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Figure 1: ElectriPop is a shape-changing approach that uses electrostatic forces to "infate" metalized PET flm into complex 
3D forms. Our fabrication workfow starts with the user creating a 2D vector illustration of their design (A). As the 2D-to-3D 
transformation can be complex, we provide a simulation tool that runs in parallel to show the 3D output (B), allowing for 
rapid iteration. Once satisfed, users proceed to cut the design, e.g., with a laser cutter (C). Users can then place the design on 
an actuation base (D), which programmatically infates the form using electrostatic force. 

ABSTRACT 
We describe how sheets of metalized mylar can be cut and then 
“infated” into complex 3D forms with electrostatic charge for use 
in digitally-controlled, shape-changing displays. This is achieved 
by placing and nesting various cuts, slits and holes such that mylar 
elements repel from one another to reach an equilibrium state. Im-
portantly, our technique is compatible with industrial and hobbyist 
cutting processes, from die and laser cutting to handheld exacto-
knives and scissors. Given that mylar flm costs <$1 per m2, we can 
create self-actuating 3D objects for just a few cents, opening new 
uses in low-cost consumer goods. We describe a design vocabulary, 
interactive simulation tool, fabrication guide, and proof-of-concept 
electrostatic actuation hardware. We detail our technique’s perfor-
mance metrics along with qualitative feedback from a design study. 
We present numerous examples generated using our pipeline to 
illustrate the rich creative potential of our method. 
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1 INTRODUCTION 
Shape-changing displays ofer a uniquely embodied and highly aes-
thetic mode of computer-human communication, perfect for uses 
such as ambient displays, embodied avatars, interactive art, and ed-
ucational experiences. By giving elements form, these applications 
can become more engaging with increased physicality. However, 
practical shape-changing displays continue to be elusive, and there 
is considerable ongoing research in this area, both in the HCI com-
munity and beyond. Ideal approaches might be considered to have 
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the following properties: low-cost, fast-actuating, silent-operation, 
compact, robust, and easy to fabricate. 

In this work we describe ElectriPop, a new fabrication workfow 
and computational tool that allows sheets of metalized mylar to be 
cut and then “infated” into complex 3D forms using electrostatic 
charge. This is achieved by carefully placing and nesting various 
cuts, slits, and holes such that mylar elements repel from one an-
other. We provide a brief primer on the principles of our technique’s 
operation. Of course, this introduces interesting design challenges, 
such as how to assist designers in the creation process given the 
complex 2D-to-3D transformation process. For this, we developed 
a simulation tool that runs in parallel with existing vector editing 
programs that simulates the 3D output. In a design study we con-
ducted, participants found that the real-time visualization greatly 
facilitated rapid prototyping of forms. 

Unlike more exotic shape-changing technologies, our technique 
involves only a single sheet of thin flm, and is compatible with 
industrial and hobbyist manufacturing processes, including die 
cutting, laser cutting, vinyl cutting, and even just handheld exacto-
knives and scissors. Given that mylar flm costs <$1 USD per m2, 
this means we can create 3D objects for just a few cents each, 
opening new uses in consumer objects. In addition to being easy to 
fabricate and low cost, our technique is also fast-actuating, requires 
little power to stay infated, and the operation is nearly silent. We 
do, however, require an external electrostatic generator to actuate 
our designs. We built two proof-of-concept actuation bases, both 
costing under $10 USD. To help illustrate the rich creative potential 
of our method, we fabricated a series of demos, ranging from popup 
books to smart speaker avatars. All of our tools and designs are 
open sourced to bootstrap makers interested in experimenting with 
our technique. 

2 PRINCIPLES OF OPERATION 
Electrostatic charge occurs when there is an accumulation or de-
pletion of electrons in a material, giving the object a net negative 
or positive charge [27]. Unless discharged, this charge is stable (i.e., 
not fowing), hence the name "static" electricity. Charge can be 
created in many ways, including mechanically (tribocharging [27], 
e.g., rubbing your hair with a balloon), chemically (how batteries 
work), or inductively (e.g., high voltage transformer). As described 
by Coulomb’s law, particles, materials, and objects with like charges 
repel from one another with an inverse-square distance relationship 
[22]. We use this repelling force in two distinct ways, for "pop up" 
and "infation". 

Consider the example in Figure 2. The system is comprised of 
a conductive base on top of which is taped a piece of conductive 
flm with a small cut (Figure 2A). At rest, this system is neutral, 
with no imbalance in charge. If we charge the base, the charge will 
propagate to the whole conductive system (Figure 2B). As the base 
and flm now have the same charge, they will repel; as one side is 
taped in this example, the flm hinges upwards in response to the 
electrostatic force (Figure 2B, green vector). This is the force we 
use to "pop up" our designs from a base, overcoming gravity. 

The second way we use electrostatic repulsion is to "infate" 
our designs. In this simple example, the flm has a cut that creates 
two "arms". When charged, these elements will repel (Figure 2C, 

green vector), bending and twisting the flm, fnding an equilibrium 
between the force pushing them apart and the elasticity of the 
material resisting the deformation. In more complex 3D examples 
(like we show later), electrostatic repulsion acts like an infationary 
pressure. This behavior to form a minimal energy state is similar 
to the physics of why bubbles are spherical (surface tension) and 
balloons are convex (air pressure). 

3 RELATED WORK 
We now briefy review two main bodies of prior work. In Section 
11, after we have described our ElectriPop technique, we provide a 
comparison to other shape changing technologies. 

3.1 2D to 3D transformations & 4D designs 
Origami and kirigami, the art of paper folding and cutting respec-
tively, are canonical examples of 2D to 3D shape transformation. 
Much prior work has leveraged these techniques to create shape-
changing interfaces and robots [8, 19, 26, 30, 46, 57]. Researchers 
from the computer graphics community have also explored com-
putational methods to simulate and design 2D shapes that can be 
transformed into complex 3D surfaces through e.g., pneumatic ac-
tuation [32, 38, 50] or by pre-stretching and releasing fabric [45] or 
elastic sheets [21, 55]. 

There is also a large body of work within the HCI community 
focusing on shape-changing displays that use techniques like pneu-
matics [23, 41, 43, 54, 65] and fuidics [34, 37, 42]. These systems 
require air pumps or compressors that are noisy, bulky and power-
consuming, and the interfaces themselves involve bladders that 
are susceptible to puncture. Another common approach are arrays 
of linear actuators that can change height [5, 13, 51]. These sys-
tems are generally expensive, large, immobile, consume signifcant 
power, and generate noise during actuation [3]. 

