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S H A P E - C H A N G I N G  I N T E R F A C E S

Designing Line-Based 
Shape-Changing 
Interfaces

Shape-changing interfaces have 
gained prominence in recent years 
in the field of human-computer 
interaction (HCI). These interfaces 
transform their physical shape 

to display information in 3D and adapt to 
user interactions. Researchers are exploring 
a variety of actuation techniques to realize 
the goal of creating physical interfaces that 

can transform into any kind 
of shape, inspired by pixels 
in screen-based displays. In 
addition, researchers have 
presented various types of 
shape-changing interfaces, 
composed of a variety of 
forms and geometric shapes,1 
including points,2 surfaces,3 
and solids.4 However, lines 
have not been explored in 
depth as a general form for 

shape-changing interfaces.5,6

Given the versatility of lines in various con-
texts and their adaptability in physical form 
(see the “Exploiting Lines” sidebar), lines have 
the potential to expand the interaction land-
scape of shape-changing interfaces. For exam-
ple, the potential transformation capability of a  
line could be critical for shape-changing 
interfaces that aim to render different kinds 

of shapes. Also, the expressiveness of lines 
can replicate physical wire frames or iconic 
shapes to physically convey digital informa-
tion to users. In addition, the inherent affor-
dances of lines as a common material could 
provide a variety of tangible opportunities for 
users to seamlessly interact with complex digi-
tal environments. Finally, the customizability 
of lines in terms of length and configuration 
could expand the scalability and adaptability 
of shape-changing interfaces.

Our approach offers a unique perspective, 
illustrating how the use of lines could expand 
the interaction design space and increase the 
applicability of shape-changing interfaces 
in our daily lives. Here, we outline existing 
research directions for line-shaped interfaces 
and discuss enabling technologies across dif-
ferent fields. We also attempt to advance future 
research by comparing potential implemen-
tations and presenting an interaction design 
space for actuated-line interfaces, encour-
aging researchers and designers to explore 
the implementation, interaction design, and 
potential applications of line-based shape-
changing interfaces.

Line-Shaped Interfaces
Researchers across various fields have proposed 
systems for physical shape-changing lines.

Envisioning a future in which shape-changing lines are woven into 
our daily lives, the authors explore a broad research space around 
line-based shape-changing interfaces, encouraging researchers 
and designers to further investigate this novel direction for human-
computer interaction.
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HCI: Actuated-Line Interfaces
In the field of HCI, researchers have 
presented actuated-line-shaped inter-
faces for various applications. Several 
interfaces have been proposed to physi-
cally display and manipulate 3D curves 
for computer-aided design (CAD). 
SATIN is a haptic system that can ren-
der smooth curves of digital data by 
bending a flexible spline with motors 
(see Figure 1a).7 AR-Jig is a handheld 
device comprising an array of actuated 
pins that can render digital curves (see 
Figure 1b).8 Haptic Snake is another 
handheld device that uses a snake-
robot mechanism to represent shapes 
of digital models in a space.9 Actu-
ated lines have also been transformed 
into a faucet to convey water usage (see  
Figure 1c)10 and embedded into a 
mobile device to communicate emotion 
(see Figure 1d).11

Soft and light actuation techniques 
have also been presented to enable 
comfortable tangible interaction and 
mobile applications. Pneumatics were 
introduced to develop curling trans-
formations (Figure 1e).12 Shape mem-
ory alloys have been used for life-like 
motions.11 These different techniques 
are discussed later in the article.

Shape-Changing Lines  
in Other Fields
Although its presence has been small 
in HCI, serpentine robots13 have 
long been an area of active research  
(Figure 2a).14 These robots often use a 
linear series of one-degree-of-freedom 

(DOF) actuators to create motion or 
gaits similar to that of snakes. Soft 
robotics techniques, such as pneu-
matic composites,15,16 have also been 
explored to achieve high DOF trans-
formations with fewer actuators  
(Figure 2b and 2c).

With the goal of developing pro-
grammable matter, other researchers 
have explored the abilities of snake 
robots and shape-changing materials 
to create different shapes, similarly 
to how proteins can fold into com-
plex patterns. Ara Knaian and his 
colleagues proposed the concept of 
“milli-biology” to explore hardware 
composed of chained actuators and 
algorithms to create arbitrary shape 
from a single line (Figure 2d).17 Skylar 
Tibbits presents the idea of 4D printing 
in his research, including transforming 
lines using 3D printed multimaterial 
lines (see Figure 2e).18 Because the pri-
mary goal of these research efforts is 
to develop technology that can create 
various shapes, there are several limi-
tations for real-time interaction, such 
as the transformation speed and abil-
ity to sense user interaction.

