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ABSTRACT

In recent years, it has become increasingly accessible to create interactive
applications on screen-based devices. Contrary to this ease, and despite
their numerous benefits, creating tangible interactive devices is a task
reserved for experts, requiring extensive knowledge on electronics, and
manual assemblies. While digital fabrication equipment holds promise to
alleviate this situation, the majority of research exploring this avenue still
present significant barriers for non-experts, and other-domain experts
to construct tangible devices, often requiring assembly of electronic
circuits and printed parts, prohibitive fabrication pipelines, or intricate
calibration of machine learning models.

This thesis introduces Print-and-Play Fabrication: a digital fabrication
paradigm where tangible interactive devices are printed, rather than
assembled. By embedding interior structures inside three-dimensional
models that leverage distinct properties of fluid behavior, this thesis
presents a variety of techniques to construct tangible devices that can
sense, process, and respond to user’s interactions without requiring
assembly of parts, circuits, or calibration of machine learning models.

Chapter 2 provides an overview of the fabrication of tangible devices
literature through the lens of Print-and-Play Fabrication. This chapter
highlights the post-print activities required to enable each of the efforts
in the literature, and reflects on the status of the field.

Chapters 3 and 4 introduce two novel techniques for constructing
tangible devices that can sense user’s interactions. AirTouch uses basic
principles of fluid behavior to enable the construction of touch-sensing
devices, capable of detecting interactions in up to 12 locations, with an
accuracy of up to 98%. Blowhole builds on this concept by employing
principles of acoustic resonance to construct tangible devices that can
detect where they are gently blown on. Blowhole-enabled devices can
enable up to seven interactive locations, with an accuracy of up to 98%.

Conversely, in Chapter 6 I introduce a technique to encapsulate logic
computation into 3D-printed objects. Inspired by concepts from the
Cold War era, I embed structures capable of representing basic logic
operations using interacting jets of air into three-dimensional models.
AirLogic takes the form of a toolkit, enabling non-expert designers to
add a variety of input, logic processing, and output mechanisms to
three-dimensional models.

Continuing, Chapter 5 describes a toolkit for fabricating objects
capable of changing their physical shape using pneumatic actuation.
MorpheesPlug introduces a design environment, a set of pneumatically
actuated widgets, and a control module that, in tandem, enable non-
experts to construct devices capable of changing their physical shape in
order to provide output.

Last, I conclude with reflections on the status of Print-and-Play
Fabrication, and possible directions for future work.
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DANSK RESUME

I de senere ar er det blevet mere og mere tilgaengeligt at skabe interakti-
ve applikationer pa skeermbaserede apparater. I modseetning til denne
tilgeengelighed, og til trods for deres mange fordele, er skabelsen af sa-
kaldte “tangible devices” en opgave som kun kan udfgres af eksperter, da
det kreever omfattende viden om elektronik og manual samling. Selvom
digital fabrikation er lovende for at afhjeelpe denne situation, indeholder
stgrstedelen af forskningen i dette felt stadigveek store barrierer for
ikke-eksperter og for eksperter fra andre domaener, nar det kommer til
skabelsen af tangible devices, da det ofte kraever samling af elektroniske
kredslgb og printede dele, uoverkommelige fabrikationsprocesser, og
indviklet kalibrering af maskinleeringsmodeller.

Denne afhandling introducerer Print-and-Play Fabrication: et digitalt
fabrikationsparadigme hvor interaktive tangible devices bliver printet i
stedet for samlet. Ved at indseette indre strukturer i tredimensionelle
modeller som udnytter egenskaber fra veeskedynamik praesenterer af-
handlingen en vifte af teknikker til at konstruere tangible devices som
kan fgle, beregne, og besvare brugeres interaktioner uden brug af dele,
kredslgb, eller kalibrering af maskinleeringsmodeller.

Kapitlet 2 giver et overblik over fabrikationen af litteraturen om
tangible devices gennem et perspektiv som tager udgangspunkt i Print-
and-Play Fabrication. Dette kapitel fremhaever de aktiviteter, man skal
udfgre efter at have printet, som er pakraevet for at opna, og reflekterer
pa feltets status.

Kapitlerne 3 og 4 introducerer to nye teknikker til at konstruere
tangible devices som kan fgle brugerens interaktioner. AirTouch udnytter
grundleeggende vaeskedynamiksprincipper for at skabe apparater som
kan male bergring ved op til 12 lokationer med en ngjagtighed pa op
til 98%. Blowhole bygger pa dette koncept ved at bruge principper
fra akustisk resonans til at konstruere tangible devices som kan male
nar brugeren puster mildt p4 dem. Apparater som anvender Blowhole
muligggr op til syv interaktive lokationer, med en ngjagtighed pa op til
98%.

Omvendt introducerer jeg i kapitel 6, en teknik som indkapsler logikbe-
regning I 3D-printede objekter. Inspireret af koncepter fra koldkrigstiden
indseetter jeg strukturer som kan repraesentere grundleeggende logikope-
rationer ved hjeelp af luftstraler i tredimensionelle modeller. AirLogic
tager form af et toolkit, der tillader designere som ikke er eksperter at til-
fgje en vifte af inputmekanismer, logikoperationer, og outputmekanismer
til tredimensionelle modeller.

Videre beskriver kapitel 5 et toolkit for fabrikerede objekter som kan
eendre sin fysiske form gennem pneumatisk aktivering. MorpheesPlug
introducerer et designmiljg, et saet af pneumatisk aktiverede widgets,
og et kontrolmodul som samlet tillader ikke-eksperter at konstruere
apparater som kan gendre sin fysiske form for at give output.



Slutteligt konkluderer jeg med refleksioner om status p& Print-and-
Play Fabrication, og mulige retninger for det fremtidige arbejde.



Para Mamami.



Ahora que el tiempo ha pasado,
doy gracias por haber llegado hasta aqui.
— Enrique Bunbury, Ahora.
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PREFACE

This thesis represents the culmination of four and a half years of indepen-
dent research carried out in two universities. The main purpose of this
thesis is to demonstrate that I was able to carry out international-level
research during this period.