Other methods leverage physical properties that change ma-
terials’ structure to achieve shape-change. Some apply diferent 
temperatures to shape-memory alloys [9, 55], twisted coil actuators 
[14], liquid crystal elastomers [2], thermoplastics [4, 20, 61], and 
other thermo-responsive materials [24, 36, 40]. Others use mate-
rials that change their curvature or size under diferent moisture 
level [17, 18, 58, 60, 62, 66]. These methods often require complex 
fabrication processes and the systems have a slow response time [3]. 
Most related to this work are methods employing electroactive ma-
terials. Notable among these are dielectric elastomers (commonly 
used to create artifcial muscles [44]) that use electrostatic forces 
to compress membranes, which can cause a structure to bend [15] 
or displace liquid for hydraulic actuation [42]. 

Uniquely, our shape-changing technique is based on a single 
homogeneous sheet of low-cost material (mylar flm). Further, the 
electrostatic repulsion forces we use have very fast actuation speeds 
and essentially-silent operation. Our approach is both accessible to 
makers and compatible with mass production techniques, which is 
also uncommon. In section 11, we lay out a detailed comparison of 
Electripop to other shape-changing methods. 

3.2 Electrostatic Infation 
We are not the frst to explore using electrostatic forces to infate 
mylar structures. Owing to their extraordinary weight-to-volume 
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Figure 2: Example mylar sheet with a small cut, attached to our actuation base (A). Upon application of a static charge, the 
base and mylar sheet repel (B, green vector), owing to their like charges. Additionally, the cut in the mylar sheet causes the 
two "arms" to repel from one another (C, green vector), forming a Y-like shape. The vector design of the mylar is shown in D. 

ratio and their ability to be essentially fat-packed and self-actuate 
without the need for accessory motors, infatable polymer flm struc-
tures have been particularly attractive in space fight applications 
[7, 33, 52]. In aerospace engineering, they are also known as Gos-
samer structures or Electrostatically Infated Membrane Structures 
(EIMS). Besides applications in aerospace, electrostatic potential and 
aggregation has been studied in macromolecule-ligand interactions 
[63] and nanoparticles [28]. 

We build on this existing literature and consider its utility in the 
feld of human-computer interaction, and shape-changing displays 
more specifcally. We also contribute a new design language and 
computation tool to help non-expert designers prototype in this 
new modality. We discuss how forms can be fabricated and used 
to create new interactive experiences. Finally, we open source our 
designs and tools to help others replicate and extend this approach. 

4 DESIGN AND FABRICATION WORKFLOW 
We now describe the materials and tools we employed to design 
and fabricate our ElectriPop mylar forms, which includes custom 
hardware and software. We used this workfow to create a series of 
illustrative outputs targeting application areas of interest. 

4.1 Metalized PET 
Metalized polyester (PET) flm, often referred to as “mylar” (we 
use this shorthand throughout the paper), has two critical proper-
ties that enable our use case. Specifcally, mylar is very thin and 
thus lightweight. This allows the relatively weak electrostatic force 
(compared to e.g., gravity) to push the structure into new geometric 
confgurations. We found that mylar thicker than 15 microns is 
too heavy to overcome gravity, lift of its host surface, and fully 
infate. Moreover, the thicker the mylar, the lower its elasticity (i.e., 
its ability to bend), impacting areas that must hinge or twist in 
order to assume a complex shape. The result is no or partial infa-
tion. The second key property of mylar is its metalization, most 
commonly a vacuum-deposited layer of aluminum (~0.5 micron in 
thickness). Although thin, this conductive layer (sheet resistivity of 
~10 Ω/square) allows for instant and uniform distribution of static 
charge across the entire form (as opposed to an insulator, which 
may only develop a localized charge at the point of contact). For 
this reason, non-metalized PET will not work for our application. 

Mylar can be purchased as bulk rolls and spools for industrial 
purposes, as well as in a wide variety of consumer goods, includ-
ing emergency blankets, balloons, and decorative foils. We mostly 
used 2.4 micron mylar cut from a spool, which we found to be an 
excellent balance between durability, elasticity and weight. We occa-
sionally used consumer products (art foil is ~15 micron in thickness) 
as a way to introduce color to some of our example applications. 
Manufacturers can produce mylar at almost any size, thickness, 
color or pattern for a high-volume customer. 

4.2 Physical Fabrication 
Mylar is renowned for its high strength-to-weight ratio [39], allow-
ing sheets to be very thin (1-350 micron are common) and yet still 
able to be handled by hand without tearing. Mylar is also non-toxic 
to handle, and while fumes should always be avoided, the material 
safety datasheet notes that vapor inhalation and material ingestion 
are not hazards [48]. These excellent properties mean that a wide 
variety of cutting processes are applicable. Starting with the most 
basic, mylar can be cut with hand tools, such as exacto-knives and 
scissors. We often used such tools to cut down larger sheets into 
more convenient sizes, but we also occasionally cut entire forms by 
hand. We primarily used CNC tools able to cut digital vector fles, 
such as hobby-grade vinyl cutters and laser cutters. We also found 
that we could join two sheets of mylar with a heat sealing machine, 
though it is far easier to purchase sheets of the appropriate size for 
your design. If a design needs to be mass produced, commercial 
processes such as die cutting could be used, which have output 
rates in the thousands-per-minute. 

There are three fabrication complexities with mylar that must 
be considered. First is that mylar is very lightweight, and for this 
reason, we always taped our mylar sheets to a back board before 
laser cutting. Second, processes with heat (such as a laser cutting or 
heat sealing), will cause the polyester to shrink if not held in tension 
(the tape we used to afx mylar sheets had the added beneft of 
solving this problem). Finally, if not handled with care, mylar will 
accumulate “crinkles” and other blemishes owing to its thinness, 
though this is purely an aesthetic consideration. 
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Figure 3: User interface of the ElectriPop design tool. Users 
use a SVG editing tool (left: Adobe Illustrator CC) to edit 
the cut pattern in an iterative fashion. A simulator shows 
the sheet transformation based on the cut pattern in real 
time. Users can tune the material properties, actuation volt-
age and simulation parameters on the panel (middle). Right: 
actual output of an infated snowman. 

