastic fabric for user-input [60, 64]. Pin-actuated
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surfaces offer rigid deformations but have limited elasticity,
whereas fabric based surfaces offer rich elasticity but lack the
ability to keep deformations rigid.

In this paper, we present TableHop, which offers an elastic
surface with the advantage of providing semi-rigid deforma-
tions using electrostatic actuation that are held in place as
long as it is connected to a power source. It also combines
independent tactile feedback using the same actuation mech-
anism. The tabletop surface, shown in Figure 1, is made of a
highly stretchable fabric. Two indium tin oxide layers serve
as electrodes that can pull and deform the surface (see Fig-
ure 1). We created a prototype to demonstrate the concept
and explain how the system can be manufactured and scaled.
The power consumption of our prototype with 3×3 array of
electrodes is 9.46 mW, and a 30×30 array of electrodes would
theoretically consume 946 mW.

The key contributions in developing TableHop are:
• using transparent thin-film indium tin oxide layers to create

an elastic display that can actuate ±5 mm and is scalable to
an order of 10 actuation points per cm2,
• showing applications using static/dynamic deformations,
• supporting sensing of touch and user-driven deformations

through depth-sensing and capacitive sensing, and
• supporting automated calibration procedure and algorithm

for showing shapes.

RELATED WORK
Many types of interactive displays that can deform and
change their shape have been proposed in the HCI literature.
Broadly, these devices can be thought of as user-deformed or
self-actuated devices, and are mainly used as input or output
device, respectively. Most of the deformable devices can also
provide haptic feedback. Poupyrev et al. [49] provide an
overview of use of actuation for shape-change in user inter-
faces. Coelho et al. [8] provide a survey of smart-materials
used for shape-change. However they do not include the ac-
tuation mechanism of TableHop. Here, we review the liter-
ature on user-deformable and self-actuated surfaces that are
related to TableHop, which is a new technology for creating
an actuated fabric display that combines the advantages of
user-deformable and self-actuated fabric displays.

Elastic user deformable surfaces without actuation have been
explored for simultaneous visual and haptic feedback using
transparent flexible sheet in front of a LCD [22] or with rear-
projection [64]. The interaction scenarios and gestures for
such systems have been extensively explored [60]. Examples
of user deformable devices used as input devices with force
feedback are deForm [12], Trampoline [18, 17], SinkPad [33]
and GelForce [62]. A list of such displays is provided in [60],
along with materials and gestures used for applications such
as multi-layered data visualisation [41], 3D modeling, enter-
tainment, gaming and rehabilitation.

Deformable Handhelds and Tables
Many deformable handheld devices have been developed to
provide novel functionality, interaction and experience. In-
flatable Mouse [31] works like a regular mouse, but addition-
ally provides haptic feedback and can be deflated and stored

in the PC card slot. SinkPad [33] also provides haptic feed-
back using an elastic material in addition to regular mouse
functionality. Trampoline [17] is a handheld input device
that provides haptic feedback using an elastic touch surface.
MorePhone [15] provided physical notification by bending
the edges of an elastic thin-film e-paper display on a hand-
held device. However, improving user experience requires
more functionality [47].

Relief [37] is an actuated tabletop display that is able to ren-
der and animate three dimensional surfaces. FEELEX [25]
combined haptic sensation with computer graphics on a table-
top. Harrison et al. created dynamic changeable physical but-
tons on a visual display for tactile feedback [20]. inForm
[14] provides dynamic physical affordance by deformation of
the Tabletop. Troiano et al. presented user-defined gestures
for interaction with large elastic deformable displays [60].
Emerge [57] provides physically dynamic bar charts and new
interactions for exploring and working with datasets rendered
in dynamic physical form on a Tabletop. ShapeClip [19] al-
lows users to transform a LCD screen into a three dimensional
surface display, and produce dynamic physical forms.

Many unique abilities and applications of these deformable
devices such as haptic feedback, physical affordance, small
form-factor and three dimensional interaction can be realized
using TableHop.

Elastic and Fabric based Surfaces
Interaction and gesture studies on elastic deformable surfaces
have been widely carried out using fabric-based surfaces [60].
eTable [32] is such an elastic tabletop display for three di-
mensional interaction with haptic feedback. User can explore
multi-dimensional data using ElaScreen [67].

Many types of actuation mechanisms have been used to make
self-actuated deformable devices such as pneumatic actua-
tion [20, 31, 56, 13, 66, 44], magnetic actuation (ForceForm
[61], MudPad [26], BubbleWrap [3]) and mechanical pin-
actuation (Releif [37], Sublimate [36], inForm [14], Trans-
form [23], ShapeClip [19], Emerge [57], KineReels [58] and
Shade Pixel [30]). Smart-materials, such as shape memory
alloy (SMA) have been used to make deformable surfaces [8,
42, 53]. For example, SMA was attached to different flexible
surfaces such as thin E-ink display [15] and paper/origami
[50] to make them self-actuated to output physical notifica-
tion and create physical animation, respectively. However,
our literature search did not reveal use of electrostatic actua-
tion to make an elastic interactive surface.

Actuated deformable surfaces such as Relief [37] and in-
Form [14] use front-projection that the users’ hands partially
occlude during interaction. Such projection does not allow
satisfactory visual feedback, especially during collaboration.
Occlusion can be avoided using multiple rear projectors if
the actuators are sparsely distributed so that their shadow
can be eliminated [54]. Using self-illumination such as Lu-
men [48], TAXEL [34] and Emerge [57], occlusion can be
avoided. However, such approaches do not offer continuous
deformable surfaces for high-resolution visual output, or re-
quire special flexible displays [34].
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TABLEHOP OVERVIEW
TableHop is a tablet or table-sized shape-changing surface.
The surface of TableHop is made of a fabric that is elastically
deformable through user manipulation and self-actuation. It
combines rear-projection and self-actuation, which enables
new user experiences. For the first time, users can interact
with a display that is elastic and actuated in one system.

Figure 2. TableHop consists of a top layer of fabric with an ITO array,
an ITO and glass bottom layer, high-voltage supply, relay matrix, micro-
controller, a rear projector, and a user tracking device for interaction.

TableHop combines the advantages of elastic surface displays
and actuated surface displays, i.e., non-occlusion using rear-
projection, and visual and haptic feedback using actuation.
For an actuated surface display, the user experience will im-
prove significantly by avoiding occlusion, which will remove
distraction and confusion due to useful information blocked
by users’ hands. This is particularly useful in an collaborative
environment, where users do not occlude information to each
other. For an elastic surface display, the users can now ex-
perience the advantages of an actuated surface, e.g., indirect
interaction using implicit input (i.e., physical notification).

An overview of the TableHop hardware is shown in Figure 2.
The elastic fabric carries an array of thin-film transparent in-
dium tin oxide (ITO) electrodes. Another set of electrodes
on a transparent substrate (glass or acrylic) is placed below
the fabric. The fabric is actuated using electrostatic force by
applying a high voltage between the electrodes. A relay ma-
trix and microcontroller is used to switch different electrode
pairs. A projector is placed below the actuation system to
project content for the user. A compact tracking device is
embedded on the top frame to enable user interaction.

Tactile Feedback
TableHop provides a new way of tactile feedback using its
electrostatic actuation mechanism. Apart from the usual hap-
tic force feedback from the elastic fabric, it provides tactile

feedback by vibrating the fabric in addition to the physi-
cal deformation. Simultaneous visual and haptic feedback is
achieved. A higher frequency voltage signal is added to the
voltage signal used for inducing deformation, which is typi-
cally a low frequency signal. It is a mechano-tactile commu-
nication technique that relies on the fast adapting Meissner’s
corpuscles (cutaneous) mechanoreceptors in fingertips which
respond to mechanical stimuli from vibration in the frequency
range of 2–40 Hz [16, 28]. The vibration for tactile feedback
in TableHop is generated in this range.

ENABLED APPLICATIONS
The existing elastic displays suffer from lack of actuation.
The existing malleable displays suffer from occlusion. There
is no self-actuated elastic or malleable display that does
not suffer from occlusion. TableHop can address these is-
sues, and is able to remove these limitations. Many appli-
cations of rear-projection elastic displays such as 3D model-
ing and multi-layered data exploration can be implemented
on a TableHop display. Likewise, many applications of actu-
ated malleable displays such as 3D animation and data phys-
icalization can be implemented using it. Here, we present
unique application scenarios that are enabled by TableHop,
and are provided in the supplementary video. Note that the
self-actuated malleable displays use front-projection and suf-
fer from occlusion, which is avoided by elastic displays by
using rear-projection.

Figure 3. A user initiates a simulation with a touch gesture, and all users
view the dynamic display without occluding each other, and can touch it
to feel the simulation.

In the data visualisation and animation application shown in
Figure 3, a static image of an earthquake scenario is shown on
TableHop. One user initiates earthquake simulation by per-
forming a gesture such as pushing, pulling, sliding or pinch-
ing the fabric which is possible on an elastic display, and not
on a malleable display that is rigidly attached to the actuators.
In response to the user gesture, the image becomes dynamic
and the ground starts shaking to emulate earthquake at the af-
fected locations. This is possible with a self-actuated display,
but not existing elastic displays. Other users can see the earth-
quake visually, as well as feel the shaking ground by touching
the surface. This is possible using a self-actuated malleable
display. But, using TableHop the users do not occlude the
projected media to themselves or to others.