STRUCTURE OF THESIS

The main contribution of this thesis is the concept of Print-and-Play
Fabrication, which I present the three parts that make up this document.
Part I aims to prepare the reader by introducing the concept of Print-
and-Play Fabrication, and providing background on the current position
of the state-of-the-art for the fabrication of tangible, interactive devices.
In Part II, I present four novel techniques for fabricating tangible,
interactive devices using consumer-grade 3D printers. Last, Part III offers
high-level reflections about the projects that comprise this document,
and outlines future steps for this avenue of research.

PAPER SELECTION

The core content of this thesis comes from four papers I have con-
tributed to, of which three are published [55, 121, 123], and one is in
manuscript [122]. Each of these papers introduces a novel technique
for construction of tangible interactive devices requiring minimal post-
fabrication activities, while focusing on a specific aspect of interactivity
(sensing interactions, processing inputs, and output display). These pa-
pers all share the Print-and-Play Fabrication ideal that tangible devices
should be fabricated instead of assembled. Below, find abstracts for each
of the papers that comprise this document.

Paper Abstracts
AirTouch: 3D-printed Touch-sensitive Objects Using Pneumatic Sensing

3D printing technology can be used to rapidly prototype the look and
feel of 3D objects. However, the objects produced are passive. There has
been increasing interest in making these objects interactive, yet they
often require assembling components or complex calibration. In this
paper, we contribute AirTouch, a technique that enables designers to
fabricate touch-sensitive objects with minimal assembly and calibration
using pneumatic sensing. AirTouch-enabled objects are 3D printed as a
single structure using a consumer-level 3D printer. AirTouch uses pre-
trained machine learning models to identify interactions with fabricated
objects, meaning that there is no calibration required once the object
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has completed printing. We evaluate our technique using fabricated
objects with various geometries and touch sensitive locations, obtaining
accuracies of at least 90% with 12 interactive locations.

Blowhole: Blowing-activated Tags for Interactive 8D-printed Models

Interactive 3D models have the potential to enhance accessibility and
education, but can be complex and time-consuming to produce. We
present Blowhole, a technique for embedding blowing-activated tags into
3D-printed models to add interactivity. Requiring no special printing
techniques, components, or assembly and working on consumer-level
3D printers, Blowhole adds acoustically resonant cavities to the interior
of a model with unobtrusive openings at the surface of the object. A
gentle blow into a hole produces a unique sound that identifies the hole,
allowing a computer to provide associated content. We describe the
theory behind Blowhole, characterize the performance of different cavity
parameters, and describe our implementation, including easy-to-use
software to automatically embed blowholes into preexisting models. We
illustrate Blowhole’s potential with multiple working examples.

AirLogic: A Toolkit for 3D-printing Stand-Alone, Interactive Objects

The promise of on-demand fabrication of custom, interactive devices
is closer to reality thanks to recent developments in 3D-printing of
interactive devices. While recent work has presented novel ways to
3D-print artifacts such as speakers, electromagnetic actuators, and
hydraulic robots; these efforts are non-trivial to instantiate, requiring
assembly of circuits or mechanical parts. The present work introduces
AirLogic: a toolkit for the creation of stand-alone, interactive objects
using pneumatic widgets. Objects constructed using AirLogic, require
no electronic circuits, and little to no assembly of physical components.
AirLogic is comprised of a set of 12 pneumatic widgets, and a design
environment, which designers can use to embed input, logic processing,
and output capabilities to existing 3D models. We present an evaluation
of the performance of our widgets, and a four applications that illustrate
AirLogic’s potential.

MorpheesPlug: A Toolkit for Prototyping Shape-Changing Interfaces

Toolkits for shape-changing interfaces (SCIs) enable designers and re-
searchers to easily explore the broad design space of SCIs. However,
despite their utility, existing approaches are often limited in the num-
ber of shape-change features they can express. This paper introduces
MorpheesPlug, a toolkit for creating SCIs that covers seven out of the
eleven shape-change features. MorpheesPlug is comprised of (1) a set of
six standardized widgets that express the shape-change features with
user-definable parameters; (2) software for 3D modeling the widgets to
create 3D-printable pneumatic SCIs; and (3) a hardware platform for



controlling the widgets. To evaluate MorpheesPlug we carried out ten
open-ended interviews with novice and expert designers who were asked
to design a SCI using our software. Participants highlighted the ease of
use and expressivity of the MorpheesPlug.
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Part I

INTRODUCTION & BACKGROUND



INTRODUCTION

1.1 THE INEQUALITIES OF INTERACTIVITY

We are surrounded by products with dedicated physical interfaces, like
steering wheels, musical instruments, and game controllers. While the
advent of screen-based devices has led to a rise in touch, and mouse
based applications, there are some benefits of physicality that simply
do not translate to screens [58]. It is because of these benefits (e.g.,
hands-free interaction, speed, virtuosity, control) that most experts use
dedicated physical interfaces for their crafts, rather than their screen
counterparts.

Because the increased presence of screen-based devices, significant
advances has been made to streamline the creation of screen-based
applications. In 60 years, the state-of-the-art has gone from program-
ming computers using punched cards, to creating immersive virtual
environments by dragging virtual elements and dropping them in their
respective places . Currently, you can create an online store without
knowing anything about web programming 2, or creating body-based
augmented reality applications using visual programming [88].

Contrary to this ease of crafting interactive digital experiences, con-
structing interactive physical objects remains a challenging undertaking.
While the construction, and usage of interactive digital interactive expe-
riences has been researched for over forty years [124, 125], no long-term
research has explored ways to construct interactive experiences in the
physical world. Because of this, constructing physical interactive expe-
riences still require significant domain knowledge, and remains out of
reach for other-domain experts. Although existing research has explored
electronic toolkits to lower the threshold of making physical, interactive
devices [6, 33], these require the assembly of electronic sensors, actuators
and physical parts to construct an interactive device.

While the process of assembling circuits and printed parts may seem
straightforward to some, this is an intricate process, and remains out
of the reach of other domain experts (e.g., doctors, architects). This
stands in contrast to the easiness of creating interactive applications for
screen-based devices, where little to no domain expertise is needed.