4.3 Vector File Design 
As we will discuss at length in Section 7, there are a series of design 
primitives that one can use (and combine) to create complex 3D 
forms. Fundamentally, this involves making a series of purposeful 
cuts into a fat sheet of mylar, and thus conventional 2D vector 
graphics editing programs can be used for design. We created all 
of our designs in Adobe Illustrator. While graphics programs like 
Adobe Illustrator are mature and powerful, they do not permit it-
erative “what you see is what you get” (WYSIWYG) design of our 
3D forms. Indeed, the transformation from 2D sheet to 3D infated 
object is not always intuitive, and there can also be unforeseen 
interactions between repelling elements. For this reason, it was 
necessary to compliment these conventional 2D editing tools with 
a custom physical 3D simulation program, described in the next sec-
tion, allowing users to see their output without having to physically 
fabricate each output. 

5 SIMULATION TOOL 
As a compliment to users’ favorite vector editing tool, we created 
a novel simulation tool (Figure 3) that automates the 2D-to-3D 
transformation. Users can iteratively adjust their design based on 
the real-time simulation result. A user starts the design by drawing 
a closed polygonal shape that the user will use as the outline of the 
mylar design. Once the outline is determined, the user can add cuts 
within the outline by drawing curves. A cutting curve can be either 
a non-intersected open curve or a closed polygon, which will be 
interpreted as hollowing out an area from the mylar sheet. Every 
time the user saves the current edit to their fle system, our tool 
reads the 2D design and automatically starts a real-time simulation, 
which typically takes a few seconds to converge. 

We implemented a position-based dynamics model to simulate 
the transformation behavior of mylar (Figure 4). To simplify the 
problem, we consider the mylar sheet as a light thin-shell with 
high stretch energy, low bending energy and uniformly distributed 
charge, which resembles origami [47]. We frst convert the 2D 
design from a SVG format into a uniform triangle mesh with Con-
strained Delaunay Triangulation [49]. The weight and charge of 
the mylar are distributed on each mesh vertex. The quantity of the 
weight and charge are proportional to the vertex area. Based on 

Figure 4: Computation pipeline. The simulator compiles an 
input SVG (A) into a triangle mesh (B), and optimizes the ver-
tex positions by minimizing the bending, tensile and electro-
static energies (C). 

our assumptions, the simulation uses backward Euler as the time 
integration to minimize the following energies. 

Stretch energy — The stretch energy determines how easily the 
material can be stretched. We add stretch energy on each mesh 

EA edge e as Et = (l − l0)2, where E is the Young’s Modulus, A isl0
the cross-section area of mylar, l and l0 are the current and original 
length of e . 

Bending energy — For every non-boundary edge, we added bend-
ing energy to model the bending stifness of mylar. Specifcally, 
it prevents the change of dihedral angle of each pair of adjacent 
triangles. Bending energy Eb = −kb · B · l0(θ − θ0) ∂θ , where kb∂p
is a constant, B is the bending modulus of the material, θ and θ0 
are the current and original dihedral angle of e , and p is the node 
positions. 

Electrostatic energy — For each pair of vertices in the mesh, we 
computed the electrostatic energy following Coulomb’s Law. Elec-
trostatic force is a long-range force which results in O(N 2) com-
plexity of computation, where N is the number vertices on the 
mesh. To speed up the simulation and achieve real-time perfor-
mance, we applied Shifted Force Method [59] to add a continuous 
cutof for the computation for electrostatic energy. We remove the 
cutof when the model converges to further improve the accuracy 
without sacrifcing efciency. In addition, we used openMP [10] to 
parallelize the simulation. 

5.0.1 Parameter Search and Optimization. We initialized the me-
chanical parameters of our model using material specifcations of 
mylar [53]. To further refne these parameters, we ran a parameter 
search using our simulation tool. More specifcally, we physically 
infated three designs — compound slits (Figure 8), nested faps 
(Figure 11) and dragonfy (Figure 12) — and photographed their 3D 
forms. In 3D CAD software (Blender), we replicated their 3D shape 
to serve as a ground truth. While using a 3D scanning tool (e.g., 
laser scanning, photogrammetry) would have been faster, we did 
not fnd any that would robustly capture our thin and refective 
mylar forms, and so hand posing was necessary. 

We then ran our simulation tool over a grid of possible parame-
ters (see previous section). In pilot tests, we found that mylar had 
essentially zero stretch (at least at the forces we consider), and so 
we dropped this from our search. This leaves two main parameters 
of interest: bending energy and electrostatic energy. For each pair 
of values, the simulation was run on an input SVG, with output 
compared to the previously prepared ground truth 3D model. We 
compare matched pairs of vertices to calculate the mean euclidean 
error. The results of our grid search can be seen in Figure 5. The 



ElectriPop: Low-Cost, Shape-Changing Displays Using Electrostatically Inflated Mylar Sheets CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA 

Figure 5: We tuned the parameters of our simulation tool 
by running a parameter search on bending and electrostatic 
energies. The darkest blue cell indicates the optimal weights 
to achieve the best match to real-world output. 

simulation found only a slight modifcation of values was needed 
achieve an optimal matching between simulated and real-world 
results (darkest blue cell in the center of the grid; minimum er-
ror: 1.03%). We adopted these found parameters for all subsequent 
studies. 

6 ACTUATION HARDWARE 
Actuating our mylar forms requires two forces working in tandem. 
First, we need the mylar to repulse from itself (and thereby infate) 
by charging it with static electricity. Second, it is also desirable 
for the object to rise from a base to increase its visibility (which 
also helps maximize infation). The latter bottom-repelling force 
is achieved by having a metal base which also becomes charged – 
as the base is heavy and sitting on a table, it does not move, and 
instead the lightweight mylar form pops upward. A single static 
generator can able to "pop up" many mylar forms at once (e.g., 
Figure 15), and can also be multiplexed between diferent bases 
(e.g., Figure 19). 

Figure 6: We constructed two, proof-of-concept, digitally-
controlled, static generators. Both generators are housed in 
acrylic boxes with aluminium foil tape on their tops (a). The 
base on the left is built around a miniature Van der Graaf 
generator controlled by an Arduino, while the base on the 
right is solid state and uses a Raspberry Pi (b). A US quarter 
coin is used for size reference. 