In Figure 4, the application of personal notification in a col-
laborative scenario is shown. A static image is shown on
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Figure 4. (Background removed) A user is exploring tall buildings by
pinching and pulling the display with one hand, and simultaneously re-
ceiving peripheral visual and tactile notification at the other hand.

TableHop. One user is describing one of the tall building
by pinching and pulling the TableHop fabric using one hand
without suffering from occlusion, which are possible on an
elastic display, and not on a malleable display that is rigidly
attached to the actuators. At the same time, the user receives
a personal notification below the other hand at which location
TableHop vibrates to provide visual cues that is not possible
due to occlusion in a malleable display, and to provide tactile
cues that is not possible using an elastic display.

TableHop enables unique interaction scenarios, which are not
possible either by a flexible display or a malleable display,
in one system without occlusion for better multi-touch and
collaborative user experience.

A TableHop system can be solely used as an output device,
for example, to play back previously recorded media. In this
case, either the deformation information is embedded in the
media, or it is obtained in real-time by analyzing the media.
One use of no-interaction operation of TableHop is physi-
cal animation of media used for advertisement or documen-
tary. However, TableHop offers various interaction possibili-
ties which are presented next.

Interaction scenarios
A range of interactions described in [52] can be achieved us-
ing TableHop systems, such as Indirect interaction using im-
plicit input. For example, users can receive physical noti-
fications using deformation of TableHop fabric, i.e., restau-
rant locations on a map can physically pop-up, or the geo-
graphic elevation information can be physically portrayed to
the users.

Direct interaction can be achieved using existing touch sens-
ing and gesture recognition technologies such as a 3D depth
cameras [55], which can be seamlessly incorporated into
TableHop systems. Action and reaction type of interac-
tion can be achieved because TableHop can recreate push,
pull, bend and slide types of gestures. Such actions can be
recorded and played back. After withdrawing user induced
deformation, the TableHop fabric can restore back to its equi-
librium deformed state, because it is elastic.

TableHop facilitates simultaneous and independent interac-
tion at different locations as it uses an array of electrodes to

actuate the fabric at independent locations. Input and output
that are not directly related can be achieved simultaneously
with action and reaction type of interaction, at independent
locations. For example, when a user presses a deformed-
fabric button at one location, a physical pop-up notification
can be delivered at another location. A range of such inter-
actions including remotely merging input and output can be
achieved using TableHop.

TableHop offers more expressive and efficient visualization
and communication of information, and dynamic affordances
using self-actuation and tactile feedback. The TableHop ar-
chitecture can be used as a toolkit to implement with other
exploratory and hedonic systems to evoke emotion and stim-
ulation, while not compromising aesthetics.

DESIGN PARAMETERS

Safety
EEEL safety rules [45] for high-voltage recommend opera-
tion below 2 mA AC or 3 mA DC when the voltage ex-
ceeds 1 kV rms or 1 kV DC, respectively. The stored energy
should not exceed 10 mJ. We recommend using commercial
high-voltage supplies, which have such safety mechanisms.
This recommended limit is slightly below the startle response
threshold. Interested researchers and designers must be care-
ful to evaluate the stored energy between the electrodes in
large TableHop systems that could potentially exceed 10 mJ.

Stable operation limits
Electrostatically deflected elastic systems may suffer from
pull-in or snap-down instability. It occurs when the applied
voltage is increased beyond a certain critical voltage, leading
to higher electrostatic force that cannot be balanced by the
elastic restoring force of the fabric. Assuming that the fab-
ric behaves like a linear spring, stable operation is achieved
when the maximum deflection of the fabric wmax is less than
one third of the initial (unforced) separation d0 between the
fabric and the electrode, i.e.,

wmax < d0/3. (1)

The electrostatic force is nonlinear. It is also nonuniform in
our case when the electrodes deform. The maximum allow-
able pull-in voltage VPI for stable operation when wmax =
d0/3 is given by [51]

VPI =

√√√√√√√ d0
3

(
64D
R4 +

4σt
R2

)
+ 128αD

t2R4

(
d0
3

)3

ε
(

5
6d2

0
+ 4

3πRd0
+ 1.918

πR2

) . (2)

R, t, D, σ and ε are the radius, thickness, flexural rigid-
ity, residual stress and permittivity of air, respectively. α =
(7505 + 425ν − 2791ν2)/35280 is a Poisson ratio (ν) depen-
dent empirical parameter.

If TableHop is operated with Vmax > VPI , then the fabric can
collapse and get stuck to the bottom electrode. In practice, the
stiffness of the fabric, electrostatic field and Poisson ratio are
increasingly nonlinear with further stretching, and the limit of

Shape Changing Displays #chi4good, CHI 2016, San Jose, CA, USA

3770



stable operation region can be as high as d0/2. In this work,
we limit our operation to wmax < d0/3.

Apart from mechanical instability, electrical instability may
occur due to electrostatic discharge. The dielectric strength
of air Emax=3 kV/mm, above which it breaks down and loses
its electrical insulation property. As a result, an electrostatic
discharge or electric spark can occur. The nanoscale conduc-
tive coating on the transparent electrode can evaporate, and
the transparent dielectric insulator can crack and lose trans-
parency due to the spark. To avoid it, the electric field at
maximum deformation of the fabric must be less than the
breakdown electric field Emax, i.e.,

3Vmax/2d0 < Emax, (3)

where Vmax is the maximum voltage applied between the top
and the bottom electrodes. For example, if Vmax=10 kV, then
the initial separation d0 > 5 mm to avoid electric discharge
that can occur when the fabric deforms by d0/3. If the initial
separation between the electrodes is 15 mm then the fabric
can be deformed by 5 mm without encountering mechanical
(snap-down) and electrical (break-down) failures.

Energy consumption
In TableHop, the top and the bottom transparent electrodes
form the two-plate capacitor configuration, however, with one
plate being flexible. From parallel plate capacitor theory, an
upper limit of energy consumption is given by,

Umax = εAmaxV2
max/2dmin. (4)

Amax and dmin are the maximum area and minimum separa-
tion between the electrodes. Vmax the maximum applied volt-
age. dmin = 2d0/3 is the corresponding limiting separation.
Cmax = εAmax/dmin is the maximum capacitance between the
electrodes. For Amax=200×300 mm2 area electrodes sepa-
rated by d0=15 mm, Cmax=53.1 pF. Using Vmax=10 kV, the
maximum energy consumption Umax=2.65 mJ. This energy
can be harvested during the discharging of the electrodes.

The working energy consumption that induces deformations
is lower. For example, to induce deformation of 5 mm, i.e., to
change separation from 10 mm to 15 mm, only 0.85 mJ en-
ergy is required. Assuming zero leakage current, the energy
required by the electrodes to maintain their shape is 0 mJ.
Care must be taken to limit the size of TableHop so that the
energy stored between the electrodes does not exceed 10 mJ.

Elastic fabric
Initially, deformable surface was realized using sponge rub-
ber sheets [21]. White nylon clothes were attached on
top of the rubber sheets to make deformable malleable dis-
plays [25]. Later, silicone rubber and latex rubber were
used [61, 20, 56]. The common choice for elastic display
is spandex blended (with nylon, cotton, polyamide etc.) fab-
ric [64, 60]. Spandex blended fabrics are commonly available
in the market. They are elastic, and at the same time strong.
Their elastic deformation is limited as the spandex content is
maximum 20%. They can be stretchable by up to 50% with
full elastic recovery. Pure spandex fabric, on the other hand,
can stretch by more than 500% without breaking[11]. It can

make full elastic recovery for stretch up to 300% [24]. Pure
spandex fabric is not suitable to make clothes due to comfort
and allergy concerns, and is not commonly available.

The 100% spandex elastic fabric can be modified to improve
its optical and electrical properties. A fabric with pattern of a
dense-net can be used for better elasticity. The small vacant
spaces in the netted-pattern allows light from the projector to
pass through directly. This will limit the gain and viewing
angle, and reduce the contrast of image formed at the fabric.
The vacant spaces can be filled with diffusing materials to
use the flexible fabric effectively as a rear-projection screen.
Front-projection screens use materials that enhance diffused
reflection. Rear-projection screens require materials that en-
hance diffused transmission. Quartz and polytetrafluoroethy-
lene (PTFE or teflon) powders are recommended as they offer
good diffused transmission. In order to improve contrast, the
fabric can be embedded with a dark tint that absorbs the am-
bient light striking the fabric. However, caution must be taken
as it can also absorb the light from the projector, which can
reduce the light transmission and, therefore, the gain.

Dielectric material
The electrostatic pressure is given by

Q(r) = εV2/2d2, (5)

with ε = εrε0, where ε0 is the permittivity of vacuum, and
εr is the relative permittivity or dielectric constant of the
medium. Q(r) can be increased by inserting a transparent di-
electric sheet above the bottom electrode to increase ε. Poly-
methylmethacrylate (PMMA or acrylic) sheets are a suitable
transparent dielectric material, which have typical εr = 3.6.
Other materials such as transparent PVC (polyvinylchloride),
polystyrene or polyethylene terephthalate (PETE) sheets can
be used as well, which have similar dielectric constants.