1.2 THE PERSONAL FABRICATION REVOLUTION

A promising remedy that could tip the making scales to balance is per-
sonal fabrication. While the technologies that enable personal fabrication
devices are almost fifty years old, these advances are now accessible

1 Unity
2 Squarespace
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and reliable enough to be used by consumers and hobbyists. In their
respective books Gershenfeld and Anderson describe a future where
we all have a fabrication machine in our homes |5, 29]. Homologous
to our current use of 2D paper printers, the authors describe how in
this potential future we would print our objects, rather than buy them,
dawning an age of on-demand fabrication.

1.3 BROKEN PROMISES OF THE FABRICATION REVOLUTION

While fabrication machines have become accessible, and reliable enough
to make the jump from industry and research laboratories to the hands
of consumers and hobbyists, we are still far away from the fabrication
revolution Gershenfeld and Anderson professed. Despite recent market
analyses placing 3D printer market penetration at almost 35%, 77% are
used in the industry, rather than by individuals [1]. This same analysis
reveals that the main use for 3D printers is prototyping future products,
rather than creation of usable things.

I believe that the lackluster adoption of personal fabrication machines
is due to two main factors. First, current fabrication equipment is limited
to what types of objects it can produce. Current fabrication devices can
construct a variety of shapes using different types of plastics and metals,
which, while interesting and useful, is far from the replicators shown
in science fiction, capable of creating everything from food to medica-
ments, or the machines capable of building other machines presented by
Gershenfeld [29].

(a) 3D-printed Jewelry (b) 3D-printed Prohstetics

Figure 1.1: Although current digital fabrication devices can be used to create a
variety of objects, like jewelry (Figure 1.1a) or prosthetics (Figure
1.1b) designers require domain expertise to create this objects.

The second issue relates to the expertise required to construct usable
objects. While current personal fabrication equipment is able to produce
a variety of interesting objects from prosthetic arms for children (Figure
1.1b) to intricate jewelry pieces (Figure 1.1a), the construction of these
objects require ample domain knowledge that consumers might not
possess. This leaves very limited options for low-entry uses for fabrication
devices.
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1.4 TOWARDS ON-DEMAND FABRICATION OF INTERACTIVE
DEVICES

Despite the utility of custom-made three-dimensional shapes, recent work
has highlighted that “everyday makers” are most interested in fabricating
objects they can interact with [111]. Inspired by these findings, and the
personal fabrication ideal described in Section 1.2; this thesis explores a
potential future where digital fabrication equipment not only enables
the construction of custom three-dimensional shapes, but of tangible
devices as well.

The creation of these tangible devices should be as natural and
automatic as possible. Similarly to today’s document creation pipeline,
where once the document is constructed in a word processing software,
and sent to the desktop printer there are no further actions to carried
out, so should be the creation process of tangible devices. Designers
should be able to model their desired device using a CAD software suite,
send this design to a personal fabrication machine, and once printed, no
post-print activities should be necessary to materialize the device.

1.4.1  Challenges

The concept of constructing interactive devices using digital fabrication
equipment is not new. A multitude of research endeavors in the Human-
Computer Interaction (HCI) community have explored techniques to
fabricate interactive devices using 3D-printers or other digital fabrica-
tion equipment [8]. However, despite these advances, the introduced
techniques have yet to escape the research laboratories and move on
into the masses. This is due to two main factors:

Conwvoluted Fabrication Pipelines

A paramount research challenge researchers need to resolve is the de-
mocratization of techniques. Revisiting the paper document metaphor,
when the same document is printed in different types of 2D printers,
the outcome is the same. So it should be when constructing interactive
devices: the method of construction should not affect the capability of
the device. Additionally, we should strive to automate the construc-
tion process as much as possible, opting to use accessible fabrication
machines and devices over manual labor. We should also avoid using
non-accessible materials.

Complex Post-Print Activities

An additional challenge is the removal of complex post-print activities.
Current fabrication pipelines for the construction of interactive devices
rely on convoluted post-print activities in order to fabricate these devices.
These post-print activities can take the shape of assembly of circuits,
printed parts, complex removal of support material, or calibration of per-
object, or per-user machine learning models. This means that in order



1.4 TOWARDS ON-DEMAND FABRICATION OF INTERACTIVE DEVICES 5

for non-experts to construct tangible devices they must be well-versed
in electronics, programming, and mechanics—limiting the adoption of
the proposed techniques.

1.4.2  Print-and-Play Fabrication

As a way towards the potential future of on-demand fabrication of
interactive devices described in Section 1.4, this thesis introduces Print-
and-Play Fabrication: a digital fabrication paradigm where interactive
objects are printed instead of assembled. Print-and-Play fabrication tech-
niques construct devices that are immediately usable after fabrication,
meaning there is no assembly of parts, circuits, or calibration of machine
learning models needed. Additionally, Print-and-Play techniques, are
constructable using off-the-shelf fabrication equipment and materials.
The concept of Print-and-Play Fabrication directly addresses the
shortcomings of the personal fabrication revolution described in Section
1.3. First in increases the versatility of off-the-shelf fabrication materi-
als and printers. All Print-and-Play Fabrication should be able to be
instantiated using consumer-grade fabrication equipment and materials.
Second, Print-and-Play techniques should not require any post-print
activities or domain-specific knowledge (e.g., programming, electronics)
to be enabled. Additionally, they must provide a design environment
to streamline the modeling of tangible devices by non-expert designers.
These two factors increase the target audience of these techniques.

Contributions of this Thesis

This thesis focuses on the easy construction of tangible devices with-
out requiring significant post-fabrication activities (e.g., assembly of
parts, circuits, calibration of machine learning models), or specialized
fabrication pipelines. The work encompassed in this document presents
techniques for constructing tangible devices that can sense, process, and
provide output to user’s interactions. I achieve this by embedding cus-
tom geometries in the interior of three-dimensional models that leverage
well-studied physical phenomena such as fluid dynamics, or acoustic
resonance.