As a proof-of-concept, we constructed two bases containing 
actuation electronics. Both are acrylic boxes with aluminum foil 
tape applied to the top, seen in Figure 6. One base, measuring 18.2× 
10.8 × 2.8cm (lenдth × width × heiдht ), is built around a miniature 
Van der Graaf generator (using a DC-motor-powered silicon rubber 
belt running between a PTFE and steel pulley) controlled by an 
Arduino. Our second base largely follows the design in [16]. It is 
10×10×3.5cm (lenдth×width×heiдht ) in size and uses a low-current 
12V to 9kV transformer from a handheld static grass applicator 
used in building terrain miniatures. The transformer is controlled 
by an opto-isolated relay connected to a Raspberry Pi, which can 
connect to the internet and act like an IoT device, allowing the 
base to display real-time data or be remotely triggered. For both 
bases, the bill of materials was under $10 USD, not including the 
Arduino or RaspberryPi, which would be replaced with a lower-cost 
microcontroller in a real product. Both bases are comparable with 
minor diferences; the motor-powered base is noisier, while the 
transformer version allows for more dynamic control of voltage. 

7 DESIGN SPACE 
We now outline a set of design primitives we identifed that serve 
as building blocks for creating interesting 3D forms. While we 
endeavor to provide explanatory illustrations, many of the 2D-
to-3D transformations are hard to visualize. For this reason, we 
encourage readers to also consult our Video Figure. Better yet, 
readers are encouraged to download our open-sourced designs (see 
Section 8), buy an inexpensive static generator1 and experiment 
themselves. 

7.1 Cuts 
We defne a cut to be a split made in material that extends to a 
design’s outer edge on one side. This creates two parallel mylar 
regions, illustrated in Figure 2. Upon application of a static charge, 
these two regions will attempt to repel. As they are constrained 
by shared material at one end of the cut, they cannot simply repel 
outwards to form a fat Y-shape (the tensile strength of mylar is 
much too great to permit this type of stretch). Instead, the two 
regions will twist slightly, such that they are no longer in the same 
plane and will partially face one another. The two faces induce a 
strong repulsion efect causing the two sides of the cut to push 

1https://sci-supply.com/fun-fy-stick-ultra-portable-van-de-graaf-generator/ 

Figure 7: A slit in the flm creates two parallel regions which 
repel to form a loop upon application of electrostatic charge. 

https://sci-supply.com/fun-fly-stick-ultra-portable-van-de-graaff-generator/
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Figure 8: Multiple parallel slit cuts create ribbon-like fea-
tures which repulse one another to form a sphere-like struc-
ture upon application of electrostatic charge. 

apart in a non-fat, Y-shape. Cuts can be of any length, though the 
repulsion efect diminishes with distance from the base, and gravity 
will cause elements to "droop" if too long or if the repulsion force 
is too weak. 

7.2 Slits 
Slits are similar to cuts, but the split in the material terminates 
inside of the design on both ends. As before, this creates two parallel 
regions of mylar that repel apart when charged. Just like with cuts, 
mylar does not stretch at these low forces, and so the two regions 
deform into an out-of-plane looped shape (as opposed to an in-
plane ‘O’), seen in Figure 7. The larger the slit, the larger the loop, 
and the better it approximates a circle. Too small of a slit, and the 
electrostatic forces are not strong enough to bend the mylar into a 
loop (more discussion in the Hinges section below). Like cuts, there 
is no inherent limitation with regards to slit length. 

7.3 Compound Slits 
As noted above, a single slit forms an O-like shape, which is the 
building block for creating a sphere. Indeed, by arraying a series of 
slits in parallel, a series of loops are formed when electrostatically 
infated, These ribbon-like features then repulse from one another, 
fanning out into a sphere-like shape (Figure 8). One can think of 
this like a sparse wireframe object — the more ribbons, the closer 
the spacing between ribs in the sphere. Figure 9 shows the result 
of 4, 6, 8, and 10 slits on the same sized sheet of mylar. 

Another important parameter we found was the length-to-width 
ratio of the ribbons. As noted above with a single slit, bending 

Figure 9: Mylar with compound slits. From left to right: 4, 
6, 8, and 10 slits on the same sized sheet of mylar. As the 
number of slits increases, the increased number of ribbon 
form a more dense sphere-like shape. 

Figure 10: A fap cut encloses an area of mylar which then re-
pulses from the main mylar body, creating a fapped feature 
hinged on one side. 

fat mylar into a curved shape requires force. If the ribbons are 
too short or too wide, they will not bend enough to assume a 3D 
shape. With our 2.4 micron mylar, we found a ribbon length-to-
width ratio greater than 20:1 had the best results. We also note that 
deforming from a fat sheet into a sphere means the form’s width 
expands while the height shrinks (a positive Poisson’s ratio). This 
is because ribbons that previously followed (approximately) the 
diameter of the sphere now follow half the circumference (a ratio 
of π 

2 in change of height). For the best results, spheres should be 
cut from sheets with greater height than width — we recommend 
ratios of 3:1 or greater. 

7.4 Flaps 
Flaps are a special type of slit, where the cut does not follow a 
straight line, but rather encloses an area of mylar. When the flm 
is charged with static, the enclosed area repulses from the main 
mylar body, creating a fapped feature hinged on one side (Figure 
10). Most often the surface area of a fap is a smaller feature than 
than that of the main body, and so the fap is typically defected 
proportionally more. 

7.5 Nested Flaps 
Similar to compound slits, interesting 3D geometries can be created 
by arraying many cuts together. As noted above, fap features in-
herently enclose areas of mylar, which can then be augmented with 
cuts, slits and faps. One technique we used in several of our designs 

Figure 11: Multiple nested faps create a repeated geometric 
elements that repel at diferent angles. 
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Figure 12: This dragonfy design uses nested faps to create 
wings that repel from one another. 

was nested faps (Figure 11). These allowed us to repeat geometric 
features, such as doubling the wings of a dragonfy (Figure 12) and 
creating a contoured clamshell (Figure 13). More complex nested 
faps are possible, such as the four-sided pyramidal example seen in 
Figure 14 (and a conical Christmas tree seen in Figure 22). We note 
that many advanced techniques in Kirigami (a variation of origami 
that includes cutting) are applicable for our electrostatically infated 
mylar objects, and we point interested readers to Chang et al. [6] 
for an excellent overview of this art form. 