LineFORM and ChainFORM
Building on previous work, we explored 
an interaction design space with line-
based shape-changing interfaces using 
prototype hardware based on serpen-
tine robotics; we call this work Line-
FORM and ChainFORM.

In the LineFORM project, we aimed 
to seed a new direction of research for 

line-based shape-changing interfaces 
with two types of hardware of dif-
ferent scales (Figure 3a).19 Although 
both types of hardware were com-
posed with linearly connected motors, 
we hid the motors with black textiles 
to convey the concept of a line that 
can transform continuously. We used 
two different-scaled prototypes to 
present a wide breadth of possible 
applications.

The ChainFORM project fur-
ther advances LineFORM with 
an advanced hardware design— 
specifically, with modular and rich I/O 
functionalities (Figure 3b).20 These 
functionalities were enabled by cus-
tom-designed flexible PCB. The PCB 
was wrapped around commercial servo 
motors to create modules that provide 
the functionalities. The modular con-
struction, which is the prime function 
of ChainFORM, lets users customize 
device configuration. The other func-
tionality includes visual feedback with 
LED arrays, touch sensing with six 
capacitive sensors, deformation sens-
ing with internal potentiometer, and 
shape actuation with the servo motors. 
With this updated hardware design, 
we expanded the interaction design 
space of LineFORM with regards to 
customization.

Implementation 
Considerations
Here, we present an overview of poten-
tial implementations for realizing 
shape-changing line interfaces for HCI 

T he line is a form that is primitive yet versatile. It  

can transform into curves, surfaces, and solid shapes. 

Furthermore, it is a familiar form that we encounter in every-

day life as string, tape, or wires, providing various tan-

gible interactions—including knotting, wrapping, tying, 

and connecting. Lines are also used to represent abstract 

information, from their use in ancient drawings to their cur-

rent use to compose digital geometrical models through 

wireframes. The form of the line is also characterized by its 

ability to be separated and recombined; string or tape  

can be cut and rearranged to create various shapes and  

configurations.

Exploiting Lines
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research. We compare five methods to 
help future researchers and designers 
better understand the various options 
for developing specific shape-changing 
applications (see Figure 4).

Motor-Based Actuation
Three of the five methods we compare 
rely on motor-based actuation, which 
has been a traditional approach in the 
field of robotics.

Series of motors. Serpentine robotics 
research frequently uses a series of 
motors. This method entails chaining 
motors together in a line. Currently, 
commercial servo motors let designers 

(a) (b) (c) (d) (e)

Figure 1. Actuated-line-based interface in HCI: (a) SATIN,7 (b) AR-Jig,8 (c) the Thrifty Faucet,10 (d) Wrigglo,11 and (e) PneUI.12

(a) (b) (c) (d) (e)

Figure 2. Actuation technologies developed in fields other than HCI: (a) the Modular Snake Robot,14 (b) the Soft Robotic Arm,15 
(c) the Giacometti Arm with Balloon Body,16 (d) Milli-Motein,17 and (e) 4D printing.18

(a) (b)

10cm 5cm

Figure 3. Prototypes of LineFORM and ChainFORM: (a) large and small LineFORM hardware with and without cover fabric,  
(b) the ChainFORM prototype and its modular hardware with rich I/O functionalities.
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implement actuated-line interfaces 
with accurate and complex shape 
control, thereby supporting interface 
display functionality such that it can 
represent various shapes. Unfortu-
nately, the weight and rigidity of cou-
pled motors can be uncomfortable for 
tangible and wearable interactions.

We chose this implementation 
method for LineFORM and Chain-
FORM because of the variety and com-
plexity of 2D and 3D shapes it offers. 
However, we observed that the motors 
can break when lifting the weight of a 
whole line in 3D. This method is there-
fore limited to specific lengths to main-
tain robustness.

Cable-driven methods. Two alternative 
methods we considered use electric 
motors for speed and force but keep 
them separate from the shape-changing  
line itself through cables. In these 
methods, the potential interface’s 
length is not limited by the actua-
tors’ weight compared to the series of 
motors method, as long as a number of 
cables can be routed within the shape-
changing line.

The first additional method is the 
cable-driven pin array, which was 
presented in AR-Jig.8 It renders a 
dynamic physical line using an array 
of linearly actuated points, and it’s also 
relatively good for shape variety and 

accuracy—although it can only cre-
ate 2D shapes on a plane. This method 
renders contours rather than interactive 
lines, so the user can’t grab the shape-
changing line.