An overarching theme of this work is air. All of the work presented
in this thesis is powered by air, being from a constant, pressurized air
source (Chapters 3, 5, and 6), or from the user’s lungs (Chapter 4). The
use of air as a medium to enable the construction of interactive devices
was motivated by two factors. First, air and fluid behaviors have been
extensively explored in physics, which gives us a ample understanding
how air behaves in a variety of situations, and which ones of these
lend themselves to digital fabrication pipelines. Second, thanks to the
broad understanding of fluid behavior, we can employ these concepts to
construct pre-trained machine learning models, or use their respective
mathematical equations, to identify user’s interactions.

The papers that make up this thesis explicitly address the challenges
described above. First, the interactive devices constructed using the
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proposed techniques are printed in commodity 3D printers as a single
structure, requiring no post-print assemblies of parts. Second, because
they embed custom interior structures in the interior of the augmented
designs, and leverage well-studied physical phenomena to enable inter-
actions, they require no electronics to sense, process, or provide output
to user’s interactions. Third, as an additional benefit of leveraging well-
studied physical phenomena to enable interactions, these devices employ
mathematical models, or pre-trained machine learning models, requiring
no per-object, or per-user calibration. A summary of the individual
contributions of the papers that comprise this document can be found
below:

AIRTOUCH extends the possibilities of pneumatic sensing on fabricated
objects by enabling sensing users interactions not only on soft objects,
but in rigid ones as well. AirTouch is based on basic principles of fluid
dynamics that relate pressure to discharge area: when there is a change in
the discharge area of a system, the pressure will vary in return. Objects
augmented with AirTouch can sense touch interactions in up to 12
individual locations, and are printed as a single structure. These objects
are fabricated as a single structure without requiring any assembly of
parts or circuits. Additionally, they make use of pre-trained machine
learning models, so no per-object or per-user calibration is necessary.

BLOWHOLE continues to explore techniques for enabling sensing of
user’s interactions on 3D-printed objects by addressing one of AirTouch’s
principals shortcomings: the need for a constant air source and baro-
metric pressure sensors. Based on the principle of acoustic resonance,
Blowhole embeds resonant cavities in the interior of the model that,
when gently blown on, emit an identifiable sound. Interactive devices
constructed using Blowhole are fabricated as a single structure using
commercially-available printers and materials, and make use of a mathe-
matical model to identify blow locations based on the frequency of the
generated sound.

Switching gears to computing, AIRLOGIC aims to answer the question
“how can we 3D-print devices that can think?” Inspired by research from
the Cold War era, I developed a series of widgets that can not only
sense user’s interactions, and provide output to them, but also compute
simple logic operations (e.g., AND, OR, NOT, and XOR).

Last, with MORPHEESPLUG I explore the construction of devices that
can provide physical output. This work was inspired by recent research
on shape-changing interfaces, where physical interfaces change their
shape depending on their intended use. We approached this concept
from a fabrication standpoint, creating a set of pneumatically-actuated
widgets that can represent a variety of changes in shape. These widgets
are fabricated as a single structure, using off-the-shelf printers and
materials.



FABRICATION OF INTERACTIVE OBJECTS

The construction of interactive objects using digital fabrication equip-
ment has been a popular topic in the Human-Computer Interaction
(HCI) literature in recent years. Researchers have proposed a variety of
techniques for constructing objects that can sense, provide output to,
and process user’s interactions. Ballagas et al. present a comprehensive
review of this design space [8], grouping previous endeavors by the type
of mechanisms used to 3D-print interactive objects. This chapter, in
contrast, aims to identify how this literature is progressing towards the
Print-and-Play Fabrication ideal.

2.1 PRINT-AND-PLAY FABRICATION LITERATURE REVIEW

The process of interacting with a device, tangible or screen based, is
comprised of three main steps. First, the device senses how it is being
interacted with (e.g., mouse clicks, capacitive touch screen sensor). Next,
the device processes the provided interaction input. Last, the device
provides an output to the user (e.g., visualizing on screen, change of
physical shape). Mirroring this process, the structure of this section is
divided into three main parts. First, I explore the literature relevant for
constructing tangible devices that can sense user’s interactions. Second, I
review previous work that has tackled embedding processing capabilities
to tangible devices. Last, I highlight endeavors that construct devices
for output display.

2.1.1 Sensing User’s Interactions

A variety of efforts have explored how to construct devices that can sense
user’s interactions using 3D-printers. Some early research on prototyping
interactive objects focused on adding interactive functionality to the
objects rather than on simple methods for fabrication. For example,
some systems require assembling electronics and other components inside
a printed shell [45, 70, 99, 100] and others require casting silicone [42,
96].

Other approaches require less assembly. Some research has detected
changes in acoustical signals caused by user manipulation of geometry
[61, 65, 102]; however, the requirement for complex or movable geometry
can mean considerable post-print effort for cleaning, assembling, and
gluing.

Some recent work has come much closer to the Print-and-Play ideal,
enabling interactivity with significantly less or no post-print manipula-
tion. One approach is to use multi-material printers to enable capacitive
touch sensing [37, 107, 109] or optical sensing [133]; however, these
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approaches require attachment of multiple points of circuitry or optic
sensors to operate, and the size of object is limited. Another optical
approach is to use computer vision to detect user interaction [112];
however, cameras are prone to problems with occlusion (i.e., touches on
the back of an object cannot be detected, nor can touches hidden by
the hand itself), and it is difficult to differentiate touching from merely
being close to the object.

Several projects require nearly no post-print manipulation. Touch
& Activate [82] used an affixed microphone and speaker to detect how
acoustic sweeps were changed by user touch; this technique worked with
many objects, including off-the-shelf ones, but required a new machine-
learning model to be trained for every object. Tickers and Talker [113]
used centimeter-scale physical markers which made unique sounds when
plucked, but significantly impact the geometry of the object. INTACT
[47] uses a 3D model of an object placed on a 6-axis force sensor to
mathematically determine where the user is touching. While it can sense
touch with high precision, objects are limited in size to around 20 cm,
and require recalibration after moving,.