7.6 Hinges 
When a mylar feature is repelled, the region where it attaches to 
the main body acts as a “hinge”, bending in response to torque from 
electrostatic repulsion. A simple hinge example can be found at the 
base of a fapped element, where it hinges like a door (Figure 15). 
However, this hinging area is also present in less obvious places, 
such as the ends of slits, where the two sides twist out of plane and 
also repel (Figure 7). In general, the more material that must hinge, 
the greater the resistive force, and the less defection. By adding 
cuts to the hinge area, we can reduce the amount of mylar that 
must be bent. As the repelling torque remains the same, the efect 
is that defection increases. 

7.7 Object Silhouette 
An easy and efective way to add character to an object’s design 
is to vary its outer shape. This can be used to create whole-object 
silhouettes, exemplifed by our avatar heads in Figure 16. It can 
also add fair to smaller elements, such as the thorns on the stem of 
our fower example (Figure 1) or suckers on our squid’s tentacles 

Figure 13: This clam example uses nested faps to create a 
contoured shell. 

Figure 14: This example of complex nested faps, a kind of 
kirigami, forms a pyramidal shape upon infation. 

(Figure 20C). The latter are too small to signifcantly contribute to 
3D form infation, and thus are purely ornamental. 

7.8 Internal Embellishments 
Finally, and perhaps most straightforward, designers can add small 
slits and holes to create negative space interior embellishments 
that do not strongly participate in object-level 3D infation. Thus, 
like silhouettes, they are chiefy ornamental. A good example of 
internal embellishments are elements like eyes, eyebrows, mouth, 
hairline, and shirt buttons in our avatar heads (Figures 16 and 17). 
In our fower example, we added veins to our leaves (Figure 1). We 
found that well-placed small details help bring designs to life, but 
unsurprisingly require more artistic talent. 

8 OPEN SOURCE CODE AND DESIGN 
We are strong proponents of open source fabrication tools for mak-
ers, and so we make our simulation tool freely at https://github.com/ 
FIGLAB/MylarFilmSimulator. We additionally provide all of the 
object examples used in this paper as useful entry points to those 
wishing to explore this shape changing display modality. Read-
ers can purchase inexpensive, handheld Van der Graaf generators 
online. 

9 EXAMPLE OUTPUT AND USES 
To illustrate the creative potential of our technique and workfow, 
as well as its varied output forms, we created small demos in four 
application domains: embodied avatars, ambient displays, pop-up 
books and augmented conventional objects. Please also see our 
Video Figure. 

Figure 15: Hinges are created at the end of a fap to allow for 
more repulsion. The longer the hinge, the easier the cutout 
can be bent away from the main body during repulsion. 

https://github.com/FIGLAB/MylarFilmSimulator
https://github.com/FIGLAB/MylarFilmSimulator
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Figure 16: This avatar head uses a combination of a silhou-
ette cut and internal embellishments. 

9.1 Embodied Avatars 
Smart Speakers have assistive agents that communicate through 
voice, but do not have physical form beyond the speaker itself. 
Upon activation, a light ring or other visual indicator is most often 
used to show the user a listening or active state. As an alternative, 
we envisioned physical anthropomorphic avatars that can popup 
from the top of smart speakers upon activation. As a frst example, 
we instrumented an Amazon Echo Dot speaker with a metal foil 
top and static generator, on top of which we attached a full-body 
butler design (Figure 17A). Upon activation, the 40cm tall butler 
avatar springs to life. As a second demo, we similarly instrumented 
a larger Amazon Echo speaker. Instead of a fxed avatar design, 
users can personalize their smart speaker agent by choosing among 
easily-swappable pucks with diferent head designs (Figure 17B). 

9.2 Ambient Displays 
Ambient displays [64] are generally designed to convey small quan-
tities of information without demanding a user’s full attention. They 
are often designed as aesthetic objects that reside in a user’s environ-
ment. Shape-changing technologies are widely used in this space, 
and we drew on the literature for inspiration. For example, Elliot et 
al. [11] created a small fower garden that could be actuated. Simi-
larly, we created a mylar fower with a programmatically-controlled 
wilting level (Figure 18). Such a display could convey information 
on a loved one’s physical activity, stock market performance, water 
consumption and any other digitally-accessible value. As a second 
demo, we created a weather ambient display. Three independently 

Figure 17: A) We instrumented an Amazon Echo dot with 
a 40cm pop-up butler, which could activate upon speaking 
a wake word. B) Users could also personalize their smart 
speaker agents with inexpensive (<$1) and swap-able avatar 
pucks, which rest on top of the speaker. 

Figure 18: By varying the level of electrostatic charge, we can 
control the level of infation. This could be used for more 
expressive ambient displays, such as this wilting fower. 

actuated mylar elements (using three relays connected to a single 
static generator) — a lightning bolt, cloud, and sun — raise and 
lower to display the forecast (Figure 19). 

9.3 Pop-Up Books & Decorations 
The thin, paper-like quality of mylar sheets makes them well-suited 
for use in popup books, opening new designs not possible with 
traditional folded paper techniques. As a proof of concept, we instru-
mented a few pages of a children book with pop-up mylar elements, 
including seaweed, a squid attacking a fsh, and a clam opening 
(Figure 20, B-D). Sandwiched between pages is a thin aluminum 
foil layer that distributes the static charge and provides a repelling 
efect from the surface of the page. Rather than including actuation 
electronics in the book itself (which at $10 would exceed the cost 
of the book), we use a handheld static generator that can be reused 
across books. To activate a page, the user touches the “wand” to 
a special conductive region at the corner of the page (Figure 20A, 
closeup). 

The fat geometry of our designs also means they can be easily 
mailed (Figure 22), and their low cost makes them amenable for 
uses such as pop-up holiday cards and decorations. As one example, 
we created a popup Christmas tree (Figure 22). 

9.4 Augmenting Conventional Objects 
As a fnal example category, we considered how our technique 
could be used to inexpensively add dynamic animated elements to 
conventional objects. Although this requires running single-wire 
conductive pathways to attachment points, this is still far cheaper 
than most prior actuation approaches (e.g., DC motors, solenoids, 

Figure 19: This weather ambient display has three indepen-
dently controlled panels for lightning, clouds, and sun. 
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Figure 20: We instrumented a book with popup elements. To 
activate a page, users touch a handheld static generator to a 
special region in the corner of each page (A). This infates 
features such as seaweed (B), squids (C), and clams (D). 

shape memory alloys, pneumatics, fuidics, peltier junctions). As 
one example, we instrumented a trophy with pulsating steamers 
emanating from the plaque and wings that twitch on a Quidditch 
ball (Figure 21). 