The second method using wire 
is the cable-driven tendon, which 
can be found in the implementa-
tion of the Thrifty Faucet.10 In this 
method, multiple linearly actuated 
wires are attached along a f lex-
ible linear material and manipu-
lated. The variety of shapes and 
possible length are limited in this 
method, but it maintains the shape 
of the line for display and tangible  
interaction.

Motor-based actuation

Shape-changing
line

LineFORM, ChainFORM, Haptic snake

External
actuator

Series of motors

AR-Jig
Cable-driven pin array

The thrifty faucet
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Heat-reactive material
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Motor Motor
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Figure 4. Illustration and comparison of potential implementation methods for shape-changing line interfaces. Each parameter 
(from shape complexity to mobility) is scaled between two extremes, with a relative range for each method (higher is better). 
We approximately scored these implementation methods for line-based interfaces as a suggested guide for future research.
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Soft Actuation
Although systems that use electric 
motors face mechanical and physical 
constraints, such as weight and rigidity, 
certain techniques can exploit flexible 
actuation systems to overcome these 
limitations.

Heat-reactive materials. Heat-reactive 
materials, such as nitinol shape-memory  
alloys, can actuate small physical lines, 
as shown in Wrigglo (see Figure 1d).11 
As in the cable-driven tendon method, 
heat-reactive wire is attached along 
flexible linear materials. Because this 
material is physically actuated by heat-
ing, the system is lightweight and con-
sumes less power than conventional 
motors. Major challenges of this sys-
tem are its weak force, slow actuation 
speed, and shape fidelity.

Pneumatics. Pneumatics use pressurized 
air to actuate objects. HCI researchers 
have presented pneumatically actuated 

interfaces in the shape of lines whose 
transformation is pre-programmed 
with patterned air bags to create curl-
ing or bending shapes.12 Although the 
airbags are lightweight and provide soft 
interaction, these systems require air 
pumps that are often bulky and heavy. 
Additionally, a significant portion of 
existing work uses a small number of 
airbags with limited transformation 
capabilities. It is a challenge for pneu-
matic techniques to create a wide vari-
ety of transformations while keeping 
the system simple and lightweight.

New Directions
There are many technical challenges 
in each method, because the methods 
have a maximum length, are bulky, 
have high power consumption, and 
struggle with robustness. Overcoming 
these challenges will require technical 
breakthroughs in motors, batteries, 
and other mechanical engineering tech-
nologies. Some of the latest promising 

inventions include micro motors, fish-
ing-line-based artificial muscles,21 and 
robot arms filled with helium gas.16

Interaction Design Space
Figure 5 shows the breadth of the inter-
action design space for actuated-line 
interfaces. The actuated lines can create 
expressive forms to physically display 
information, provide rich affordances 
for tangible interaction, constrain the 
user’s motion, and enable the custom-
ization of length and configuration 
adjustments.

Physical Display
Lines can represent information 
through their physical expressiveness. 
Vector-based graphics have been a stan-
dard way of representing data. Curves, 
in addition to representing 2D and 3D 
information, can be bent and shaped to 
form surfaces and solid-based shapes. 
The unique display possibilities of actu-
ated curve interfaces include

Physical display

Constraint Customization

Curve

Data representations Iconic Forms User interface
elements

Ergonomic and
aesthetic form

On-body
constraint

Inter-material
constraint

Separate Connect Rearrange

Variable stiffness Haptic detents

PinchTouchDeform

Attach

Haptic feedback Reconfigurable
pixels

Surface Solid

Tangible interaction

Figure 5. The interaction design space of actuated-line interface for physical displays, tangible interaction, two types of 
constraints, and customization.
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•	 curves—2D or 3D physical curves can 
be displayed by changing the orienta-
tions of individual sections of a line;

•	 surfaces—actuated curves can trans-
form into surfaces by creating tight 
serpentine curves or exploiting 
their ability to be folded, knitted, or 
woven (similar to textiles), and these 
surfaces can be touched and manip-
ulated, afford different interactions 
from curves, and are denser than 
curves and thus could afford greater 
portability; and

•	 solids—the interface can also be used 
to create solid forms with 3D physi-
cal geometry using space-filling tech-
niques, which require many actuators 
and only function with lines that can 
transform into 3D.

We can represent both static shapes and 
dynamic continuous motion with an 
interface based on curves, surfaces, or 
solids. Furthermore, we can use these 
different options to display a variety of 
information forms and types.