2.1.2  Computing

Previous approaches for digitally fabricating interactive objects have of-
ten used existing computing devices (e.g., computers, phones) connected
to the fabricated objects in order to drive the interactions. Researchers
have explored the use of acoustic [102, 113, 121], pneumatic [84, 123,
131], electronic [103, 107, 109], and optic [99, 133] techniques to fabricate
objects that can respond to user’s interactions. While the computation
required to drive most of these approaches could theoretically be imple-
mented using smaller computing devices and embedded inside the final
3D-printed object, this would require significant engineering expertise
from the designer to assemble circuits or printed parts.

Other approaches “store” the results of the interactions for later pro-
cessing. For example, in Off-line Sensing, Schmitz et al. introduce an
approach to develop one-time 3D-printed sensors using liquids to memo-
rize the results of interactions. These sensors can then be read using a
smartphone [106]. Similarly, Iyer et al. developed 3D-printable structures
capable of storing linear, and rotational interactions using a coil-like
structure. These devices can transmit the stored interactions wirelessly
once in range [50]. While successful, these efforts require manual inter-
vention during deployment. They require designers to assemble multiple
3D-printed parts [50], or carefully pour liquid into the constructed
objects [106].

Last, are the endeavors that embed computation inside the constructed
object. While this has been traditionally achieved by assembling custom
electronics and other components inside a 3D-printed shell [70], other
efforts aim to simplify this process by leveraging existing computing
devices and embed them inside the fabricated object. Acoustruments,
for example, makes use of a smartphone embedded inside the object
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to enable rich input modalities [61]. Pineal builds on this concept and
makes use of smartwatches in addition to smartphones in order to
augment objects of various dimensions while also providing rich output
to the user [62]. Other endeavors make use of mechanical computing
to augment digitally fabricated objects with simple logic processing.
Ton et al. developed logic cells that can be embedded inside 3D-printed
objects, enabling them to compute simple logic operations [48], while
Song et al. devised a technique for manufacturing micro-mechanical logic
gates using digital fabrication equipment [116]. Despite their success,
these approaches share a common limitation: they rely on complex or
lengthy assembly processes in order to be realized.

2.1.3  Providing Output

A large body of work in the HCI and material science communities
have explored techniques for creating objects, and materials that can
provide output of computations either acoustic, visual, or haptic. This
segment of devices stray the most from being Print-and-Play. Some
efforts require complex circuitry to be enabled [35, 115], assembly of
parts [48], prohivitive fabrication pipelines [12, 59, 86], or a combination
of these [66, 77, 131]. An effort that approaches to being Print-and-Play
is Acoustic Voxels [65]. In it, the authors propose a set of acoustic filters
that modify incoming sounds depending on their configuration. The
objects augmented using these technique can be printed as a single
structure, and do not require electronics or calibration of machine
learning models.

2.2 DISCUSSIONS & OBSERVATIONS

Despite the strides made by previous explorations on streamlining the
construction of tangible devices, the literature nonetheless strays from
the Print-and-Play Fabrication ideal. This section discusses the advances
made by previous work through the lens of Print-and-Play Fabrication.

Section 2.1.1 shows how previous work has progressed from requiring
complex assemblies and fabrication pipelines to enable sensing user’s
interactions on fabricated objects, to almost seamless approaches that
require very little intervention post-fabrication. However, despite these
progresses, there most streamlined processes for constructing objects that
can sense user’s interactions still present significant friction. For example,
efforts like Touch & Activate [82], and Tickers and Talkers [113], while
not requiring any complex assemblies or prohivitive fabrication pipelines,
they require per-object calibration of machine learning models—a task
arguably more complex for non-expert users.

Contrary to techniques that enable sensing of interactions on tangible
devices, efforts that enable computation in 3D-printed objects diverge
significantly from the Print-and-Play Fabrication ideal. Efforts that
alm to mechanically embed computation into tangible devices, such
as [48], require lengthy assemblies of numerous printed parts, while
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endeavors that “store” the results of interactions require the careful
pouring of liquids into constructed objects [106], both tasks demanding
significant domain knowledge from the designer. The technique that

approaches closer to the Print-and-Play Fabrication ideal is Pineal [62].

While requiring manual assembly post-print, this technique provides
designers guidelines to designers how to assemble the printed parts and
mobile devices—an interesting way of decreasing the complexity for
constructing tangible devices.

Last are the techniques that construct tangible devices capable of
displaying the output of computations to their users. When compared
to sensing approaches, techniques that construct tangible devices for

displaying the output of computations to their users remains unexplored.

In their review [8], Ballagas et al. identified only 18 such efforts, compared
to the 79 that enable the construction of tangible devices to sense user’s
interactions. The techniques explored, however, stray the farthest from
the Print-and-Play Fabrication ideal, requiring lengthy assembly of
parts [48, 133], and electronics [70].

In closing, the literature exploring the construction of tangible devices
using 3D printers trends towards the Print-and-Play Fabrication deal,

forgoing elaborate assemblies for a more accessible construction process.

This accentuates the importance of Print-and-Play Fabrication. Despite
the literature trending towards more Print-and-Play-friendly techniques,
the literature does does not yet provide a technique that fulfills the
requirements for Print-and-Play Fabrication, previously discussed. This
thesis introduces four distinct approaches for constructing immediately
usable tangible devices. These techniques aim to inch closer to the ideal
future of on-demand fabrication of tangible devices.
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PRINT-AND-PLAY FABRICATION



AIRTOUCH

This chapter is very similar to the paper I published with the same
name [123]. In this chapter, I introduce AirTouch, a technique for
fabricating tangible devices that respond to user’s touch.

In this chapter I introduce a pneumatic sensing technique for fab-
ricating tangible devices that are able to sense user’s touch using 3D
printers. Before AirTouch, techniques using pneumatic sensing were
present predominantly to enable sensing in soft objects: the barometric
pressure inside an object would vary as it is deformed by pressing or
squeezing. AirTouch is the first technique to enable sensing of user’s
interactions on hard objects, using principles of fluid behavior.