The breakdown voltage of the transparent dielectric sheets is
usually high. For example, the breakdown electric field Emax
of PMMA is 30 kV/mm. They provide a protective shield for
the bottom electrode, and prevent electrostatic discharge.

Pixel addressing
In TableHop, the top and bottom electrodes form a capacitor,
which stores or maintains its charge when its connection is
floating. This leads to deformed electrodes (pixels) maintain-
ing their shapes during operation. Passive matrix or active
matrix addressing scheme can be used, which significantly
reduces the complexity of connections to the electrodes, and
makes TableHop scalable.

Two passive matrix driving circuits are shown in Figure 5,
which require m + n control signals for a pixel array of m
rows and n columns. The pixels are addressed serially one at
a time by selecting corresponding row and column among the
top and bottom arrays, respectively. In Figure 5 (a), the driv-
ing circuit uses an unselect voltage (HV/2). It leads to cross-
talk with adjacent pixels. In Figure 5 (b), the driving circuit
uses the high-impedance mode where the unselected rows and
columns are floating, and it reduces cross-talk significantly.
This circuit is difficult to test due to the floating electrodes.

Shape Changing Displays #chi4good, CHI 2016, San Jose, CA, USA

3771



Figure 5. Passive and active matrix driving circuits for TableHop are
shown. An unselect voltage HV/2 and high-impedance mode are used
in (a) and (b), respectively. The thin-film fabrication required for active
matrix implementation is shown in (c).

The HV power supply can be regulated linearly and a de-
sired voltage can be applied to each pixel. The ground voltage
(GND) connection goes to the bottom electrodes. The bottom
electrode panel can be manufactured with a transparent thin
film transistor and capacitor to connect to the ground signal
and to retain charge, respectively as shown in Figure 5 (c) and
an active matrix driving circuit can be implemented.

We implemented a segment driving circuit. It uses one large
bottom electrode, which is simpler. The top electrodes are
connected individually, and different deformation patterns are
created by switching them independently.

Shape of deformation
Here, we present an analysis that can be used to describe the
shape of deformation produced by a TableHop system.

The shape of deformation in a TableHop system is given by
the deflection and deformation of the transparent electrodes
that are attached to the fabric. Figure 6 shows two different
configurations the transparent electrodes can be attached to
the fabric. When they are attached below the fabric facing
the bottom transparent electrode directly, a uniform force is
exerted on them. When they are attached above the fabric
facing the bottom transparent electrode through the fabric, a
nonuniform force is exerted on them. The shape of the fabric
in these two configurations is analyzed next.

The fabric used in TableHop can be considered as a di-
aphragm, and its deflection and deformation can be obtained
using the membrane theory of continuum mechanics [59].
Because the deformation of the fabric is many times its thick-
ness, the large deflection theory is applicable. The fabric
around the electrodes is not attached to a rigid support – the
boundary condition for the fabric is that of a simply supported
diaphragm. In the first case, where the transparent electrodes
are attached at the bottom of the fabric and directly face the
fixed ground electrode, we can assume that the electrodes do

Figure 6. Two possible cases of electrode placement are shown with the
electrode attached to below (left) and above (right) the fabric. The elec-
trostatic force exerted on the fabric is uniform and nonuniform over the
area of the electrode, respectively. We used the arrangement on right.

not deform, and a uniform electrostatic force is applied at the
center of the diaphragm.

The equations describing the deformation of a thin circular
elastic diaphragm is given in [1]. We followed the analysis
of these differential equations as given in [27]. The results
describe the deformation of any shape of electrodes under any
distribution of load. In this paper, we present the solution for
circular electrodes and the two cases of force distributions as
shown in Figure 6.

The shape w(r) of a circular electrode is given by,

dw
dr
=

∑
n=3,5

Cn(βnρ
n − ρ), (6)

ignoring the higher order terms. r is the radial position on the
electrode. βn = (1 + ν)/(n + ν) for n = 3 and 5. ν is the
Poisson ratio of the electrode. The constant of integration to
get w is equal to the maximum deformation wmax at the center
of the electrode (i.e., r=0).

C3 =
−12wmax(β5 − 1)/R

3(β3 − 2)(β5 − 1) − 2(β3 − 1)(β5 − 3)
, and (7)

C5 = −C3(β3 − 1)/(β5 − 1). (8)

The corresponding shape of deformation when the transpar-
ent electrode at attached below the TableHop fabric under
uniform load is shown in Figure 7-a. The initial gap between
the electrodes d0=15 mm. The maximum deformation is con-
sidered as w(r = 0) = d0/3=5 mm for stability consideration,
which is presented earlier.

When the transparent electrodes are mounted above the
fabric, the electrostatic pressure exerted on the fabric (di-
aphragm) is a nonlinear and non-uniform load as shown in
Figure 6. An analytical solution describing the shape under
such nonlinear and non-uniform load condition is unavailable
in the literature. In [51], the nonlinear electrostatic force is
linearized at a given deformation location w(r) and the resul-
tant force is assumed to exert a uniform pressure on a virtual
diaphragm. The corresponding shape of deformation when
w(r = 0) = d0/3=5 mm is shown in Figure 7-b.

The analytical shapes of deformation is useful for graphic de-
signers. For example, using thicker transparent electrodes at-
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Figure 7. Shape of deformation of 6 mm radius is shown (a) from below
when a uniform pressure is applied using an electrode of 1 mm radius
attached at the bottom, and (b) from above when a nonuniform pressure
is applied over the entire area at the top.

tached to the bottom of the fabric, flat bottom shapes can be
created. Using thinner transparent electrodes mounted on the
top of the fabric, smooth shapes can be created.

TableHop designers and users can customize the shape, size
and position of electrodes, and separation (d0) between indi-
vidual electrodes to create user-defined deformations. Safe
and stable operation can be ensured using the technical limits
presented in the paper. Using the analysis presented above
the shape of such deformations can be modeled. Designers
will have the freedom to make custom effects on the go by
physically moving the electrodes.

Spline functions
The shape of the fabric can be described by a power series.
We considering the first two terms in the power series as
shown in Equation (6), which is similar to a cubic spline func-
tion. In general, the shape of fabric can be described using
spline functions as they are used to describe the deformation
of elastic structures. In fact, the bending of elastic structure is
related to the foundation of spline theory. The fabric of Table-
Hop can be visualized as the mesh used in spline theory. The
deformation of the fabric due to the loads can be described by
the deformation of the mesh using spline functions.

System Resolution
The shape resolution of shape-changing devices has been de-
scribed using non-uniform rational B-splines (NURBS) [53].
The 10 features of shape resolution in this framework are
(i) area, (ii) granularity, (iii) porosity, (iv) curvature, (v) am-
plitude, (vi) zero-crossing, (vii) closure, (viii) stretchability,
(ix) strength and (x) speed.

(i) The ares of TableHop can be increased by increasing the
size of the fabric and using more electrodes. A suitable pro-
jector can be used for a large area TableHop system.

(ii) Granularity measures the density of physical actuation
points. This concept describes well the pin-based mechani-
cal actuation systems such as FEELEX [25], Popup [43], Lu-
men [48], BMW kinetic sculpture [5], Relief [38], Tilt dis-
plays [2] etc. Similar to actuated devices such as Surflex [7],
Programmable blobs [63], the granularity of TableHop is con-
stant, but is not well defined. There is no available system that
can change granularity on demand.

(iii) The porosity of TableHop systems is nonzero as the
screen is implemented using an elastic fabric, which has net-
like pattern. The porosity can be changed by changing the
fabric, and it cannot be changed on demand.

(iv) The curvature in [53] is proposed to compute by remov-
ing π from the angle between three consecutive control points.
Because TableHop uses electrodes to create curved surfaces,
the control points are not defined well as in pin-actuated sys-
tems. In TableHop, a curved surface with the maximum an-
gle is produced when the fabric deforms by the maximum
allowed normal deflection of w = d0/3. From Figure 7, the
maximum angle is calculated from the slope of the curve, i.e.
w′ = dw/dx, that is approximately equal to 59.8◦.

From Equation (5), the electrostatic pressure (force) is pro-
portional to the square of potential difference (V) between
the electrodes. The electrostatic force between two opposite
electrodes is always attractive when a voltage signal is used
to actuate them. When electrodes are placed below the fabric
carrying the other pair of the electrodes, concave surfaces are
created. By using another set of electrodes above the fabric,
convex surfaces can be created.

In geometry, curvature κ at a point is defined as the inverse of
radius of the arc that best approximates the curve at that point.
The radius of curvature (i.e. inverse of curvature) is calcu-
lated using the formula 1

κ
=

∣∣∣∣ (1+w′2)3/2

w′′

∣∣∣∣. From Figure 7, the
minimum radius of curvature at the bottom of the deformed
fabric is approximately 0.83 mm, which also describes the
sharpness of deformation in our TableHop system.

(v) The amplitude of TableHop is dependent on the flexural
rigidity D of the fabric and the maximum voltage Vmax ap-
plied between the electrodes. Using 100% spandex fabric and
Vmax = 10 kV, we achieved an amplitude of 5 mm.