Data representations. Data from under-
lying models can be physically ren-
dered as a curve or as a section of a 
3D model, as a fit curve from statisti-
cal analysis, or as a line chart, because 
lines are commonly used to represent 
abstract data.

Iconic forms. Physical icons can be dis-
played, such as the shape of a phone 
when there is an incoming call for 
mobile devices. Various iconic shapes 
that we are familiar with in GUIs can 
be used to represent functions of com-
putational devices. Unlike graphical 
icons, these physical vector icons can 
physically function as well—in the case 
of the phone icon, it could cover the 
user’s mouth and ear.

User interface elements. Actuated-line 
interfaces can be used to display inter-
face elements, such as switches or slid-
ers that users can manipulate. Similar 
to the concept of dynamic affordances,4 
the actuated line can afford various 

interactions from users according to 
functions of digital data.

Ergonomic and aesthetic form. Different 
forms can be physically rendered that 
provide ergonomic support or physi-
cal affordances for different grasps, or 
that have certain aesthetic qualities. 
For example, a mobile actuated curve 
interface could change from a game 
controller, enabled by touch sensors, to 
a wristwatch.

Haptic feedback. The changes in the 
shape of the actuated curve interface can 
apply kinetic force or tactile textures to 
the user’s hands or body for haptic feed-
back. For example, an actuated curve 
interface wrapped around the wrist can 
constrict to provide user notifications.

Reconfigurable pixels. When pixels are 
aligned along the line, the line can 
form a screen according to the shape 
of the interface. Using the transforma-
tion capability, the display can recon-
figure into various kinds of 2D and 3D 
shapes, expanding the concept of flex-
ible displays.

Tangible Interaction
Physical lines have a variety of inherent 
affordances, and we interact with curved 
objects (string, cord, wire) in daily life. 
By combining existing interactions with 
actuated-line interfaces, we can explore 
new interaction techniques. The actu-
ated line interfaces can be picked up and 
manipulated from many angles.

Deformation. Using our hands, actuated- 
line interfaces can be deformed like 
strings or wires. Changes to the shape 
of the curve can be reflected in a digital 
model rendered by the curve.

Touch. Actuated-line interfaces let users 
have 1D touch input along the form of 
the line. The interfaces can have 2D or 
3D touch input by transforming into 
surface or solid forms. Touch can be 
used to select functions or areas of a 
curve to be manipulated.

Pinch. With its thin shaped form, line-
shaped interfaces provide the affor-
dance of pinching. Pinching provides 
another interaction modality that is 
especially useful while holding the 
device, making touch information more 
meaningful.

Active feedback. Beyond input alone, 
actuated curves can use their shape 
output to provide active physical feed-
back to users as they interact with the 
interface.

Variable stiffness. By dynamically 
changing the stiffness of the entire line 
or individual sections, the interface 
lets users deform only specific parts of 
the line, rendering mechanisms simi-
lar to hinges, where large sections of 
the display remain stiff but are free to 
rotate around specific areas.

Haptic detents. An actuated curve 
interface can also provide haptic 
feedback to users by changing its 
own shape during interaction—for 
example, simulating haptic detents 
as the user bends a section. Simi-
larly, the interface can create a 
physical snap-to-grid by allowing 
only right-angle manipulations, for  
example.

Constraints
Curves and lines provide notions of 
“limitation” or “range” and often 
function as boundaries. Similarly, 
actuated curve interfaces can provide 
physical and dynamic constraints to 
limit a user’s motion or action. These 
actuated curves can apply force to 
move or restrict the movement of 
objects and users and can act as a 
guide to users.

On-body constraints. An actuated curve 
interface can constrain the kinetic 
motion of the body by changing its 
shape and stiffness while in contact 
with or worn by a user. The line’s form 
factor lets it wrap around the user’s 
body like a bandage, offering users 
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some additional movement but restrict-
ing other movements, which can play 
a key role in kinetic learning, physical 
training, and rehabilitation.

Intermaterial constraint. Actuated 
curves can not only constrain users’ 
bodies directly but also constrain a 
user’s motion through physical objects 

such as tools.4 Physical lines can create 
a trajectory that guides users by mov-
ing physical tools along the line, simi-
larly to a ruler. The lines can also create 
closed curves to define a range within 
which objects can be moved.

Customization
Because various line-based materials 
are used to shorten, lengthen, proto-
type, arrange, and configure actuated 
curves, customization is possible.

Separate. The length of lines can be 
shortened by separating the line, simi-
lar to cutting strings. Users can remove 
a specific length of actuated curves in 
the same way tape from a roll of mate-
rial would be cut.