In this chapter, I introduce the operating principle of AirTouch, present
the chosen internal structure design, and justify the design decisions
made regarding this interior structure. I detail the evaluation procedure,
and the obtained accuracies, for this approach, and close with a series
of inspiring applications, and discussions on the future of pneumatic
sensing techniques.

The most challenging aspect of developing AirTouch was to produce
a technique that would not require per-object calibrations post-print.
However, using strategically placed tube reductions, and standardized
cavity sizes, enabled AirTouch objects of the same outlet configuration
reuse the same machine learning model to identify interactions, regardless
of their exterior geometry.

12
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3.1 INTRODUCTION

Figure 3.1: AirTouch augments 3D-printed objects to enable touch-sensitivity.
It works by detecting the pressure change resulting from users
blocking tiny air outlets fabricated into the objects. Figure 3.1a
Three active animal objects: each has touch points on its ear,
nose, foot, and back. The same machine learning model works
interchangeably with all three. Figure 3.1b Structure inside the
bunny, illustrated via computer rendering. The external solid object
is shown as clear, while the internal hollow tubes are rendered in
translucent blue. Figure 3.1¢c The AirTouch-enabled bunny with
interactive locations on the ear, nose, back and feet. When the user
touches any of these locations, the respective label is displayed.

Abstract

3D printing technology can be used to rapidly prototype the look and
feel of 3D objects. However, the objects produced are passive. There has
been increasing interest in making these objects interactive, yet they
often require assembling components or complex calibration. In this
paper, we contribute AirTouch, a technique that enables designers to
fabricate touch-sensitive objects with minimal assembly and calibration
using pneumatic sensing. AirTouch-enabled objects are 3D printed as a
single structure using a consumer-level 3D printer. AirTouch uses pre-
trained machine learning models to identify interactions with fabricated
objects, meaning that there is no calibration required once the object
has completed printing. We evaluate our technique using fabricated
objects with various geometries and touch sensitive locations, obtaining
accuracies of at least 90% with 12 interactive locations.

3.1 INTRODUCTION

Over the past decade, additive manufacturing has moved from industry
to desktop-sized 3D printers that empower makers to produce intricate
three-dimensional shapes. In contrast to this new ease of producing forms,
making interactive and responsive objects usually requires inserting
electronic circuitry [92, 101] and thus requires engineering expertise
and assembly effort. Similarly to Willis et al. [133], we envision what
we call Print-and-Play: a future where interactive objects are ready to
use immediately after fabrication, without extra effort on the maker’s
part. Such a capability will empower makers, designers, researchers, and
educators to instantly turn passive fabricated forms into interactive

14
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artifacts. While recent research has made some progress towards this
goal [82, 109, 113, 121], these projects still fall short of being purely Print-
and-Play: they require per-user [113] or per-object [82, 121] training,
are susceptible to environmental interference [113, 121], or significantly
alter the object’s external form [113].

In this paper, we present AirTouch, a novel technique for fabricating
touch-sensitive objects that are instantly responsive after 3D printing
without the need for assembly or calibration. Our technique minimally
modifies the form of the object, adding only a tiny hole to each touch
location and inlets for an external source of air and a barometric pressure
sensor; when a user touches a hole, the air pressure inside the object
changes in a predictable way. AirTouch-enabled objects can be fabricated
as a single structure on consumer-level resin-based 3D-printers, without
the need for any post-hoc assembly, and can enable up to 12 different
interactive locations on fabricated objects.

To summarize, this work contributes:

e AirTouch, a novel technique for fabricating objects that are in-
stantly touch-sensitive after printing by measuring differences in
air pressure inside the object;

e a characterization of the number of interactive locations that can
be enabled with our technique, and its performance; and

e a set of applications that demonstrate AirTouch’s potential.

3.2 RELATED WORK

AirTouch builds on prior research on prototyping and fabricating inter-
active objects, and research around pneumatic interfaces. Earlier in this
thesis I have presented a comprehensive review of the literature regard-
ing the fabrication of interactive objects (see Chapter 2). This section
thus presents an overview of previous work on pneumatic interfaces that
inspired AirTouch.

3.2.1 Pneumatic Input for Interaction

AirTouch’s use of air pressure as its sensing mechanism is inspired by
other pneumatic interaction work. A number of projects have used
pneumatic techniques to augment the digital fabrication process, aiming
to reduce fabrication time by inflating objects to their final form [84,
98, 134], or to add movement to otherwise static objects [78, 79, 135].
Various researchers have investigated the use of pressure as an in-
put mechanism. Most use sensing of pressure inside flexible enclosures,
including buttons [31, 39, 131], computer mice [57], robots [115], and
balloons [75]. Due to measuring the pressure of air trapped inside a
flexible structure, these systems are limited to sensing one interaction
location, and can suffer from ambiguity if the user presses with differ-
ent levels of force. In contrast, AirTouch’s use of rigid object enables
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sensing up to 12 different interaction points, and it can operate reliably,
independent of the user’s pressing force on those points.

3.3 AIRTOUCH OVERVIEW

A g& |
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(a) (b) (c)

Figure 3.2: Representation of AirTouch’s working principle. When an outlet is
covered, the barometric pressure inside the fabricated object rises
to an identifiable level. As each outlet is unique in size, covering
different outlets yields a different barometric pressure response.

AirTouch makes use of some of the basic principles of fluid behavior.
In particular, we use the principle of continuity [95]—which indicates
that the total flow of air exiting an object must equal the flow of air
entering the object—and Bernoulli’s principle [11], which relates flow
and pressure. In combination, these two principles predict that when
there is a change in the size of an opening through which fluid is passing,
the pressure will vary in response. Our objects are therefore comprised
of a series of pressurized tubes with uniquely sized outlets. Covering an
outlet changes the amount of area through which air can escape, and
thereby changes the pressure in the object. In the following, we sketch
some of the mathematical theory of operation that enables AirTouch to
function.

