Prototyping Robot Appearance, Movement, and Interactions
Using Flexible 3D Printing and Air Pressure Sensors
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(a) Front view (b) Twisting the handle  (c) Bending the ap (d) Inside view (e) Inside view with sen-
sors

Fig. 1. Lucifer the Gumball Machine, 3D printed with a exibtebber-like material. Air pressure sensors plugged intdolad in the twist handle and
door ap capture interactions.

Abstract—We present a method for rapidly prototyping increases with its increasing similarity to humans, up to
interactive robot skins using exible 3D printed material and g point at which even slight deviations cause a sense of
analogue air pressure sensors. We describe a set of building uncanniness [9]. He further hypothesized that the uncanny

blocks for presenting affordances for different manipulations . . .
(twist, bend, stretch, etc.). Each building block is a hollow valley's peaks are exaggerated for a moving robot, showing

air chamber that can be printed as an integral part of the the importance of motion to robot acceptance.
skin to easily add sensing capabilities over any broad area.  Ishiguru extended Mori's uncanny valley graph with a
Changes in volume caused by manipulating the chambers are third axis, similarity of behavior [10]. He argued that “hu-
captured using air pressure sensors; the sensors can be plugged yang expect balance between appearance and behavior when
in and removed, allowing rapid iteration on new designs. We . N . e .
demonstrate our method by prototyping three robot skins that they recognize creatures”. Maximum famlllarlty |s_ach|tév_e
attach to the Keepon Pro armature. With fully operational ~When a robot behaves congruently with expectations raised
robot skins, we can study the dependencies between appearance by its appearance. An important component of the behav-
movement, and interactions at a deeper level than would jor of a social robot is how it will respond to intended
previously be possible at the concept stage. physical interactions, i.e. being pushed, squeezed, loent,
twisted. Where and how these interactions take place on
. INTRODUCTION the robot determine the affordances it will present to the
The appearance of a robot is critical to its acceptancejorld. Presentation of affordances is directly linked tbab
studies have shown that humans will “intuit” factors such aappearance; and both appearance and interaction govern the
personality [1], intent [2], and intelligence [3] solelyofn  space of movement. Our conclusion is that optimally, robot
the external look of a robot. Our tendency to make thesgppearance, movement, and interaction would be designed
subjective judgments makes it crucial that all aspects of ia concert.
robot's appearance, from the broad shape of the body to theCreating exible sensing skins for new robot actuation
subtle tilt of the eyes, are re ned until they convey the imag mechanisms is nontrivial, however. Casting a custom rub-
desired. ber skin requires a large investment in time and tooling;
In addition to appearance, the motion of the robot isncorporating sensing often requires wiring swaths of poin
critical to human perception; motion parameters such as asensors over large areas. Thus studies on robot appearance
celeration and curvature [4], music synchrony[5], inausi and movement often rely on showing 2D images [1] or
of gestures [6] or expressions [7], and even unintended cutssting on limited appearances in the real world [4].
like motor noise [8] all affect a human's perception of the In this paper, we propose taking advantage of the power
robot. Mori postulated that our acceptance of a robot forrof rapid prototyping technology to open up new possibiitie
in robot design. With recent advances in 3D printing, robot
'R. Slyper and J. Hodgins are with Disney Research Pittshurgiharts can now be created out of a variety of materials, from
4720 Forbes Ave Ste 110, Pittsburgh PA 15213 and CarnegidoiMel . . L
University, 4000 Forbes Ave, Pitsburgh PA 152i8ysjkh g at  hard to exible to multi-colored, and intricate shapes and
cs.cmu.edu topologies constructed in a matter of hours.



We prototype interactive robot skins by 3D printing themthe cost of the printing resin used in our method will conéinu
in exible rubber-like material. The power to print intri- to decline.
cate shapes enables a new way of incorporating sensingRapid prototyping technology has been used for many
We propose a set of building blocks, consisting of hollowyears in designing jointed robots with rigid skeletons. piRla
chambers, that each register a particular manipulatiorh suPrototyping for Robots” presents a good overview of pre-
as twist, bend, or stretch. These chambers are printed asvaous work, with explanations of the various 3D printing
integral part of the skin. Manipulating a chamber changes iprocesses and a database of moving joints made from rigid
physical volume, and hence, its internal air pressure. Ve ugrintable material [23]. Current trends include 3D prigtin
off-the-shelf air pressure sensors plugged into the chesnbeconductive materials [24], tissue scaffolds [25], unusual
to sense user interaction. The sensors are reusable i futmaterials [26], and embedded components [27].
prototypes.