(vi) The deformations created by TableHop systems are sim-
ilar to wavy patterns, allowing it to portray zero-crossing fea-
tures. Each electrode can produce one wavy pattern. The
exact shape of the waves are given by Equation (6).

(vii) Out of the ten features of shape resolution, “closure" is
the only feature that TableHop does not offer.

(viii) The TableHop system achieves deformation of the
screen by stretching the fabric. The stretchability can be in-
creased by using a more stretchable fabric. Due to the con-
straints for stable operating condition, the fabric is not al-
lowed to stretch beyond a limit. Given a shape of the de-
formation, the stretching of the fabric can be calculated nu-
merically. From Figure 7 the stretching of the fabric is nu-
merically calculated assuming linearly connected points as
approximately 341.7%, i.e. the deformed fabric is approxi-
mately 3.4 times its original length. Pure spandex fabric can
stretch by more than 500% without breaking [11].

(ix) The force exerted on the TableHop fabric to induce a de-
sired deformation depends on the separation of the electrodes
(see equation (5)). It is a nonlinear force that varies during
the deformation process. For any possible shape, the Table-
Hop fabric is at equilibrium, i.e., the electrostatic force ex-
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erted on the fabric is counterbalanced by the restoring elastic
force of the fabric. A minimal external force is required to
trigger further deformation.

The strength of a TableHop system is described by the energy
needed to modify the fabric from flat position to the max-
imum deformed position. Zero energy is stored when the
fabric is flat. Maximum energy is stored when the fabric is
deformed maximum, i.e., wmax(0) = d0/3, and is given by
U = 1

2CmaxV2
PI , where VPI is given by equation (2). When the

electrode is attached below the fabric as shown in Figure 6,
the capacitance is given by Cmax = 3εA/d0, where A is the
area of the electrode. When the electrode is mounted above
the fabric, the capacitance is given by Cmax = 2πε

∫ R
r=0

rdr
d0−w(r) ,

where w(r) is given by equation (6).

An upper bound (over-estimate) of energy of our TableHop
implementation is given in subsection “energy consumption”,
i.e., 2.65 mJ, where it is assumed that the entire fabric is de-
formed by the maximum allowable value d0/3. An estimate
of average force (Fest) can be made assuming U = Fest×d0/3,
giving Fest = 0.53 N for d0=15 mm.

(x) The speed of a TableHop system is determined by the
response-time of the fabric and the speed of high-voltage
power supply. The response time of the fabric is dictated by
the Young’s modulus, density, diameter and the length of the
fabric fibers. These parameters can be estimated carefully
from the mechanical vibration measurements. Response time
of fabric fibres (Nylon, woll, etc.) is in tens of milliseconds
(10s of Hz) [35]. Response time spandex can be expected to
be similar. We observed that the fabric responded instanta-
neously to low-frequency voltage input below 20 Hz.

EVALUATION OF IMPLEMENTATION
We implemented a TableHop prototype (see Figure 2) based
on the design parameters discussed earlier.

A 100% pure spandex fabric was used for maximal elastic-
ity and deformation using low force. Indium tin oxide (ITO)
coated polyethylene terephthalate (PET) sheets from Sigma
Aldrich were used as transparent electrodes. An entire ITO-
PET sheet (1 ft×1 ft) was used as the bottom electrode. The
top-electrodes were precisely laser-cut from the ITO-PET
sheets. The protective cover of the electrodes were removed
at the end. We used nine 40×60 mm2 elliptic electrodes.

A projector (Sanyo PLC-XU111) was placed below the fab-
ric (see Figure 2). We used a commercial 10 kV and 1.5 W
high-voltage supply (Glassmann MJ10P1500), which offers
high-voltage output waveform regulation by user defined low-
voltage input signal, as well as user adjustable current limit. It
also provides the output voltage and current monitor signals
as low-voltage signals. A high-voltage H-bridge switching
circuit was developed to switch between the electrodes. The
size of the working area on the fabric was 200 mm × 300 mm.
The volume of the entire prototype was 30 cm × 40 cm × 80
cm. A laptop computer was used to operate the projector and
an oscilloscope (Agilent DSO-X-3024A) that controlled and
monitored the high-voltage supply.

Next, we present the experimental evaluation of the perfor-
mance of our TableHop implementation. It can be easily
repeated to evaluate other TableHop systems using a stably
mounted camera. We presented the static analysis of the
shape of deformations earlier in the section on design param-
eters.

Figure 8. An expanded polystyrene bead of 2 mm diameter was attached
on the electrode to evaluate the mechanical response experimentally.

Dynamic analysis of TableHop is presented here. In order
to be able to evaluate the bending of the fabric, we attached
an expanded polystyrene bead of 2 mm diameter on top of
an electrode. The bead can be attached to the fabric if the
electrodes are attached below. The position of the bead was
recorded using a high-speed camera at a speed of 120 frames
per second. A circle-tracking algorithm was used to cal-
culate the position and motion of the bead from the video-
recordings. The bead was painted black for easy tracking
using binary image conversion. Using a spherical bead of
known diameter, the recording system was calibrated. The
motion of the bead, i.e., the deflection of the fabric was con-
verted to millimeter. The experimental results presented be-
low used this technique.

Calibration
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Figure 9. The deflection (w(0)) of the fabric (top) and the nonlinear re-
lation between the applied voltage (V) and the deflection (bottom) are
shown. A 100 mHz and 0–10 kV voltage was applied. d0=15 mm.

The electrostatic pressure is nonlinear (see equation (5)). The
bending of the fabric w(r) is expected to hold a nonlinear re-
lationship with the applied voltage V . We performed the up
and down movement of the fabric to calibrate our TableHop
system. A ramp voltage signal of 0–10 kV peak-to-peak and
0.1 Hz frequency was applied using an electrode of 50 mm
diameter. The separation d0 was 15 mm. The corresponding
deflection of the fabric w(0) (see Figure 9) was nonlinear and
repeatable as expected. However, the nonlinearity was dif-
ferent for upward and downward directions. In other words,
the fabric shows hysteresis, which can be calibrated using the
proposed technique.
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Speed
The speed of our TableHop implementation was measured
experimentally. This technique can be used to evaluate the
speed of other TableHop systems.
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Figure 10. (Top) Experimental (blue) and fitted (red) step response of
our TableHop implementation are shown. The estimated time constant
is ≈ 280 milliseconds. (Bottom) The input reference voltage (blue) and
the measured output voltage (red) of HV power supply are shown.

The speed of a TableHop system is determined by the speed
of high-voltage power supply and the response-time of the
fabric. The rise and decay time specifications from the
datasheet of our high-voltage supply are maximum of 100
milliseconds (10 Hz), and typically 50 milliseconds (20 Hz).
The voltage is applied directly to the electrode with a resistor,
eliminating low-pass RC filtering.

We measured the response time of the fabric experimentally
using the bead and camera technique presented above. A
square wave reference signal of 0–10 V peak-to-peak range
and 100 mHz frequency was applied to the high-voltage sup-
ply (see Figure 10, bottom, blue). The measured high-voltage
output of the supply is shown in Figure 10, bottom, red. The
rise-time of the voltage-supply was excellent, but the fall-time
was low. The diameter of the electrode was 50 mm and the
separation d0 was 15 mm. The measured response of the fab-
ric is shown in Figure 10, top, blue. The data was corrected
using the hysteresis response presented above. First order rise
and decay models were fitted to the response of the fabric (see
Figure 10, top, red). The maximum time constant of the fabric
response is estimated at approximately 280 milliseconds (3.6
Hz). The slow (fall) speed of high-voltage supply used in our
implementation affects the speed of our implementation. The
speed can be increased using a faster voltage supply. Corre-
spondingly, the peak running power requirement for 280 mil-
lisecond speed operation of our TableHop system is estimated
at approximately 2.65/0.28=9.46 mW. The maximum work-
ing power, i.e., to change the maximum deformation from
d0/3 to 0, is estimated at approximately 0.85/0.28=3.04 mW.

Tactile Feedback
The tactile feedback ability of TableHop was evaluated ex-
perimentally using the bead and camera technique presented
above. Unlike the above experiments, a high-speed camera is
required for speed measurement.

A sinusoidal voltage signal of 1 kV peak-to-peak amplitude
and 10 Hz frequency was applied to the electrodes. The
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Figure 11. The vibration of TableHop fabric in response to 1 kV sinu-
soidal voltage at different frequencies is shown. For tactile feedback, the
fabric was vibrated at peak frequency 12 Hz.

motion of the bead was video-recorded using a high-speed
camera (Exilim ex-zr400) at 120 frames-per-second. The fre-
quency was varied from 10–20 Hz in steps of 1 Hz, and the
corresponding videos were recorded. The vibration of the
fabric was calculated in millimeters using the bead and cam-
era technique presented above. The frequency response of
the fabric in our TableHop implementation is shown in Fig-
ure 11. The vibration of the fabric peaks at 12 Hz, and the
corresponding peak amplitude is 1.8 mm. We employed tac-
tile feedback at this frequency and amplitude.