3.3.1 Theory of Operation

The behavior of AirTouch can be approximated with principles from
fluid dynamics. By the continuity principle—that the total output from
a system must be equal to its input—we know that @, the flow of
air entering the object, is equal to > @, the total flow coming out of
all openings. The relationship of flow to the cross-sectional area A of
an opening is given by Bernoulli’s principle [95], allowing flow to be
expressed as

Q = CAVAP (3.1)

where C' is a constant incorporating an adjustment for the shape
of the orifice, the density of air, and other unknowns, and AP is the
difference in pressure before and after the opening. We can now use
Equation 3.1 to express and simplify the continuity equation in terms

z
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of the sum of the areas of each outlet ¢ and the difference in pressure
between the inside of the object and the atmosphere:

Qr=C> Q
=C> AVAP (3.2)

Now consider the situation where we cover one outlet. Because of
continuity, the input flow (held constant by the air compressor and
regulator valve) and output flow are identical to when no outlets are
blocked. Therefore, the pressure inside the object must increase to
compensate for the decreased total discharge area. Assuming we have
blocked outlet z, we now have

cY AVAP=C (Z A — Ax> VAP, (3.3)

illustrating that with a smaller total area we must have a new, larger
pressure AP,. Solving Equation 3.3 for AP, allows us to predict the
new pressure that will result from covering an outlet of cross-sectional
area Ag:

(> A)%AP
(Z Ai — AI)Q

or, equivalently, given a pressure change of AP,., the outlet area which
resulted in that pressure change:

AP, = (3.4)

A=) A (1 — AA]];) (3.5)

As presented here, these fluid dynamics equations work with incom-
pressible, steady flows—that is, liquids flowing in steady state—and
perfectly shaped outlets of known geometry. Our system does not hold
to these constraints: 3D-printed objects, and thereby our outlets, are
not perfect; air is compressible; and our objects are subject to internal
turbulence due to their complex geometry (see Figure 3.1b). Due to
these factors, the above equations do not perfectly match our observed
data, but provide guidelines for understanding and predicting the general
behavior of the system.

3.3.2 Internal Structure

AirTouch adds an internal structure to 3D models that distribute incom-
ing flow from an air compressor to outlets on the object’s surface (Figure
3.1b). This internal structure consists of several components: a central
flow-distribution chamber which supplies all tubes with air; an inlet via
which the air source provides pressurized air flow to the flow-distribution
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3.4 PARAMETER EXPLORATION
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Figure 3.3: Pressure in kilopascals (kPa) for single touches on twelve differently
sized outlets (ranging in cross-sectional area from .35mm? to
1.45mm? in 0.1 mm? increments).

chamber; a connection point for the pressure sensor; a series of tubes that
connect the flow-distribution chamber to touch locations on the object’s
surface. By using this structure in all AirTouch-augmented objects, we
ensure that the pressure increases when touching the same outlet are

comparable, regardless to the outer geometry of the augmented object.

3.3.3 Sensing User Interactions

The basic user interaction with an AirTouch-enabled object is via touch.

When a user touches one of the outlets on the object’s surface, the airflow
through that outlet is blocked. As each outlet has a different size, the
airflow through each outlet is unique and is proportional to the outlet
area (Equation 3.2). Blocking the flow from an outlet causes a identifiable
rise in the barometric pressure inside the object. Our system records
these changes in air pressure using a barometric sensor, and translates

them to an outlet ID, and subsequent position on the object’s surface.

Figure 3.2 shows an abstract representation of the unique barometric
increases sensed when the user covers different outlets, and Figure 3.3
shows actual sensed touch data.

3.4 PARAMETER EXPLORATION

Every AirTouch object contains a flow-distribution chamber, tubes,
and outlets. In this section, we report on the design and fabrication of
this internal structure based on literature and additional testing. Our
design decisions were guided by the following three requirements: (1)
the object, including the internal structure, must be fabricatable with
a consumer-level 3D printers; (2) the outside geometry of the object
cannot be modified; (3) per-object calibration is not allowed.
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3.4.1 Experimental Setup

We constructed a test setup consisting of a JunAir 2000-40PD air
compressor, Festo MS4-LR-1/4-D5-AS valve, and an analog Panasonic
PS-A (ADP5) barometric sensor. The sensor is connected to an Arduino
Uno, which samples the air pressure at 5 kHz. We connect standard air
compressor tubing (polyethylene, 6 mm diameter) to the valve, and the
barometric sensor to the object. This sensor is responsible for detecting
the subtle pressure changes in the system caused by user interactions,
and can sense pressures relative to atmospheric pressure from 0 to 6
kiloPascals (kPa). The sensor’s limited operating range requires that we
empirically set the valve’s value for objects having a different number of
outlets to avoid saturation. To reduce the noise from the sensor readings,
we filter the incoming signal using the 1€ Filter [17] using 8 and cutoff
values set empirically, dependent on the base pressure output of the
COMpressor.

We print our objects using the FormLabs Form 2 3D printer, a
consumer-level resin-based stereolithography (STL) printer capable of
high resolutions. We use STL technology because in our initial ex-
periments, it became clear that current FDM-based printers are not
capable of precisely printing tiny holes at arbitrary orientations. We
print AirTouch-enabled objects as single structures with no assembly
needed. The only addition to the standard post-processing required of all
STL print processes is a 30-second flushing stage with the air compressor
immediately after printing to prevent residual resin causing blockages
during curing.

3.4.2 Flow-Distribution Chamber

AirTouch objects embed a spherical flow distribution chamber to dis-
tribute incoming flow between between tubes; 3D printing small-size
spherical shapes does not require support material. Instead of using
a flow distribution chamber, we also experimented with hollowing the
object. In these shell structures, outlets are simply holes and do not
require tubes. This approach, however, requires per-object touch calibra-
tion while also requiring higher pressures for operation, as the air flows
through the entire geometry of the object. In contrast, the spherical
flow-distribution chamber has the same shape across objects and ensures
a consistent airflow. To allow touch interactivity on small objects with
AirTouch, the flow-distribution chamber should be small to fit objects of
various geometries. Therefore, we fabricated three Stanford bunnies, each
with identical outlet configurations but with varying flow-distribution
chamber diameters of 15, 20 and 30 mm in diameter. We recorded the
barometric pressure changes when covering the outlets and found that
the volume of the chamber does not significantly impact the relative
pressure variations between outlets. We did find, however, that smaller
cavities yield a higher noise profile on the resulting signals; therefore, as
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Figure 3.4: Pressure results by location on interactive animals. Note that the
pressure difference between animal models is significantly smaller
than the difference between touches on outlets of different sizes.

a compromise between size and performance, we used flow-distribution
chambers of 30 mm diameter in most of our further experiments.