Connect. The user can lengthen the 
actuated curve by connecting multiple 
lines, just as we extend the length of 
strings by tying them together. During 
the prototyping process, when users 
realize the length of actuated curve 
is insufficient, they can add length 
through additional actuated curves.

Rearrange. Construction of actuated 
curves can be rearranged to create 
complex shapes and configurations. 
In addition to offering customized 
lengths, lines can construct vari-
ous forms by rearranging themselves 

(a) (b)

(c) (d)

Figure 7. Examples of a reconfigurable display, including a (a) square, (b) circle,  
(d) body wrap, and (d) modular display.

(a) (b) (c)

Figure 6. A shape-changing mobile device that can transform from a (a) wristband for active notification to a (b) surface for 
touch interaction, to a (c) phone with iconic and functional shape.
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through deformation and branching. 
Actuation makes the rearranged con-
struction animated to express motion.

Attach. Actuated lines can be attached 
to other materials, similar to wires used 
during the structuring of sculptures. 
Combined with other materials, users 
can customize not only the motion of 
the line but also the movement of vari-
ous materials.

Potential Applications
Researchers can leverage the interac-
tion design space to develop a vari-
ety of applications. We present some 
potential applications using our own 
prototypes.

Dynamic and Adaptive  
Computer Interfaces
As a dynamic and adaptive computer 
interface, a single shape-changing line 
can support a variety of interactions 
with digital environments and data. For 
example, using relatively compact hard-
ware, we can create a shape-changing 
mobile device that can fit within our 
hands. Such a mobile device could 
transform from a wristband for active  
notification to a surface shape for 
touchpad-based interaction, and even 
to an iconic phone shape when calling 
someone (see Figure 6).

As a reconfigurable display, visual 
information can be represented on 
various shapes that fit to the contents 
being shown. Flexible displays are usu-
ally based on a planar form, but the 
form of line has richer shape-rendering 
capabilities as a transforming display. 
Figure  7 shows some examples— 
a square for text visualization (Fig-
ure 7a), a circle for a compass (Fig-
ure 7b), and a body wrap for fashion 
(Figure 7c). Also, by exploiting the 
potential for customization, two users 
can combine their devices to create a 
larger screen for multiuser contents  
(Figure 7d).

Finally, because lines are frequently 
used to represent geometrical data in 
computer graphics such as wire-frame, 

mesh, and Bézier curves, shape-chang-
ing lines could also be used for CAD 
interfaces that let users tangibly manip-
ulate 3D models (see Figure 8). Active 
feedback can be utilized for loading 
data and assisting the modeling pro-
cess by mirroring or snapping func-
tions. Familiar tangible interaction 
with line-based material can be used 
such as pinch, bend, or stretch.

Weaving into  
Physical Environments
Utilizing its shape, line-based shape-
changing interfaces can be integrated 

as linear objects in our daily life (see 
Figure 9). As a cable, it can transform 
according to connected devices (in 
the case of the lamp, the line renders 
a lamp stand and lever). As a ruler, 
it can assist users to draw complex 
curves and shapes by constraining the 
motion of a pen.

Similar to bandages, shape-chang-
ing lines can be wrapped around a 
user’s limbs for body augmentation 
(see Figure 10). The strong adapt-
ability of a line can quickly con-
form to various body parts and sizes 
and provide constraints to support 

Figure 8. A line-based tangible computer-aided design (CAD) interface, which lets 
users manipulate 3D models.

(a) (b)

Figure 9. Integrating line-based interfaces into physical environments:  
(a) a transforming cable and (b) ruler.
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rehabilitation or kinetic learning with 
sensing and actuation capability. Cus-
tomizable functionality also contrib-
utes to this application by enabling 
users to adjust the line length, splitting 
it into smaller parts and attaching it  
to bodies.

Also inspired by linear craft materi-
als such as tape, wire, and string, we 
imagine using shape-changing lines to 
prototype interactive and animated 
crafts (see Figure 11). ChainFORM’s 
strong customization capability could 
let designers, artists, or children cre-
ate animated objects. Lines could be 
attached to passive materials, such as 
paper or toys, to make them move. 
Without any engineering or prototyp-
ing skills, users could use their hands 
to design various motions. Line-based 
interfaces with integrated function-
ality could thus lower the barrier 
for prototyping interactive physical 
applications.