10 EVALUATION 
There are three important aspects of our technique that we wished 
to study: 1) What are the physical performance metrics that un-
derpin our method, such as infation time and discharge rate? 2) 
How closely does our simulation tool match the actual physical 
output? 3) Can users efectively apply ElectriPop and our design 
tool to create artifacts? To begin to answer these questions, we ran 
three investigations, which we now describe. 

10.1 Performance Characterization 
In order to compare against other shape changing methods, as well 
as more deeply understand the physics of our technique, it was 
important to characterize ElectriPop’s behavior. For these exper-
iments, we used our transformer base (Figure 6), which has an 
output voltage of 9kV when powered at 12V. 

10.1.1 Electrical Inflation. We measured the time and power re-
quired to food the mylar flm with charge (which is diferent from 
the time needed to physically infate, which we describe next). 
Using our snowman design (Figure 3), we measured the amount 

Figure 21: Conventional objects can be inexpensively instru-
mented with ElectriPop elements, such as the wings and 
streamers on this Quidditch trophy. 

Figure 22: A popup Christmas tree can be mailed fat-packed 
and then infated into its volumetric. 

of current required to electrically ”infate” our base and snow-
man design using a foating (non-grounded) multimeter with a 
known resistance of 9MΩ. The average steady-state current is 
V /R =11.5V/9MΩ=1.28µA, where V is the measured voltage, R 
is the resistance of the multimeter. Using a high voltage probe with 
a resistance of 1GΩ, we also measured the amount of current needed 
for the voltage converter, which is V /R =6.80kV/1GΩ=6.80µA, 
where V again is the measured voltage, R is the resistance of the 
high voltage probe. According to International Electrotechnical 
Commission’s IEC 62368 standard, both current inputs are below 
the ES1 current limit [1]. In other words, the power source is not 
capable of supplying dangerous steady-state current, and the sys-
tem does not require a signifcant amount of current to be infated. 
In terms of duration, it takes on the order of 10 milliseconds to 
fully saturate the mylar with charge (it acts like a capacitor being 
charged with a current-limited source). 

10.1.2 Physical Inflation. As the mylar charges, it begins to re-
pel and physically infate. The repulsion force has to overcome 
gravity and bend mylar, which wishes to stay fat. Air resistance 
also works to retard physical infation. On average, our snowman 
design takes around 100ms to fully infate, and infation times were 
remarkably consistent. In contrast, our largest and heaviest design, 
the Christmas tree, takes ~750ms to infate. 

10.1.3 Electrical Deflation. We also measured how our mylar forms 
electrically defate when grounded. For this, we used a 1kΩ shunt 
resistor to simulate the resistance of a fnger. We used an oscil-
loscope probe attached to the resistor and recorded the voltage 
across the resistor to measure the discharge current (Figure 23, blue 
line) when the resistor contacts the system (in this case, an infated 
snowman design), and we integrated the current to get the initial 
charge of the system (Figure 23, green line). The total discharge is 
16.3nC. The time constant τ , which is the time it takes to reach 63% 
of steady-state is 39.5ns (Figure 23 red dash line). Since τ = R × C , 
where R and C are the resistance and capacitance of the system 
respectively, we can derive the capacitance of the system, which is 
39.5pF. This is an insignifcant amount of charge and the system’s 
capacitance is extremely small compared to the IEC 62368 standard 
[1]. As discharge is not current limited (unlike infation), electrical 
discharge times are very fast — 160ns on average. This also allowed 
us to estimate the initial voltage before discharge V =412V using 
V = Q/C , and the stored energy before discharge E =6.68µJ, using 
E = 0.5 × Q × V , where Q in both equations is the total discharge. 

There is also natural electrical defation over time due to e.g., 
water molecules in air slowly bleeding charge. The rate of discharge 
depends on factors such as object surface area, ambient humidity 
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Figure 23: We recorded the forced discharge current output 
over time (blue line) of an infated snowman design and then 
integrated the recorded value (green line). We used 63% of 
the steady-state value to calculate the system’s capacitance. 

and airfow. However, in general, the discharge rate is low and was 
not a signifcant hindrance in our designs. For example, without pe-
riodic recharging, our fower defates in 25 minutes (at 22.3 ◦C, 19% 
relative humidity). Thus, to keep forms fully infated, we suggest 
momentary charge boosts every fve minutes or so. 

10.1.4 Physical Deflation. Our snowman example takes 67ms to 
physically fall once static electricity is discharged and the repulsion 
force becomes absent. Note that this is faster than infation, as de-
fation is assisted by gravity and stored spring forces that want to 
pull the mylar back to its original fat form. Working against defa-
tion is air resistance, the magnitude of which is highly dependent 
on object geometry (i.e., in some designs, the form can act like a 
parachute, slowing defation). 

10.1.5 Volumetric change. Using our simulation tool, we charac-
terized the volume of our snowman cutout (2.5 microns thin with a 
surface area of 19.20cm2) and its total volume after infation (104.49 
cm3). Thus the total percentage increase in volume is roughly 
200,000%. 

10.1.6 Fabrication Time. As noted earlier, our designs can be cut 
by many diferent technologies that range from slow and laborious 
(e.g., scissors — one output after several minutes) to fast and precise 
(e.g., die cutting — many outputs per second). Laser cutting lies 
somewhere in the middle in terms of speed, and it is also a tool 
available in many fabrication spaces. In the case of our snowman 
example, the cut time is 30 seconds on our ULS 30W CO2 laser 
cutter (100% speed, 5% power). 

10.2 Simulated vs. Real-World Output 
Geometric Accuracy 

To measure the geometric accuracy of our simulation, we compared 
the 3D model of our simulated result with its real-world output. 
As noted in section 5.0.1, it was not possible to use a 3D scanning 
tool (e.g., laser scanning, photogrammetry) to automatically create 
a 3D model of our physical output, due to the thin and refective 

Figure 24: Distribution of the Euclidean error of a simulated 
fower design compared to its actual 3D output. 

nature of mylar. Instead, we manually created a 3D model that 
matched the physical output, creating a ground truth. We did this 
for our rose, snowman, and Christmas tree designs (Figure 1B, 3, 
22 respectively). Now, with both a 3D model of the physical output 
and a 3D model of the simulated output, we can iterate through all 
vertices to compute the distance error between the two models. To 
remove rotation as a factor, the base vertices in both models are 
aligned. We ran our simulations 100 times on a computer with an 
X3900 RYZEN CPU. Table 1 also reports the average simulation 
convergence time for each design. Simulation for most designs 
takes around ten seconds to fully converge, and the user is able to 
watch the simulation play out in real time. 