Higher vibration amplitude can be achieved by applying
>10 kV voltage signal. However, it may affect the visual
perception of the dynamic shapes that the user might want
to experience simultaneously. A faster power supply with
bandwidth >20 Hz is required to use the full 10 kV range,
which was a hardware limitation in our prototype. The effi-
ciency of vibrating the fabric reduces at higher frequency due
to lower gain. To create larger vibrations, higher voltage is re-
quired. It is possible to vibrate the TableHop fabric at higher
frequency at higher amplitude using higher voltage. An ap-
propriate high-voltage supply, for example, a Tesla coil can
be used to generate high voltage and high frequency.

The peak vibration frequency of the fabric can be increased
by mounting the fabric with pre-stretching to increase the
stiffness. However, this would reduce the peak-amplitude of
deformation that can be generated for the visual feedback.

In our pilot-study, we obtained feedback from two users with
experience in midair haptics (Ultrahaptics [6]) and four users
with no prior experience. The user-group consisted of four
males and two females, and age varied from 23–35. The users
were not allowed to look at the display and asked to wear
a headphone. All the users experienced immediate mild in-
crease in tactile feedback when vibration was turned on while
touching the fabric softly. They were also able to perceive
when the vibration was turned off, albeit not instantly. We
concluded from visual cues from the zoomed view through a
camera that the users reduced the vibration of the soft fabric
with their touch, which correspondingly led to reduced and
slow sensation. In TableHop, the vibration induced for tac-
tile feedback can provide visual cues, which is intended to be
simultaneously experienced by the users with the media dis-
played. A carefully designed study for user-centric evaluation
is required.
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Note that TableHop allows users to interact with the fabric
display directly with physical touch even when it is actuated
to deform and create static and dynamic shapes. The fabric
is displaced locally due to the user interaction force. How-
ever, it recovers to the (electrostatic) forced equilibrium po-
sition quickly due to high elastic recovery force and fast re-
sponse [24]. If the fabric is stretched beyond 300% then it can
recover up to 95% quickly and then recover further slowly.

DISCUSSION
The pin-actuated systems such as inFORM [14], Relief [37],
ShapeClip [19] and Emerge [57] can have higher resolu-
tion and linear range, and better haptic (force) feedback than
TableHop. For example, inFORM and ShapeClip have linear
pixel size of 3.175 mm and 20 mm, and linear range of ±5 cm
and ±30 mm, compared to 50 mm and ±5 mm of our Table-
Hop implementation. The advantages of TableHop are low
power consumption, smaller foot-print (volume and weight),
i.e., scalability and portability (with no recalibration) and
low-noise operation. inFORM and ShapeClip require 3 W
(315 mW/mm2) and 2.7 W (6.75 mW/mm2) power per actua-
tor pin, compared to our TableHop that requires 6.32 mW for
200×300 mm2 electrode area leading to 0.16 µW/mm2 power
consumption. In a given TableHop system, increasing the res-
olution (i.e., reducing the pixel size) leads to lower maximum
amplitude of operation, which requires higher voltage supply
and more stretchable fabric to compensate.

The shape of the deformation in a TableHop system can be
calibrated in three dimension using a projector and camera
setup [55]. First, the projector and camera system can be cal-
ibrated by projecting a grid pattern onto the fabric. Then, the
deformations can be calibrated using an image processing al-
gorithms such as one given by Ferrier et al. [10] for a given
choice of fabric, electrode shape and size, and separation be-
tween the top and bottom electrodes.

The TableHop systems can be deployed in many different
form-factors such as a tabletop or a large wall-mount dis-
play. Large TableHop systems require larger fabric, which
may impose mounting challenges in order to reduce bending
due to its own weight in spite of it being light-weight. Tighter
mounting of the fabric with pre-load (pre-stretching) can re-
duce the bending. It should not affect the elastic deformation
of the fabric, similar to standard springs that exhibit same dif-
ferential compression or extension independent of their com-
pressed or extended length. However, it will reduce the max-
imum achievable deformation of the fabric.

The TableHop systems do not allow very sharp deformable
physical features, similar to other elastic and malleable dis-
plays. Electrodes attached to the bottom of the fabric can
create flat bottom features. The size of the electrodes can be
reduced to sub millimeter level. Higher elasticity fabric and
smaller electrodes may be used to increase the sharpness of
deformation. However, smaller electrodes will lead to lower
force and smaller deformation.

Because the fabric is a continuous piece, the induced defor-
mation at one location can interfere with the deformation in-
duced at another location. To eliminate or reduce the interfer-

ence between different locations, the fabric can be mounted
on a transparent grid of rigid (glass or plastic) or elastic (span-
dex threads or silicone band) sheet. The deformation of the
fabric in each section will be bounded by the clamped or sim-
ply supported boundary condition depending upon rigid or
elastic attachment between the fabric and the grid.

The TableHop systems can incorporate tactile-feedback tech-
nologies such as TeslaTouch [4] and Corona [40] that do not
need any mechanical actuation. The electrodes of TableHop
can be used to incorporate technologies such as electrovibra-
tion [39, 4] that uses electrostatic tactile communication [29]
and electrostatic discharge [40] that uses electro-tactile (elec-
trocutaneous) communication.

The TableHop systems can integrate gesture sensors such as
LeapMotion for interaction as shown in Figure 1. Vision-
based detection of finger touch [22] can be used. We did
not prefer using external systems outside the TableHop box
to enable interaction. Capacitive touch sensing such as Dia-
mondTouch [9] and [65] can also be integrated by reconfig-
uring the electrodes for multi-touch capacitive sensing [46].
User-centric development of unique interactive applications
that TableHop can enable using such sensors is a future work.

Our TableHop implementation has a foot-print of 30×40×80
cm3. The height of the actual actuation system in TableHop
is very low, i.e. less than 25 mm in our prototype. The overall
height can be further reduced using a short-throw wide-angle
pico-projector. Apart from the projector and the translucent
fabric, the entire TableHop system can be made almost trans-
parent using glass or acrylic frames. The small and compact
size of TableHop offers unique opportunity to product design-
ers and for ubiquitous deployment.

CONCLUSIONS
We presented TableHop, the first elastic display surface that
is self-actuated and uses rear-projection, and can be used for
tablet and tabletop applications. It provides an additional tac-
tile feedback to an elastic interactive surface. It enables in-
teraction with deformable surfaces without user induced oc-
clusion. The technological advantages are small form-factor,
low-power, scalability and integratability.

We used transparent indium tin oxide electrodes and high-
voltage modulation to create controlled surface deformations.
Our prototype had a 30×40 cm surface area and uses a grid of
3×3 transparent electrodes. It achieves ±5 mm deformation
using 10 kV supply using pure spandex fabric. It consumed a
maximum of 9.46 mW and creates haptic vibrations of up to
20 Hz. We showed implementation, evaluation and analysis
that can be used to build prototypes of different sizes.

ACKNOWLEDGMENTS
We thank Matthew Sutton, J. Luis Berna Moya and Luis
Veloso for their technical help. This work has been supported
by the European Commission within the 7th framework pro-
gramme through the FET Open scheme’s GHOST project
(grant #309191) and European Research Council’s Starting
Grant INTERACT (#278576).

Shape Changing Displays #chi4good, CHI 2016, San Jose, CA, USA

3776



REFERENCES
1. B. Ahmad and R. Pratap. 2010. Elasto-Electrostatic

Analysis of Circular Microplates Used in Capacitive
Micromachined Ultrasonic Transducers. Sensors
Journal, IEEE 10, 11 (Nov 2010), 1767–1773. DOI:
http://dx.doi.org/10.1109/JSEN.2010.2049017

2. Jason Alexander, Andrés Lucero, and Sriram
Subramanian. 2012. Tilt Displays: Designing Display
Surfaces with Multi-axis Tilting and Actuation. In
Proceedings of the 14th International Conference on
Human-computer Interaction with Mobile Devices and
Services (MobileHCI ’12). ACM, New York, NY, USA,
161–170. DOI:
http://dx.doi.org/10.1145/2371574.2371600

3. Olivier Bau, Uros Petrevski, and Wendy Mackay. 2009.
BubbleWrap: A Textile-based Electromagnetic Haptic
Display. In CHI ’09 Extended Abstracts on Human
Factors in Computing Systems (CHI EA ’09). ACM,
New York, NY, USA, 3607–3612. DOI:
http://dx.doi.org/10.1145/1520340.1520542

4. Olivier Bau, Ivan Poupyrev, Ali Israr, and Chris
Harrison. 2010. TeslaTouch: Electrovibration for Touch
Surfaces. In Proceedings of the 23Nd Annual ACM
Symposium on User Interface Software and Technology
(UIST ’10). ACM, New York, NY, USA, 283–292.
DOI:http://dx.doi.org/10.1145/1866029.1866074

5. BMW. 2008. Kinetc Sculpture - The shapes of things to
come. (2008).
https://artcom.de/en/project/kinetic-sculpture/

6. Tom Carter, Sue Ann Seah, Benjamin Long, Bruce
Drinkwater, and Sriram Subramanian. 2013.
UltraHaptics: Multi-point Mid-air Haptic Feedback for
Touch Surfaces. In Proceedings of the 26th Annual ACM
Symposium on User Interface Software and Technology
(UIST ’13). ACM, New York, NY, USA, 505–514.
DOI:http://dx.doi.org/10.1145/2501988.2502018