Future Research Directions
Although current interfaces are mostly 
able to control angles, future work 
could enable control of other physical 
parameters, such as length, stretchi-
ness, and thickness. These abilities 
would expand the physical display and 
tangible interaction design possibili-
ties. In terms of the interaction design 
space, actuated-line interfaces for 
intermaterial interaction have interest-
ing directions, as we use line-shaped 
objects on a daily basis to manipulate 
(bundle, connect, or hang) other physi-
cal objects.

When we demonstrated LineFORM 
with large audiences, we observed 
that the larger LineFORM can star-
tle users when quickly transforming. 
In contrast to other grounded shape-
changing interfaces, shape-changing  
line interfaces can have a much greater 
change in scale, transforming from 
small areas to much larger ones. 
As such, new techniques for feed-
back, feedforward and compliance 
are needed. Additionally, we find it 
a necessity to evaluate and compare 

(a) (b)

Figure 10. An adaptive and customizable body augmentation tool for (a) arms and 
(b) hands.

(a) (b) (c)

Figure 11. A prototyping tool for interactive animated craft: (a) constructing shapes 
with the interface, (b) attaching to paper as dynamic physical skeleton, and  
(c) adding legs to objects for locomotion design.

(b)

(a)

Figure 12. The initial ideation behind LineFORM reflects our future vision for 
research: (a) a thin line wrapped around a wrist as a wearable interface that can 
transform to display information, and (b) a roll of shape-changing line used for 3D 
modeling by leveraging the physical affordance of strings.
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interaction with actuated-line inter-
faces with other forms for shape-
changing interfaces.

Although current technologies 
and implemented prototypes are still 
immature, we envision the future of 
actuated-line-based interfaces as thin 
strings. Figure 12 shows some of our 
initial drawings and prototype when 
coming up with the idea of shape-
changing lines.

We envision a future in 
which computational 
capabilities are weaved 
into the physical spaces 

of everyday life, not only as computers 
but also in furniture, clothes, or other 
physical tools. Such material-like inter-
faces will support seamless interactions 
with the digital world, empowering 
our physical activity and stimulating 
our creativity. We hope the potential 
directions of the actuated-line interface 
we’ve discussed here will help advance 
future research into shape-changing 
interfaces. 

REFERENCES
	 1.	 M. Winther and A. Vallgårda, “A Basic 

Form Language for Shape-Changing 
Interfaces,” Proc. 10th Int’l Conf. Tan-
gible, Embedded, and Embodied Inter-
action (TEI), 2016, pp. 193–201.

	 2.	 J. Lee, R. Post, and H. Ishii, “ZeroN: 
Mid-Air Tangible Interaction Enabled by 
Computer Controlled Magnetic Levita-
tion,” Proc. 4th Ann. ACM Symp. User 
Interface Software and Technology 
(UIST), 2011, pp. 327–336.

	 3.	 A. Roudaut et al., “Morphees: Toward 
High ‘Shape Resolution’ in Self-Actuated 
Flexible Mobile Devices,” Proc. SIGCHI 
Conf. Human Factors in Computing Sys-
tems (CHI), 2013, pp. 593–602.

	 4.	 S. Follmer et al., “inFORM: Dynamic 
Physical Affordances and Constraints 
through Shape and Object Actuation,” 
Proc. 26th Ann. ACM Symp. User Inter-
face Software and Technology (UIST), 
2013, pp. 417–426.

	 5.	 M.K. Rasmussen et al., “Shape-Changing  
Interfaces: A Review of the Design 
Space and Open Research Questions,” 
Proc. SIGCHI Conf. Human Factors 

the AUTHORS

Ken Nakagaki is a PhD student at the MIT Media Lab in the Tangible Media 
Group. His research focuses on embodied and tangible interaction design 
with shape-changing interfaces. Nakagaki has two interdisciplinary masters 
degrees: the first from Keio University in media and governance and the sec-
ond from MIT Media Lab in media arts and sciences. Contact him at ken_n@
media.mit.edu.

Sean Follmer is an assistant professor of mechanical engineering at Stanford 
University, where he directs the SHAPE Lab. His research in HCI explores the 
design of novel tactile physical interfaces. Follmer has a PhD from the MIT 
Media Lab. Contact him at sfollmer@stanford.edu.

Artem Dementyev is a PhD student in the Responsive Environments Group 
at the MIT Media Lab. His research interests include building new sensor plat-
forms and exploring tangible and wearable interfaces and robotics and medi-
cal applications. Dementyev received his MSc in electrical engineering from 
the University of Washington. Contact him at artemd@mit.edu.