Across all simulation trials, we found a mean 3D euclidean error 
of 1.55mm. Broken out by design, our rose, Christmas tree and snow-
man simulation results had errors of 3.43mm (SD=0.34), 0.75mm 
(SD=1.30), and 0.46mm (SD=0.15) respectively (Table 1). Qualita-
tively, we found that the models largely matched in gestalt. While 
there were small variations, often accessory details, these were 
more often than not "correct" answers, and the output depended 
on how the form was infated or perturbed from airfow. Put sim-
ply: the simulated result was not incorrect, but rather a diferent 
correct state. This can be seen in Figure 24, which visualizes the 
error distribution for our worst performing output: the fower. Note 
that most of the form is in dark blue (accurate), with a few errorful 
regions (shades of red) that are still plausibly posed. Overall, our 
empirical results match our observations that our simulation tool 
could be relied upon to provide a preview of the 3D form. 

Table 1: Simulation performance of example designs. 
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Table 2: Comparison of ElectriPop with other shape-changing methods. 

10.3 User Experience Investigation 
To study our design process and simulation tool, we recruited eight 
participants (mean age 24). All had prior experience using a vector 
editing tool, and half were designers with at least some familiarity of 
computational design principles. The design session lasted roughly 
one hour and paid $20 in compensation. 

We frst explained to participants the workfow and operating 
principle of ElectriPop. We then showed participants example de-
sign primitives and invited them to run the simulation tool on a 
couple of these designs to familiarize themselves with the tool and 
process. We then asked them to prototype a three-dimensional de-
sign of their choosing with a time budget of 30 minutes. Following 
this design session, participants flled out a four-question survey 
on a seven-point scale (1 — strongly disagree, 7 — strongly agree): 
Q1: I was able to come up with a design using the library of prim-
itives. Q2: I was able to iteratively improve my design using the 
simulation tool. Q3: I was able to achieve the 3D output I had in 
mind with the system. Q4: I am interested in using this technique 
in my future creative projects. The design session concluded with 
a semi-structured interview. 

Overall, the participants were able to utilize the provided tool and 
design exemplars to create their own designs (Q1: M=6.25, SD=1.04). 
They found the library of primitives "easy to understand" (P3) and 
"help[ed] explain the technique" (P6). They were also able to iterate 
on their design using the simulation tool (Q2: M=5.50, SD=2.00) and 
found the experience "seamless" (P5) and "help[ed] them build intu-
ition of the [method]" (P8). Participants appreciated that they could 
see the simulation results in real-time and felt the tool saved them 
time during the iteration process. Participants created a variety of 
designs, some were more geometric while others resembled real-life 
objects. While most participants were able to create the designs 
they had in mind (Q3: M=4.88, SD=1.73), some expressed that the 
initial step of creating a 2D design of a 3D form was difcult. Thus, 
the ability to directly modify the 3D output through an inverse 

design tool would likely be a signifcant boon. Lastly, participants 
found the technique to be interesting (Q4: M=5.75, SD=1.58) and 
could be used to create interactive installations and ambient devices. 
Some participants commented on other ways they would attempt 
to achieve similar actuate-able 3D output, which included gluing 
together layers of flm and use a fan to blow air on the structure, 
or 3D print a mechanism, which they noted would be a signifcant 
amount of design work. 

11 COMPARISON TO OTHER 
SHAPE-CHANGING METHODS 

Table 2 provides a high-level comparison of ElectriPop to represen-
tative examples of other shape-changing methods across a range 
of important criteria. 

Among the shape-changing techniques, ElectriPop’s use of elec-
trostatic force as the actuation method is unique, opening new forms 
and capabilities in shape-changing output. Typically, to achieve 
a complex 3D form, multiple layers and materials are involved to 
achieve the desired structures and transformations. ElectriPop’s use 
of a single layer of bulk material permits easy and quick fabrication 
relative to other methods, while still ofering creative outputs. My-
lar can also be cut at a very high speeds and even mass produced 
(e.g., die cutting), which makes fabrication efcient compared to 
e.g., multi-material 3D printing. 

We also note that our technique does not use pumps or sealed 
bladders like most infatable systems, which are more complex to 
manufacture and maintain (i.e., keep air- or liquid-tight). Further, 
ElectriPop forms do not require any integrated motors or exoskele-
tal structures, allowing the mylar to be completely fat-packed, and 
thus highly transportable and lightweight. Compared to most other 
methods, such as thermo- and moisture-responsive materials, Elec-
triPop’s shape-changing efect is near instantaneous. Once infated, 
our forms can hold their state for long periods of time, which is 
energy efcient. Our forms can also revert back to their pre-infated 
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state quickly, and can be toggled on/of rapidly (or even held at 
intermediate charge states). Unlike most motor- and pump-based 
systems, our technique is essentially silent in operation (particu-
larly our solid-state transformer-based implementation). It is also 
very energy efcient (tens of mW) and can be battery powered. 

This combination of desirable properties — fast transition speeds, 
low-cost, easy-fabrication, energy efcient, and quiet — makes 
ElectriPop an interesting addition to the shape-changing interface 
literature. Of course, like all methods, ElectriPop has downsides 
and limitations, which we discuss next. 

12 DISCUSSION AND LIMITATIONS 
Over the course of our explorations, we had many smaller fndings 
and insights, including limitations, which we briefy summarize. 

Computational Tool – Our proof-of-concept simulation tool 
runs interactively for meshes comprised of upwards of 1000 vertices. 
For many designs, this is sufcient geometric resolution. Nonethe-
less, there are avenues to increase performance, such as moving to 
Particle Mesh Eward methods [25] or MSM methods [35]. We also 
note that although our simulation tool helps to speed up the design 
iteration process (and saves fabrication time and cost), the overall 
design process is still very much trial-and-error. A semi-inverse 
design tool [45], where a user could directly modify the desired 3D 
form (with the computer generating the 2D cut pattern), would be 
valuable to explore in future work. 