7. Marcelo Coelho, Hiroshi Ishii, and Pattie Maes. 2008.
Surflex: A Programmable Surface for the Design of
Tangible Interfaces. In CHI ’08 Extended Abstracts on
Human Factors in Computing Systems (CHI EA ’08).
ACM, New York, NY, USA, 3429–3434. DOI:
http://dx.doi.org/10.1145/1358628.1358869

8. Marcelo Coelho and Jamie Zigelbaum. 2011.
Shape-changing Interfaces. Personal Ubiquitous
Comput. 15, 2 (Feb. 2011), 161–173. DOI:
http://dx.doi.org/10.1007/s00779-010-0311-y

9. Paul Dietz and Darren Leigh. 2001. DiamondTouch: A
Multi-user Touch Technology. In Proceedings of the
14th Annual ACM Symposium on User Interface
Software and Technology (UIST ’01). ACM, New York,
NY, USA, 219–226. DOI:
http://dx.doi.org/10.1145/502348.502389

10. Nicola J. Ferrier and Roger W. Brockett. 2000.
Reconstructing the Shape of a Deformable Membrane
from Image Data. The International Journal of Robotics
Research 19, 9 (2000), 795–816. DOI:
http://dx.doi.org/10.1177/02783640022067184

11. Fibersource. 1959. Spandex Fiber - Spandex Textile
Filament Fiber. (1959).
http://www.fibersource.com/f-tutor/spandex.htm

12. Sean Follmer, Micah Johnson, Edward Adelson, and
Hiroshi Ishii. 2011. deForm: An Interactive Malleable
Surface for Capturing 2.5D Arbitrary Objects, Tools and
Touch. In Proceedings of the 24th Annual ACM
Symposium on User Interface Software and Technology
(UIST ’11). ACM, New York, NY, USA, 527–536.
DOI:http://dx.doi.org/10.1145/2047196.2047265

13. Sean Follmer, Daniel Leithinger, Alex Olwal, Nadia
Cheng, and Hiroshi Ishii. 2012. Jamming User
Interfaces: Programmable Particle Stiffness and Sensing
for Malleable and Shape-changing Devices. In
Proceedings of the 25th Annual ACM Symposium on
User Interface Software and Technology (UIST ’12).
ACM, New York, NY, USA, 519–528. DOI:
http://dx.doi.org/10.1145/2380116.2380181

14. Sean Follmer, Daniel Leithinger, Alex Olwal, Akimitsu
Hogge, and Hiroshi Ishii. 2013. inFORM: Dynamic
Physical Affordances and Constraints Through Shape
and Object Actuation. In Proceedings of the 26th Annual
ACM Symposium on User Interface Software and
Technology (UIST ’13). ACM, New York, NY, USA,
417–426. DOI:
http://dx.doi.org/10.1145/2501988.2502032

15. Antonio Gomes, Andrea Nesbitt, and Roel Vertegaal.
2013. MorePhone: A Study of Actuated Shape
Deformations for Flexible Thin-film Smartphone
Notifications. In Proceedings of the SIGCHI Conference
on Human Factors in Computing Systems (CHI ’13).
ACM, New York, NY, USA, 583–592. DOI:
http://dx.doi.org/10.1145/2470654.2470737

16. K. S. Hale and K. M. Stanney. 2004. Deriving haptic
design guidelines from human physiological,
psychophysical, and neurological foundations. IEEE
Computer Graphics and Applications 24, 2 (March
2004), 33–39. DOI:
http://dx.doi.org/10.1109/MCG.2004.1274059

17. Jaehyun Han, Jiseong Gu, and Geehyuk Lee. 2014a.
Trampoline: A Double-sided Elastic Touch Device for
Creating Reliefs. In Proceedings of the 27th Annual
ACM Symposium on User Interface Software and
Technology (UIST ’14). ACM, New York, NY, USA,
383–388. DOI:
http://dx.doi.org/10.1145/2642918.2647381

18. Jaehyun Han, Seongkook Heo, Jiseong Gu, and
Geehyuk Lee. 2014b. Trampoline: A Double-sided
Elastic Touch Device for Repouss&#233; and Chasing
Techniques. In Proceedings of the Extended Abstracts of
the 32Nd Annual ACM Conference on Human Factors in
Computing Systems (CHI EA ’14). ACM, New York,
NY, USA, 1627–1632. DOI:
http://dx.doi.org/10.1145/2559206.2581252

Shape Changing Displays #chi4good, CHI 2016, San Jose, CA, USA

3777

http://dx.doi.org/10.1109/JSEN.2010.2049017
http://dx.doi.org/10.1145/2371574.2371600
http://dx.doi.org/10.1145/1520340.1520542
http://dx.doi.org/10.1145/1866029.1866074
https://artcom.de/en/project/kinetic-sculpture/
http://dx.doi.org/10.1145/2501988.2502018
http://dx.doi.org/10.1145/1358628.1358869
http://dx.doi.org/10.1007/s00779-010-0311-y
http://dx.doi.org/10.1145/502348.502389
http://dx.doi.org/10.1177/02783640022067184
http://www.fibersource.com/f-tutor/spandex.htm
http://dx.doi.org/10.1145/2047196.2047265
http://dx.doi.org/10.1145/2380116.2380181
http://dx.doi.org/10.1145/2501988.2502032
http://dx.doi.org/10.1145/2470654.2470737
http://dx.doi.org/10.1109/MCG.2004.1274059
http://dx.doi.org/10.1145/2642918.2647381
http://dx.doi.org/10.1145/2559206.2581252


19. John Hardy, Christian Weichel, Faisal Taher, John
Vidler, and Jason Alexander. 2015. ShapeClip: Towards
Rapid Prototyping with Shape-Changing Displays for
Designers. In Proceedings of the 33rd Annual ACM
Conference on Human Factors in Computing Systems
(CHI ’15). ACM, New York, NY, USA, 19–28. DOI:
http://dx.doi.org/10.1145/2702123.2702599

20. Chris Harrison and Scott E. Hudson. 2009. Providing
dynamically changeable physical buttons on a visual
display. In Proceedings of the SIGCHI Conference on
Human Factors in Computing Systems (CHI ’09). ACM,
New York, NY, USA, 299–308. DOI:
http://dx.doi.org/10.1145/1518701.1518749

21. K. Hirota and M. Hirose. 1995. Simulation and
Presentation of Curved Surface in Virtual Reality
Environment Through Surface Display. In Proceedings
of the Virtual Reality Annual International Symposium
(VRAIS’95) (VRAIS ’95). IEEE Computer Society,
Washington, DC, USA, 211–.
http://dx.doi.org/10.1109/VRAIS.1995.512498

22. K. Inoue and Y. Okamoto. 2009. Vision-based detection
of finger touch for haptic device using transparent
flexible sheet. In Robotics and Automation, 2009. ICRA
’09. IEEE International Conference on. 665–670. DOI:
http://dx.doi.org/10.1109/ROBOT.2009.5152427

23. Hiroshi Ishii, Daniel Leithinger, Sean Follmer, Amit
Zoran, Philipp Schoessler, and Jared Counts. 2015.
TRANSFORM: Embodiment of "Radical Atoms" at
Milano Design Week. In Proceedings of the 33rd Annual
ACM Conference Extended Abstracts on Human Factors
in Computing Systems (CHI EA ’15). ACM, New York,
NY, USA, 687–694. DOI:
http://dx.doi.org/10.1145/2702613.2702969

24. Shingo Itoh and Toshihiro Tanaka. 2015. Elastic
polyurethane fiber and method for manufacturing same.
World Patent WO2013089137A1, European Patent
EP2829642 A1. (28 January 2015). https://register.
epo.org/application?number=EP12858566

25. Hiroo Iwata, Hiroaki Yano, Fumitaka Nakaizumi, and
Ryo Kawamura. 2001. Project FEELEX: Adding Haptic
Surface to Graphics. In Proceedings of the 28th Annual
Conference on Computer Graphics and Interactive
Techniques (SIGGRAPH ’01). ACM, New York, NY,
USA, 469–476. DOI:
http://dx.doi.org/10.1145/383259.383314

26. Yvonne Jansen, Thorsten Karrer, and Jan Borchers.
2011. MudPad: Tactile Feedback for Touch Surfaces. In
CHI ’11 Extended Abstracts on Human Factors in
Computing Systems (CHI EA ’11). ACM, New York,
NY, USA, 323–328. DOI:
http://dx.doi.org/10.1145/1979742.1979702

27. Sumit Jindal and Sanjeev Raghuwanshi. 2015.
Modelling of simply supported circular diaphragm for
touch mode capacitive sensors. Journal of Theoretical
and Applied Mechanics 53, 2 (2015).

http://www.ptmts.org.pl/jtam/index.php/jtam/
article/view/2544

28. Roland S. Johansson and Randall J. Flanagan. 2009.
Coding and use of tactile signals from the fingertips in
object manipulation tasks. Nat Rev Neurosci 10, 5 (08
April 2009), 345–359. DOI:
http://dx.doi.org/10.1038/nrn2621

29. K.A. Kaczmarek, K. Nammi, A.K. Agarwal, M.E. Tyler,
S.J. Haase, and D.J. Beebe. 2006. Polarity Effect in
Electrovibration for Tactile Display. Biomedical
Engineering, IEEE Transactions on 53, 10 (Oct 2006),
2047–2054. DOI:
http://dx.doi.org/10.1109/TBME.2006.881804