We demonstrate our prototyping method by developing, Ill. RAPID PROTOTYPING WITHAIR PRESSURE
from scratch, three robot skins that t on the Keepon Pro BUILDING BLOCKS
o dovi, anc 2 ghost, The. 15t o characters demonstrats " OUI Meihod he designer builds a madel of the fobor
different examples of our building blocks; the third one g program, gning p

focuses on iterating between movement and appearance to be touch-sensitive as hollow chambers, and prints the
g en PPearance. o ire model using exible rubber-like material. We builiro
Due to the current cost of 3D printing and the limited

. ) . models in SolidWorks and printed them using the TangoPlus
print area, our method is currently most appropriate forlbm%aterial on an Objet Eden 260V.
roboﬂcs._Our method can be “Seo_' to do _the foIIOW|ng: _ As part of our method, we present a toolkit of building
Design the affordances for interaction. Our buildings|ocks, shown in Fig[3, for creating different affordances
blocks provide an easy way to incorporate buttons angk part of the robot skin. Our toolkit builds on the ideas

robot limbs with different affordances. of Slyper and colleagues, who design a set of “sensing
Create iterations of a small robot to improve the appeajryctures” for capturing deformations in a soft solid miafe
of its look combined with its movement. such as foam or silicone [28]. Our building blocks give the

Prototype interactions combined with simultaneougyternal shape of hollow chambers designed to be integrated
movement (e.g. response to a robot being petted) aigto the robot skin. Each building block presents a given
see the overall effect. affordance, such as bend or twist, and deforms naturally
In the next section, we review related work in sensingvhen that manipulation is performed; some of the building
methodologies and rapid prototyping for robotics. We theblocks have stronger air pressure changes when the given
discuss our method in more detail, presenting our buildingotion is performed, and weaker response to other motions.
blocks. We describe our three robot skins, and then conclud@raphs of air pressure response for the accordion shape are
given as an example in Figl 4. The list of building blocks is a
1. RELATED WORK rst step to a more extensive vocabulary of building blocks,

Flexible robot skins with attached or embedded senso‘lasaCh with different properties.

have been fabricated from several different materials.-Con These qhambers are printed Wi.th a small hole for insertion
ductive thread and conductive fabric were used by Inaba 8f a 3D printed plug holding the air pressure sensor. The hole
al. to create a robot sensing suit [11]; Pan et al. quantiéy tHSO allows removal of sqpport mgtgrlal (a wax-like, we}ter-'
accuracy of a textile position sensor [12]. Conductiveitest soluble SUbStance US.Ed n the printing process to maintain
while inexpensive, require labor-intensive hand-stitghfor structural stability Wh'le_ printing).

each new prototype; our method allows changes to be made! "€ PIug, shown in Fid.2, secures the sensor to a chamber

in the 3D modeling program. Urethane foam was surroundé’&a”' Itis mod.eled in Splidworks and 3D printed with the
by a exible circuit containing LEDs and phototransistorsSaMe rubber-like material. The plug holds an off-the-shelf

to create a multi-axis deformation sensor [13]. Silicon&€€scale air pressure senddtp 10 kPa gauge. This range

rubber has been attached to optical re ectors [14], piezl Pressure is suitable for registering typical light pesss

electric polymers [15], or piezoresistive polymers [16jda Standard casings are used_ in Freescale's I|ne_ of sensors, so
embedded with inductively coupled wireless sensors [17 ensors can be selected with a range appropriate to the scale

acoustic resonant tensor cells [18], magnets [19], optic if the prototype without modifying the plug. The air pressur
waveguides [20], or microstructures for capacitive samsin
[21]. Air pressure has been prototyped for use in robot skins s

-
for use in the nal product, with their ruggedness and skin- I\:ﬁ, CI
like feel, but the cost and effort required to create new mold ~
and incorporate sensing elements makes them inconvenieqf 2. The plug we designed to hold the air pressure sehsgt. air

by embedding a wireless air pressure sensor in a silicone
cavity [22]. Castable rubbers such as silicone are appatepri
for prototyping_ As 3D printing becomes more Widespread),ressure sensor, with and without covRight renders of the plug.




Manipulation Printed Form Digital Model Explanation

In an accordion shape, air pressure responds
to changes in volume caused by push-
ing (positive pressure) and pulling (negative
pressure); squeezes and bends do not change
volume signi cantly

Pull and push

Pull A shape with a grip suggesting pulling

The top indentation suggests pressing or
squeezing; images of buttons could also be
embossed on the surface in the modeling
program

Twisting of this shape happens easily in only

one direction and causes a large difference in
air pressure; the shape buckles when bent,
thus small bends do not register

Press

Twist

Screw-together twist pieces can be 3D
printed; pressure changes with volume when
twisted

Twist

Although this shape will respond to both
pressure and bend, the appearance encour-
ages bend; this suggestion could be further
enhanced with surface creases

Direction of bend can be mea-
sured by using two chambers,
and a differential air pressure
sensor with two input ports

Bend

Bidirectional bend

Fig. 3. Our set of building blocks for prototyping sensindgp@o skins with various affordances. Each model has a holeug ipl an air pressure sensor.