Joseph A. Paradiso is an Alexander W. Dreyfoos (1954) Professor of Media 
Arts and Sciences at the MIT Media Lab, where he directs the Responsive 
Environments Group and codirects the Things That Think Consortium. His 
research interests include embedded sensing systems and sensor networks, 
wearable and body sensor networks, energy harvesting and power manage-
ment for embedded sensors, ubiquitous and pervasive computing, local-
ization systems, passive and RFID sensor architectures, human-computer 
interfaces, and interactive media. Paradiso has a PhD in physics from MIT. 
Contact him at joep@media.mit.edu.

Hiroshi Ishii is a Jerome B. Wiesner Professor of Media Arts and Sciences 
at the MIT Media Lab, where he is also the associate director of the lab. He 
is the director of the Tangible Media Group that he founded to pursue new 
visions of HCI, including Tangible Bits and Radical Atoms. Ishii has a PhD 
in computer engineering from Hokkaido University. Contact him at ishii@
media.mit.edu.

in Computing Systems (CHI), 2012,  
pp. 735–744.

	 6.	 H. Ishii et al., “Radical Atoms: Beyond 
Tangible Bits, Toward Transformable 
Materials,” Interactions, vol. 19, Jan. 
2012, pp. 38–51.

	 7.	 M. Bordegoni et al., “Geodesic Spline 
Interface for Haptic Curve Rendering,” 
IEEE Trans. Haptics, vol. 4, no. 2, 2011, 
pp. 111–121.

	 8.	 M. Anabuki and H. Ishii, “AR-Jig: A 
Handheld Tangible User Interface for 
Modification of 3D Digital Form via 2D 
Physical Curve,” Proc. 2007 6th IEEE 

and ACM Int’l Symp. Mixed and Aug-
mented Reality, 2007, pp. 1–10.

	 9.	 B.-K. Han et al., “Haptic Snake: Line-
Based Physical Mobile Interaction in 
3D Space,” Haptic Interaction, 2015,  
pp. 273–276.

10.	 J. Togler, F. Hemmert, and R. Wettach, 
“Living Interfaces: The Thrifty Faucet,” 
Proc. 3rd Int’l Conf. Tangible, Embed-
ded, and Embodied Interaction (TEI), 
2009, pp. 43–44.

11.	 J. Park, Y.-W. Park, and T.-J. Nam, 
“Wrigglo: Shape-Changing Peripheral for 
Interpersonal Mobile Communication,” 



46	 PERVASIVE computing� www.computer.org/pervasive

SHAPE-CHANGING INTERFACES

Proc. SIGCHI Conf. Human Factors 
in Computing Systems (CHI EA), 2014,  
pp. 3973–3976.

12.	L. Yao et al., “PneUI: Pneumatically Actu-
ated Soft Composite Materials for Shape-
Changing Interfaces,” Proc. 26th Ann. 
ACM Symp. User Interface Software and 
Technology (UIST), 2013, pp. 13–22.

13.	 G. Robinson and J.B. Davies, “Contin-
uum Robots—A State of the Art,” Proc. 
1999 IEEE Int’l Conf. Robotics and 
Automation, 1999, pp. 2849–2854.

14.	 C. Wright et al., “Design of a Modular 
Snake Robot,” Proc. 2007 IEEE/RSJ 
Int’l Conf. Intelligent Robots and Sys-
tems, 2007, pp. 2609–2614.

15.	 A.D. Marchese, R.K. Katzschmann, 
and D. Rus, “Whole Arm Planning for a 
Soft and Highly Compliant 2D Robotic 
Manipulator,” Proc. 2014 IEEE/RSJ Int’l 
Conf. Intelligent Robots and Systems, 
2014, pp. 554–560.

16.	 M. Takeichi et al., “Development of Gia-
cometti Arm with Balloon Body,” IEEE 
Robotics and Automation Letters, vol. 2, 
no. 2, 2017, pp. 951–957.

17.	 A.N. Knaian et al., “The Milli-Motein: 
A Self-Folding Chain of Programmable 
Matter with a One Centimeter Module 
Pitch,” Proc. 2012 IEEE/RSJ Int’l Conf. 
Intelligent Robots and Systems, 2012,  
pp. 1447–1453.

18.	 S. Tibbits, “4D Printing: Multi-Material 
Shape Change,” Architectural Design, 
vol. 84, no. 1, 2014, pp. 116–121.

19.	 K. Nakagaki, S. Follmer, and H. Ishii, 
“LineFORM: Actuated Curve Interfaces 
for Display, Interaction, and Constraint,” 
Proc. 28th Ann. ACM Symp. User Inter-
face Software & Technology (UIST), 
2015, pp. 333–339.