30. Hyunjung Kim and Woohun Lee. 2008. Shade Pixel. In
ACM SIGGRAPH 2008 Posters (SIGGRAPH ’08).
ACM, New York, NY, USA, Article 34, 1 pages. DOI:
http://dx.doi.org/10.1145/1400885.1400922

31. Seoktae Kim, Hyunjung Kim, Boram Lee, Tek-Jin Nam,
and Woohun Lee. 2008. Inflatable Mouse:
Volume-adjustable Mouse with Air-pressure-sensitive
Input and Haptic Feedback. In Proceedings of the
SIGCHI Conference on Human Factors in Computing
Systems (CHI ’08). ACM, New York, NY, USA,
211–224. DOI:
http://dx.doi.org/10.1145/1357054.1357090

32. Phil Kingsley. 2012. eTable: A haptic elastic table for
3D multi-touch interations. (2012).
https://www.youtube.com/watch?v=v2A4bLSiX6A

33. Takuro Kuribara, Buntarou Shizuki, and Jiro Tanaka.
2013. Sinkpad: A Malleable Mouse Pad Consisted of an
Elastic Material. In CHI ’13 Extended Abstracts on
Human Factors in Computing Systems (CHI EA ’13).
ACM, New York, NY, USA, 1251–1256. DOI:
http://dx.doi.org/10.1145/2468356.2468580

34. Ki-Uk Kyung, Jeong Mook Lim, Yo-An Lim, Suntak
Park, Seung Koo Park, Inwook Hwang, Seungmoon
Choi, Jongman Seo, Sang-Youn Kim, Tae-Heon Yang,
and Dong-Soo Kwon. 2011. TAXEL: Initial progress
toward self-morphing visio-haptic interface. In World
Haptics Conference (WHC), 2011 IEEE. 37–42. DOI:
http://dx.doi.org/10.1109/WHC.2011.5945458

35. E. Marianne Kärrholm and Bengt Schröder. 1953.
Bending Modulus of Fibers Measured with the
Resonance Frequency Method. Textile Research Journal
23, 4 (1953), 207–224. DOI:
http://dx.doi.org/10.1177/004051755302300401

36. Daniel Leithinger, Sean Follmer, Alex Olwal, Samuel
Luescher, Akimitsu Hogge, Jinha Lee, and Hiroshi Ishii.
2013. Sublimate: State-changing Virtual and Physical
Rendering to Augment Interaction with Shape Displays.
In Proceedings of the SIGCHI Conference on Human
Factors in Computing Systems (CHI ’13). ACM, New
York, NY, USA, 1441–1450. DOI:
http://dx.doi.org/10.1145/2470654.2466191

Shape Changing Displays #chi4good, CHI 2016, San Jose, CA, USA

3778

http://dx.doi.org/10.1145/2702123.2702599
http://dx.doi.org/10.1145/1518701.1518749
http://dx.doi.org/10.1109/VRAIS.1995.512498
http://dx.doi.org/10.1109/ROBOT.2009.5152427
http://dx.doi.org/10.1145/2702613.2702969
https://register.epo.org/application?number=EP12858566
https://register.epo.org/application?number=EP12858566
http://dx.doi.org/10.1145/383259.383314
http://dx.doi.org/10.1145/1979742.1979702
http://www.ptmts.org.pl/jtam/index.php/jtam/article/view/2544
http://www.ptmts.org.pl/jtam/index.php/jtam/article/view/2544
http://dx.doi.org/10.1038/nrn2621
http://dx.doi.org/10.1109/TBME.2006.881804
http://dx.doi.org/10.1145/1400885.1400922
http://dx.doi.org/10.1145/1357054.1357090
https://www.youtube.com/watch?v=v2A4bLSiX6A
http://dx.doi.org/10.1145/2468356.2468580
http://dx.doi.org/10.1109/WHC.2011.5945458
http://dx.doi.org/10.1177/004051755302300401
http://dx.doi.org/10.1145/2470654.2466191


37. Daniel Leithinger and Hiroshi Ishii. 2010. Relief: A
Scalable Actuated Shape Display. In Proceedings of the
Fourth International Conference on Tangible,
Embedded, and Embodied Interaction (TEI ’10). ACM,
New York, NY, USA, 221–222. DOI:
http://dx.doi.org/10.1145/1709886.1709928

38. Daniel Leithinger, David Lakatos, Anthony DeVincenzi,
Matthew Blackshaw, and Hiroshi Ishii. 2011. Direct and
Gestural Interaction with Relief: A 2.5D Shape Display.
In Proceedings of the 24th Annual ACM Symposium on
User Interface Software and Technology (UIST ’11).
ACM, New York, NY, USA, 541–548. DOI:
http://dx.doi.org/10.1145/2047196.2047268

39. Edward Mallinckrodt, A. L. Hughes, and William
Sleator. 1953. Perception by the Skin of Electrically
Induced Vibrations. Science 118, 3062 (1953), 277–278.
DOI:
http://dx.doi.org/10.1126/science.118.3062.277

40. Adiyan Mujibiya. 2015. Corona: Interactivity of Body
Electrostatics in Mobile Scenarios Using Wearable
High-Voltage Static Charger. In Proceedings of the 17th
International Conference on Human-Computer
Interaction with Mobile Devices and Services
(MobileHCI ’15). ACM, New York, NY, USA, 435–444.
DOI:http://dx.doi.org/10.1145/2785830.2785888

41. Mathias Müller, Anja Knöfel, Thomas Gründer, Ingmar
Franke, and Rainer Groh. 2014. FlexiWall: Exploring
Layered Data with Elastic Displays. In Proceedings of
the Ninth ACM International Conference on Interactive
Tabletops and Surfaces (ITS ’14). ACM, New York, NY,
USA, 439–442. DOI:
http://dx.doi.org/10.1145/2669485.2669529

42. Yusuke Nakagawa, Akiya Kamimura, and Yoichiro
Kawaguchi. 2012. MimicTile: A Variable Stiffness
Deformable User Interface for Mobile Devices. In
Proceedings of the SIGCHI Conference on Human
Factors in Computing Systems (CHI ’12). ACM, New
York, NY, USA, 745–748. DOI:
http://dx.doi.org/10.1145/2207676.2207782

43. M. Nakatani, H. Kajimoto, K. Vlack, D. Sekiguchi, N.
Kawakami, and S. Tachi. 2005. Control Method for a 3D
Form Display with Coil-type Shape Memory Alloy. In
Robotics and Automation, 2005. ICRA 2005.
Proceedings of the 2005 IEEE International Conference
on. 1332–1337. DOI:
http://dx.doi.org/10.1109/ROBOT.2005.1570300

44. Ryuma Niiyama, Xu Sun, Lining Yao, Hiroshi Ishii,
Daniela Rus, and Sangbae Kim. 2015. Sticky Actuator:
Free-Form Planar Actuators for Animated Objects. In
Proceedings of the Ninth International Conference on
Tangible, Embedded, and Embodied Interaction (TEI
’15). ACM, New York, NY, USA, 77–84. DOI:
http://dx.doi.org/10.1145/2677199.2680600

45. NIST. 2008. EEEL Safety Rules for Moderate and High
Voltages. (2008). www.nist.gov/el/isd/mmc/upload/
high_voltage_rules_revised.pdf

46. Simon Olberding, Nan-Wei Gong, John Tiab, Joseph A.
Paradiso, and Jürgen Steimle. 2013. A Cuttable
Multi-touch Sensor. In Proceedings of the 26th Annual
ACM Symposium on User Interface Software and
Technology (UIST ’13). ACM, New York, NY, USA,
245–254. DOI:
http://dx.doi.org/10.1145/2501988.2502048

47. Esben W. Pedersen, Sriram Subramanian, and Kasper
Hornbæk. 2014. Is My Phone Alive?: A Large-scale
Study of Shape Change in Handheld Devices Using
Videos. In Proceedings of the 32Nd Annual ACM
Conference on Human Factors in Computing Systems
(CHI ’14). ACM, New York, NY, USA, 2579–2588.
DOI:http://dx.doi.org/10.1145/2556288.2557018

48. Ivan Poupyrev, Tatsushi Nashida, Shigeaki Maruyama,
Jun Rekimoto, and Yasufumi Yamaji. 2004. Lumen:
Interactive Visual and Shape Display for Calm
Computing. In ACM SIGGRAPH 2004 Emerging
Technologies (SIGGRAPH ’04). ACM, New York, NY,
USA, 17–. DOI:
http://dx.doi.org/10.1145/1186155.1186173

49. Ivan Poupyrev, Tatsushi Nashida, and Makoto Okabe.
2007. Actuation and Tangible User Interfaces: The
Vaucanson Duck, Robots, and Shape Displays. In
Proceedings of the 1st International Conference on
Tangible and Embedded Interaction (TEI ’07). ACM,
New York, NY, USA, 205–212. DOI:
http://dx.doi.org/10.1145/1226969.1227012

50. Jie Qi and Leah Buechley. 2012. Animating Paper Using
Shape Memory Alloys. In Proceedings of the SIGCHI
Conference on Human Factors in Computing Systems
(CHI ’12). ACM, New York, NY, USA, 749–752. DOI:
http://dx.doi.org/10.1145/2207676.2207783