A

Fig. 4. Air pressure response to manipulations of the aconrtuilding block.

sensors act as a sensing kit that can be re-plugged into edbh seal is leaky, the robot appendage is squishy, and esquir
prototype robot, allowing quick, economical reuse of sefnso recovery time to regain its shape. An airtight seal, made by
Our plug's minimum diameter o8:4mm ts tightly in  gluing the plug to the chamber (while keeping the sensor
8mm holes in the robot skin. The air pressure sensor cannmovable), feels more like a rm balloon. The tactile feel
be plugged directly into the building block, as the smallecan be customized to each application.
3mm hole for the sensor tip would make it difcult to  The rubber-like material is strong enough for attachment
remove support material. points (pockets, holes, etc.) to be printed as part of the
The tactile feel of the chamber changes based on whethaototype, allowing easy attachment to actuation armatore
the seal between the plug and the robot skin is airtight. Hgid casings. We attach to the Keepon Pro armature, shown



i

Fig. 6. Renders of the gumball machine model, showing our hollow

. building blocks.
Fig. 5. The Keepon Pro armature. urding blocks

in Fig.[8, by printing a socket in the head of our robots, and
tabs along the bottom for aligning a rigid bracket.

Future 3D-printable materials will present a range of 4
different rubber properties, and will have the durability t *
allow our method to be used to construct and instrument J
nished skins. The rubber-like TangoPlus material is hiita B

of the el Tobot ki, Sicone, Tor example, has Quicker % Ly lcTLons revedle design aws in appearacatice and
rebound and more stretch. Nevertheless, TangoPlus gives a
rough idea of the nal movement, and its thickness can be
varied across the model to encourage the desired dynamtbeught the ridges intended to indicate bendability of therd
(e.g. inserting a crease to encourage deformation in a givexp were a staircase. The hair (it would drape when printed
area). in rubber) detracted too much from the bubblegum-machine
Our method takes advantage of the strengths of 3D pringppearance; the eyes were suf cient anthropomorphism.
ing. With a 3D model of the skin, designers can rapidly Our rst full sized prototype, shown in Figl] #ight,
iterate on the design of the robot, and print skins withevealed a aw in the intended motion combined with the
topologies that would be dif cult to cast, such as the hollowfwist affordance. We had intended the entire body to be
chambers that make air-pressure sensing possible. Whé¥ible when dancing, but with this prototype we could see
building our examples, we found it useful to print smallieca that twisting the knob would cause the entire lower body
models to study the look of the character, before spendirig buckle unnaturally. In the nal version, we stiffened the

the printing resin on a full-scale prototype. lower body by making it thicker, and moved all motion to
the robot's head. With a multi-material printer, we could
IV. ROBOT SKINS build the model out of a combination of rigid and exible

We next describe the construction of our three robot skinglaterials, better channeling the motion.
We show that by prototyping the skins using our method, If we desired to fully develop this character, we would
we have an easy way to incorporate various affordance§ove into user testing, and continue to iterate on the skin
as well as a platform to test questions that spring frof¥ith questions such as the following:
the interdependence between appearance, movement, and Will passersby be bold enough to twist the handle?
affordances. In each robot, we give an example of how our ~Should the robot hold still to appear less imposing?

method helped improve the original design. Will changing the friendliness of the appearance and/or
_ _ _ motion better lure in bystanders?
A. Robot Skin: Lucifer the Gumball Machine Does the handle need to be overly large, or have a “twist

Lucifer, an anthropomorphic old-fashioned gumball dis- ~ me!” sign on it, to make the affordance obvious? Will
penser, uses our building blocks to sense twist in his coin this constrain the robot's movements?
handle and bend in his door ap, as shown in Hi§j. 6. An Our method provides the exibility both to re ne the de-
air pressure sensor is plugged into each of the two buildirgign, perfecting the current gumball dispenser's perfaorcea
blocks in the nal version, shown in Fidl 1. Lucifer dancesor to easily broaden the scope of the questions. Our building
happily until a passerby twists his handle, whereupon halocks could be swapped out: for example, with a simple
excitedly motions to them to lift the ap and take thechange in the CAD software, the twist handle could become
concealed candy. If the passerby opens the ap rst withoua pull ring or pushbutton. If the entire concept is awed
“paying”, Lucifer responds angrily, jerking the dispersin (perhaps today's children no longer recognize bubblegum
area away from the thief. dispensers), the entire body could be changed, incorpgrati

To conserve resources, we rst printed hard-plastic miniathe knowledge learned from the current movement and
tures to judge the look of each of our characters. Colleagueffordances: for example, we could switch to a robot toy
who saw our rst gumball miniature, shown in Figl I&ft, vending machine with ap and buttons.