20.	 K. Nakagaki et al., “ChainFORM: A Lin-
ear Integrated Modular Hardware System 
for Shape Changing Interfaces,” Proc. 
29th Ann. Symp. User Interface Software 
and Technology (UIST), 2016, pp. 87–96.

21.	 C.S. Haines et al., “Artificial Muscles 
from Fishing Line and Sewing Thread,” 
Science, vol. 343, no. 6173, 2014,  
pp. 868–872.

Read your subscriptions 
through the myCS 
publications portal at

http://mycs.computer.org.

PURPOSE: The IEEE Computer Society is the world’s largest association of computing 

professionals and is the leading provider of technical information in the field.

MEMBERSHIP: Members receive the monthly magazine Computer, discounts, and 

opportunities to serve (all activities are led by volunteer members). Membership is 

open to all IEEE members, affiliate society members, and others interested in the 

computer field.

OMBUDSMAN: Email ombudsman@computer.org.

COMPUTER SOCIETY WEBSITE: www.computer.org

Next Board Meeting: 12–13 November 2017, Phoenix, AZ, USA

EXECUTIVE COMMITTEE
President: Jean-Luc Gaudiot

President-Elect: Hironori Kasahara; Past President: Roger U. Fujii; Secretary: 

Forrest Shull; First VP, Treasurer: David Lomet; Second VP, Publications: Gregory 

T. Byrd; VP, Member & Geographic Activities: Cecilia Metra; VP, Professional & 

Educational Activities: Andy T. Chen; VP, Standards Activities: Jon Rosdahl; VP, 

Technical & Conference Activities: Hausi A. Müller; 2017–2018 IEEE Director & 

Delegate Division VIII: Dejan S. Milojičić; 2016–2017 IEEE Director & Delegate 

Division V: Harold Javid; 2017 IEEE Director-Elect & Delegate Division V-Elect: 

John W. Walz

BOARD OF GOVERNORS
Term Expiring 2017: Alfredo Benso, Sy-Yen Kuo, Ming C. Lin, Fabrizio Lombardi, 

Hausi A. Müller, Dimitrios Serpanos, Forrest J. Shull

Term Expiring 2018: Ann DeMarle, Fred Douglis, Vladimir Getov, Bruce M. 

McMillin, Cecilia Metra, Kunio Uchiyama, Stefano Zanero

Term Expiring 2019: Saurabh Bagchi, Leila De Floriani, David S. Ebert, Jill I. Gostin, 

William Gropp, Sumi Helal, Avi Mendelson

EXECUTIVE STAFF
Executive Director: Angela R. Burgess; Director, Governance & Associate Executive 

Director: Anne Marie Kelly; Director, Finance & Accounting: Sunny Hwang; 

Director, Information Technology & Services: Sumit Kacker; Director, Membership 

Development: Eric Berkowitz; Director, Products & Services: Evan M. Butterfield; 

Director, Sales & Marketing: Chris Jensen

COMPUTER SOCIETY OFFICES
Washington, D.C.: 2001 L St., Ste. 700, Washington, D.C. 20036-4928

Phone: +1 202 371 0101 • Fax: +1 202 728 9614 • Email: hq.ofc@computer.org

Los Alamitos: 10662 Los Vaqueros Circle, Los Alamitos, CA 90720  

Phone: +1 714 821 8380 • Email: help@computer.org

Membership & Publication Orders

Phone: +1 800 272 6657 • Fax: +1 714 821 4641 • Email: help@computer.org

Asia/Pacific: Watanabe Building, 1-4-2 Minami-Aoyama, Minato-ku, Tokyo 107-

0062, Japan • Phone: +81 3 3408 3118 • Fax: +81 3 3408 3553 • Email: tokyo.ofc@

computer.org

IEEE BOARD OF DIRECTORS
President & CEO: Karen Bartleson; President-Elect: James Jefferies; Past President: 
Barry L. Shoop; Secretary: William Walsh; Treasurer: John W. Walz; Director & 
President, IEEE-USA: Karen Pedersen; Director & President, Standards Association: 
Forrest Don Wright; Director & VP, Educational Activities: S.K. Ramesh; Director 
& VP, Membership and Geographic Activities: Mary Ellen Randall; Director & VP, 
Publication Services and Products: Samir El-Ghazaly; Director & VP, Technical 
Activities: Marina Ruggieri; Director & Delegate Division V: Harold Javid; Director 
& Delegate Division VIII: Dejan S. Milojičić

revised 31 May 2017