51. M. Rahman and S. Chowdhury. 2009. A highly accurate
closed-form model for pull-in voltage of circular
diaphragms under large deflection. Micro and
Nanosystems 1, 2 (2009), 139–146. DOI:
http://dx.doi.org/10.2174/1876402910901020139

52. Majken K. Rasmussen, Esben W. Pedersen, Marianne G.
Petersen, and Kasper Hornbæk. 2012. Shape-changing
Interfaces: A Review of the Design Space and Open
Research Questions. In Proceedings of the SIGCHI
Conference on Human Factors in Computing Systems
(CHI ’12). ACM, New York, NY, USA, 735–744. DOI:
http://dx.doi.org/10.1145/2207676.2207781

53. Anne Roudaut, Abhijit Karnik, Markus Löchtefeld, and
Sriram Subramanian. 2013. Morphees: Toward High
"Shape Resolution" in Self-actuated Flexible Mobile
Devices. In Proceedings of the SIGCHI Conference on
Human Factors in Computing Systems (CHI ’13). ACM,
New York, NY, USA, 593–602. DOI:
http://dx.doi.org/10.1145/2470654.2470738

Shape Changing Displays #chi4good, CHI 2016, San Jose, CA, USA

3779

http://dx.doi.org/10.1145/1709886.1709928
http://dx.doi.org/10.1145/2047196.2047268
http://dx.doi.org/10.1126/science.118.3062.277
http://dx.doi.org/10.1145/2785830.2785888
http://dx.doi.org/10.1145/2669485.2669529
http://dx.doi.org/10.1145/2207676.2207782
http://dx.doi.org/10.1109/ROBOT.2005.1570300
http://dx.doi.org/10.1145/2677199.2680600
www.nist.gov/el/isd/mmc/upload/high_voltage_rules_revised.pdf
www.nist.gov/el/isd/mmc/upload/high_voltage_rules_revised.pdf
http://dx.doi.org/10.1145/2501988.2502048
http://dx.doi.org/10.1145/2556288.2557018
http://dx.doi.org/10.1145/1186155.1186173
http://dx.doi.org/10.1145/1226969.1227012
http://dx.doi.org/10.1145/2207676.2207783
http://dx.doi.org/10.2174/1876402910901020139
http://dx.doi.org/10.1145/2207676.2207781
http://dx.doi.org/10.1145/2470654.2470738


54. Taiki Shimba and Joo-Ho Lee. 2014. Shadow-free
Interaction: A Proposal for Rear Projection Based Shape
Display. Procedia Technology 18 (2014), 140 – 144.
DOI:
http://dx.doi.org/10.1016/j.protcy.2014.11.026
International workshop on Innovations in Information
and Communication Science and Technology, {IICST}
2014, 3-5 September 2014, Warsaw, Poland.

55. Jürgen Steimle, Andreas Jordt, and Pattie Maes. 2013.
Flexpad: Highly Flexible Bending Interactions for
Projected Handheld Displays. In Proceedings of the
SIGCHI Conference on Human Factors in Computing
Systems (CHI ’13). ACM, New York, NY, USA,
237–246. DOI:
http://dx.doi.org/10.1145/2470654.2470688

56. Andrew Stevenson, Christopher Perez, and Roel
Vertegaal. 2011. An Inflatable Hemispherical
Multi-touch Display. In Proceedings of the Fifth
International Conference on Tangible, Embedded, and
Embodied Interaction (TEI ’11). ACM, New York, NY,
USA, 289–292. DOI:
http://dx.doi.org/10.1145/1935701.1935766

57. Faisal Taher, John Hardy, Abhijit Karnik, Christian
Weichel, Yvonne Jansen, Kasper Hornbæk, and Jason
Alexander. 2015. Exploring Interactions with Physically
Dynamic Bar Charts. In Proceedings of the 33rd Annual
ACM Conference on Human Factors in Computing
Systems (CHI ’15). ACM, New York, NY, USA,
3237–3246. DOI:
http://dx.doi.org/10.1145/2702123.2702604

58. Shohei Takei, Makoto Iida, and Takeshi Naemura. 2011.
KineReels: Extension Actuators for Dynamic 3D Shape.
In ACM SIGGRAPH 2011 Posters (SIGGRAPH ’11).
ACM, New York, NY, USA, Article 84, 1 pages. DOI:
http://dx.doi.org/10.1145/2037715.2037810

59. Stephan P. Timoshenko. 1964. Theory of Plates and
Shells (2 ed.). McGraw-Hill.

60. Giovanni Maria Troiano, Esben Warming Pedersen, and
Kasper Hornbæk. 2014. User-defined Gestures for
Elastic, Deformable Displays. In Proceedings of the
2014 International Working Conference on Advanced
Visual Interfaces (AVI ’14). ACM, New York, NY, USA,
1–8. DOI:
http://dx.doi.org/10.1145/2598153.2598184

61. Jessica Tsimeris, Colin Dedman, Michael Broughton,
and Tom Gedeon. 2013. ForceForm: A Dynamically
Deformable Interactive Surface. In Proceedings of the

2013 ACM International Conference on Interactive
Tabletops and Surfaces (ITS ’13). ACM, New York, NY,
USA, 175–178. DOI:
http://dx.doi.org/10.1145/2512349.2512807

62. Kevin Vlack, Terukazu Mizota, Naoki Kawakami,
Kazuto Kamiyama, Hiroyuki Kajimoto, and Susumu
Tachi. 2005. GelForce: A Vision-based Traction Field
Computer Interface. In CHI ’05 Extended Abstracts on
Human Factors in Computing Systems (CHI EA ’05).
ACM, New York, NY, USA, 1154–1155. DOI:
http://dx.doi.org/10.1145/1056808.1056859

63. Akira Wakita, Akito Nakano, and Nobuhiro Kobayashi.
2011. Programmable Blobs: A Rheologic Interface for
Organic Shape Design. In Proceedings of the Fifth
International Conference on Tangible, Embedded, and
Embodied Interaction (TEI ’11). ACM, New York, NY,
USA, 273–276. DOI:
http://dx.doi.org/10.1145/1935701.1935760

64. Y. Watanabe, A. Cassinelli, T. Komuro, and M.
Ishikawa. 2008. The deformable workspace: A
membrane between real and virtual space. In Horizontal
Interactive Human Computer Systems, 2008.
TABLETOP 2008. 3rd IEEE International Workshop on.
145–152. DOI:
http://dx.doi.org/10.1109/TABLETOP.2008.4660197

65. Daniel Wigdor, Darren Leigh, Clifton Forlines, Samuel
Shipman, John Barnwell, Ravin Balakrishnan, and Chia
Shen. 2006. Under the Table Interaction. In Proceedings
of the 19th Annual ACM Symposium on User Interface
Software and Technology (UIST ’06). ACM, New York,
NY, USA, 259–268. DOI:
http://dx.doi.org/10.1145/1166253.1166294

66. Lining Yao, Ryuma Niiyama, Jifei Ou, Sean Follmer,
Clark Della Silva, and Hiroshi Ishii. 2013. PneUI:
Pneumatically Actuated Soft Composite Materials for
Shape Changing Interfaces. In Proceedings of the 26th
Annual ACM Symposium on User Interface Software
and Technology (UIST ’13). ACM, New York, NY, USA,
13–22. DOI:
http://dx.doi.org/10.1145/2501988.2502037

67. Kyungwon Yun, JunBong Song, Keehong Youn,
Sungmin Cho, and Hyunwoo Bang. 2013. ElaScreen:
Exploring Multi-dimensional Data Using Elastic Screen.
In CHI ’13 Extended Abstracts on Human Factors in
Computing Systems (CHI EA ’13). ACM, New York,
NY, USA, 1311–1316. DOI:
http://dx.doi.org/10.1145/2468356.2468590

Shape Changing Displays #chi4good, CHI 2016, San Jose, CA, USA

3780

http://dx.doi.org/10.1016/j.protcy.2014.11.026
http://dx.doi.org/10.1145/2470654.2470688
http://dx.doi.org/10.1145/1935701.1935766
http://dx.doi.org/10.1145/2702123.2702604
http://dx.doi.org/10.1145/2037715.2037810
http://dx.doi.org/10.1145/2598153.2598184
http://dx.doi.org/10.1145/2512349.2512807
http://dx.doi.org/10.1145/1056808.1056859
http://dx.doi.org/10.1145/1935701.1935760
http://dx.doi.org/10.1109/TABLETOP.2008.4660197
http://dx.doi.org/10.1145/1166253.1166294
http://dx.doi.org/10.1145/2501988.2502037
http://dx.doi.org/10.1145/2468356.2468590

	Introduction
	Related work
	Deformable Handhelds and Tables
	Elastic and Fabric based Surfaces

	TableHop Overview
	Tactile Feedback

	Enabled applications
	Interaction scenarios

	DESIGN PARAMETERS
	Safety
	Stable operation limits
	Energy consumption
	Elastic fabric
	Dielectric material
	Pixel addressing
	Shape of deformation
	Spline functions

	System Resolution

	Evaluation of Implementation
	Calibration
	Speed
	Tactile Feedback

	Discussion
	Conclusions
	Acknowledgments
	References 