(a) Front view (b) Rear view (c) Deformation of the rubber- (d) Inside view (e) Inside view with plug and sensor
like material installed in the wing

Fig. 8. Creepon the Baby Devil.

Fig. 10. lIterating on the mouth shape of the talking ghost.

Fig. 9. A render of the Creepon model, with actuation attachirpemt,
and hollows in the wings and horns visible.

B. Robot Skin: Creepon the Baby Deuvil

Creepon the Baby Devil, shown in Fig. 8 and Hig. 9, used
our air pressure method to make all its limbs sensitive tg
squeezing. As an example interaction, we test the fedgibili
of the piece of showmanship shown in the accompanyingd -
video: while Creepon tries to dance, a mischievous human (a) Mouth closed (b) Mouth open and (c) Inside view
repeatedly tweaks a limb and quickly hides, leaving Creepon LED eyes on
to look around confusedly and get progressively angrier. Fig. 11. Gus the Ghost.

The interaction is entertaining, and the skin deforms
signi cantly, enabling Creepon to dance uidly and evince

dejection and anger. One aw with the concept was revealed,cs on the edges, which would bend easily under stress,

however: it took careful timing to grab hold of Creepon'sminimizing buckling. The nal Gus, with controllable LEDs
small limbs when he was dancing, and mistiming it put stresgside his eyes, is shown in FigJ11.

on the Keepon Pro armature. In a future iteration, we could

use this lesson _to_ design bigger limbs that moved more exi- V. DISCUSSION ANDCONCLUSION

bly where they joined the main body; or we could attack the

movement and interaction, using a slower song with pauses.We have presented a method for rapidly prototyping
The solution could involve any of appearance, movemenigxible robot skins with easily incorporated sensing. The
and interaction; but the problem was only revealed when aet of building blocks we developed provides guidelines for

three were combined in a working prototype. indicating and sensing various affordances.
_ _ Our method provides a full, working system throughout
C. Robot Skin: Gus the Talking Ghost the prototyping process, thus allowing simultaneous fina

In our nal example, we use our method to test a motioron appearance, movement, and interaction. We demonstrated
concept: designing a exible robot whose mouth moves as this advantage by developing three robot characters, and
talking, although the actuation is transferred throughstkie  describing needed modi cations to the designs that only
from the Keepon armature's top attachment point, as showrecame apparent with a working system.
in Fig.[12. Our method has several practical limitations which cur-

Through iteration, we realized that the shape of the mouttently restrict it to prototyping. The rubber-like matétiears
was key to the illusion. Our rst prototype of Gus the Ghostmore easily than silicone. Tearing can be minimized by
(Fig. [10 left) buckled near the mouth; we tried a thinnerrounding all corners and edges, and the quality of 3D printin
curving mouth to distribute the stressete) but the rigidity materials will continue to improve. The air pressure sensor
caused the head to assume an oval shape when bent; size limits the possible density of sensing regions (sensor
nal iteration (right) used a wide, empty mouth with circular would bump into each other). In the future, we could move



(7]

8

(9]
[10]

(11]

Fig. 12. A render of the ghost model assembled with the Keepon Pr12]
armature, to test the t.

(23]

the air pressure sensors outside the robot, routing theymes
using plastic tubing.

Our prototypes have practical uses besides iteration. W
could control test conditions in robot appearance studies.
Appearance changes could be made to a base model in
software, and user interaction tested in the real Worldgjsir[lS]
the same robot mechanism and movement.

This paper presents one of many ways to harness the
exciting possibilities enabled by rapid prototyping. Fdapi[
prototyping is leading a “personal manufacturing revalati  [17]
where anyone can design and create their own goods. Our
work could be expanded into a robot kit that allows anyonL:1 8]
to use 3D printing services to build their own exible robots
We envision the kit consisting of a generic robot armaturél
with a set of pre-wired air pressure sensors, and software
that would help select from among our building blocks angbo]
merge them into an existing 3D character model for printing.

Multi-material printers, combined with the promise of
printable conductive material, are getting us closer to 3[1]
printing a complete, interactive robot. New research wakd
to explore what types of integrated sensing and actuation
such a system makes possible. [22]
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