Size & Volume Limitations – We found it was difcult, if not 
impossible, to actuate mylar structures greater than 40cm in height. 
As the electrostatic force needs to overcome the “compressive” 1G 
gravitational force, the heavier the material or the larger the cutout, 
the bigger the force it needs to overcome. Higher voltage or larger 
repelling bases could extend range, but at the cost of practicality. 
Alternatively, by changing the geometry of the cutout – making 
the individual ribbons thin and elongated as well as adding hinges 
(as we described in Section 7.3 and 7.6) – can compensate for large 
and/or heavy material. 

Geometric Limitations – Although our system demonstrates 
promise in creating complex, volumetric shapes, there are some 
geometries we did not achieve, such as a cube or cylinder. These 
forms might be possible, drawing on techniques used in practices 
such as kirigami. We also note that we limited our explorations 
to making cuts in a single, fat piece of continuous material, but 
multi-layered forms with structured joins could no doubt achieve 

even more complex geometries; an area we leave to future work. 
We did briefy experiment with a plastic sealing machine, which 
can successfully join two pieces of mylar together (glues can also 
be used). 

Actuation Speed – The transformation of the mylar cutout from 
2D to 3D is very fast. Please see Section 10.1.1 for an extended 
discussion on this subject. Briefy here: our snowman example 
takes ~100ms to be fully infated, whereas the larger Christmas tree 
takes ~750ms. Overall, our technique’s actuation speed compares 
favorably to other actuation methods (pneumatics, fuidics, shape-
memory alloys). 

Multiplexing – As we demonstrated in our ambient weather 
display (Figure 19), it is possible to independently control diferent 
elements. These are simply independent displays arrayed together, 
with relays that ether connect them to a static source (to infate) or 
to ground (to defate). 

Static Charge Safety – Human naturally accumulate electro-
static charge as we go about our daily lives [27], from sitting in 
a chair, taking of clothing, walking across a foor, and opening a 
package. Most often it is unnoticed, or perhaps an minor annoyance 
(e.g., packing peanuts that stick to your body). However, at higher 
voltages, one feels a momentary sting at the moment of electro-
static discharge (ESD). Research has found that walking across a 
carpet can generate 15kV [27, 29], while making a bed can go as 
high as 38kV [31]. Our operating voltages are around 10-15kV, and 
while unpleasant to touch, are safe. As mentioned in Sections 10.1.1 
and 10.1.3, both the current draw and capacitance are signifcantly 
below international standard’s limits. As humans naturally accumu-
late static charge, most consumer devices are built to tolerate some 
level of ESD. Nonetheless, our use of static charge makes touch 
interaction less desirable (plus the fact the form discharges and 
defates immediately upon contact). To entirely remove the possi-
bility of touching a charged form, bases could include a commodity 
proximity sensor (e.g., infrared, ultrasonic) that detects if a user or 
object is too close (e.g., less than 1 m), and immediately discharge 
the form. 

User Interaction — As mentioned in the section above, we do 
not encourage users to make contact with mylar structures when 
electrostatically charged. However, we do note there is an interest-
ing efect wherein the mylar leans towards the user’s hand or body 
when proximate (Figure 25 and Video Figure). This imbues a lifelike 

Figure 25: Users’ hand create an electrostatic attraction with Figure 26: An avatar attempts to get the user’s attention by 
infated designs, which lean toward the user. failing its arms. 
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quality to otherwise passive forms, ofering a sense of attention and 
interactivity. This efect can be seen in our Video Figure at 2:18. 

Animation — We found that we could create primitive anima-
tions by varying the level of voltage, creating waves of repulsion 
that cause features to undulate. As one example, we created a butler 
avatar that can wave its arms to get the user’s attention (see Figure 
26 and Video Figure). As a more subtle example, we also animated 
our clam (Figure 20D) to slowly open and close. 

Form Collapse & Tangling — When a discharge happens, the 
mylar becomes neutral and falls per gravity and air resistance. 
In the process of free-falling, the mylar flm collapses with some 
variability. In some cases, the flm could fall outside of the perimeter 
of its base. We found that to ensure a successful re-infation after a 
collapse, the metallic base onto which the mylar flm is attached 
needs to be large enough to “catch” the mylar form no matter which 
direction it falls. In some instances, free-falling can lead to a tangle 
in the mylar, which prevents successful full re-infation. We found 
the best way to guard against this issue was in the design of a form’s 
geometry. 

Colors & Paterns — Mylar comes in an incredible array of 
colors and printed patterns, often sold as "art foil". If these are thin 
and light enough (<15 microns), they can be used. We built two of 
our demos using such materials: gold foil for our trophy (Figure 21) 
and patterned foil for our ambient weather display (Figure 19). 

Durability — The thinness of metalized mylar that makes it 
easy to electrostatically infate also makes it fragile, subject to tears 
and wrinkles. After the mylar is cut, one needs to carefully separate 
the cutout from the rest of the material and carefully place it on 
the electrostatic generator base. 

Air Flow — Metalized mylar has a high surface area to mass 
ratio, and thus it is easily disturbed by air fow, whether that be 
from HVAC or a user walking by. In our experiences, this is never 
enough to collapse the form, but can cause defection or twisting 
of the form. Wider bases can be used to mitigate this efect, or it 
can be embraced to great efect. For example, it makes our butler 
avatar shift direction, and feel more dynamic and even alive (see 
2:38 in Video Figure). Similarly, air fow causes our rose to twist 
(2:02 in Video Figure), helping to show of its delicate 3D form. 

Humidity — The efect of humidity on electrostatic charge has 
been extensively researched, as it is of critical importance in many 
sectors, including manufacturing and health [12, 31]. When humid-
ity is high, the conductivity of air increases, which increases the 
ambient discharge rate [56]. Thus, in high-humidity environments, 
more charge is needed to actuate our displays, which must also be 
periodically refreshed more often. 

13 CONCLUSION 
We have introduced a new shape-changing volumetric display ap-
proach where 2D, fat-packed mylar sheets can be infated into 
complex 3D structures using electrostatic force. By placing and 
nesting cuts, slits, and holes, mylar cutouts can be infated into 
various 3D forms via electrostatic infation. We introduce a design 
vocabulary to describe these primitives and developed a computa-
tional tool to simulate the 3D output to facilitate rapid prototyping. 
Our system is comparatively low-cost and can be easily fabricated 

using a variety of methods. We created two compact, proof-of-
concept electrostatic generators for actuation, which are fast-acting 
and nearly silent. We created a series of demos, such as ambient 
displays and educational pop-up books, to illustrate the applica-
tions of our approach. We hope this work inspires new and creative 
shape-changing interfaces. 
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