3.4.3 Tubes

The touch locations on the object’s surface are connected to the flow-
distribution chamber with cylindrical tubes. To allow tubes to be em-
bedded in small objects, we want the diameter to be as small as possible.
After experimenting with different diameters, we picked 5 mm tubes as
the best tradeoff between size and printability. While 3 mm tubes often
worked, we found that with this smaller size it was difficult to guarantee
that all of the resin would drain from the tubes before post-print curing.

Based on fluid dynamics literature [14], we determined that the length
of the tube as well as the area of the outlet influences the barometric
pressure inside the object. First, we tested if varying the tube length
produces enough difference in barometric pressure to identify the tube
from which the airflow is blocked. To do so, we fabricated three objects
of varying geometries: a duck, a bunny and a CHI-nosaur. Each has a
30 mm-diameter chamber and four outlets, placed at the foot (.35 mm?),
nose/beak (.65mm?), ear (.95mm?), and back (1.25 mm?). Although
these objects share the same cavity size and outlet configuration, their
interior tube lengths vary between 3-100 mm. Figure 3.5 shows no
significant difference in pressure responses when covering each of the
outlets for all three objects. In the next section, we report on testing
the impact of varying the area of the outlet.

Although we did not find significant difference between the pressure
increases from interacting with desktop-sized objects of different geome-
tries, we wished to identify the potential size limits of our technique.
Because our available printers are limited in size, we used 6 mm polyethe-
lyne (PE) tubing (hardness: Shore D 52) to simulate printed channels.
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Figure 3.5: Pressure results by tube length. Note that the pressure difference
between tube lengths is significantly smaller than the difference
between touches on outlets of different sizes.

We fabricated a standalone flow-distribution chamber of 30 mm diameter
with four 6 mm outlets. We also fabricated four 6 mm tube caps with
outlets of the same sizes as the animals listed above. We connected
one 50 cm length of tube to each outlet, terminating each with one
cap, and recorded the pressure for each. We repeated this procedure
four more times, shortening the tube length by 10 cm each time. Figure
3.5 illustrates our results: we see very little impact of tube length on
pressure. As an additional informal experiment, we connected one outlet
to a 40 m-long tube. At this length, the volume of air in the tube is
significant (2L) and is subject to both compression and losses due to
friction [14]. Due to these effects we see a noticeable 2-3-second delay
for the pressure to reach its full amplitude. While not suitable for in-
teractions requiring immediate responsiveness, this example shows the
versatility and scalability of our technique. Although these experiments
suggests that AirTouch is capable of augmenting larger objects, more
experimentation is still needed.

3.4.4 Outlets

In contrast to varying the length of the tubes, we did observe a significant
difference in the barometric pressure response when blocking the airflow
from tubes having different outlet diameters. To minimally disturb the
object’s original geometry and ensure outlets are always covered entirely
when touched, we wanted to use outlets with diameters as small as
possible. During our initial exploration phase, we found that our printer
was unreliable in printing outlets smaller than 0.6 mm in diameter. Ad-
ditionally, we observed that the difference between barometric pressure
responses of small outlets are not significant in the presence of large
outlets. Therefore, we empirically set the maximum outlet diameter to
1.50 mm.
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Figure 3.6: Close up view of the connection between the tube and the outlet.

With an operational range of 0.6-1.50 mm for outlet diameters, we
optimized the step size between outlet diameters to maximize the number
of outlets while ensuring significant differences between barometric
pressure responses from all outlets. Equation 3.5 indicates that the
pressure/area relationship is nearly linear for our range of diameters. We
printed three test objects, each with outlets in the operational diameter
range but with area steps of 0.02, 0.06, and 0.1 mm? between subsequent
outlets. We then connected each to the testing setup and recorded
touches on each outlet. We found that with the smaller area increments,
the pressure change between neighboring outlet sizes was insufficient to
offer a clear separation in the presence of sensor noise (approximately
0.01 kPa). Therefore, all of our subsequent objects are printed with at
least a 0.1 mm? separation between hole areas.

As discussed earlier, the tubes connecting the outlets to the chamber
are bmm in diameter to prevent clogging. We therefore reduce the last
1mm of the tube to form the outlet, as shown in Figure 3.6.

3.5 SOFTWARE

In this section, we discuss the algorithms for recognizing and identifying
touches as well as the software implementation that facilitates designing
AirTouch’s internal tube structure.

3.5.1 Designing AirTouch Objects

AirTouch-enabled objects require an object’s internal structure to be
augmented with an inlet for pressurized air, a flow-distribution chamber,
uniquely sized outlets at desired touch locations, and a connection for
the sensor. To facilitate designing AirTouch objects, we created an
Autodesk Meshmixer script which automatically modifies the model’s
internal structure and adds appropriately-sized outlets to objects at
user-selected locations. Our script embeds a flow-distribution chamber
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inside the model, and uses the tube routing algorithm described in [103]
to attach a tube spanning from the cavity to locations selected by the
designer. If more precision is necessary, tubes can be added manually to
objects using standard CAD software.

3.5.2  Touch Recognition and Identification

In order to identify when an outlet is covered, we first segment the signal
coming from the sensor into 100-sample windows. We then calculate the
mean and standard deviation for each window, and once the standard
deviation surpasses an empirically set threshold, we assume there has
been a touch or release event. To identify whether this change has been
a touch or a release, we compare the mean of the current window with
the mean of the previous one: if the current mean is higher than the
previous, an outlet has been covered; if not, an outlet has been released.

Once we have determined that a touch event has happened, we identify
which outlet has been covered. We take the mean of the 1000 samples
previous to the touch event as the pressure baseline, and divide it by the
mean of the 1000 samples following the touch. This ratio compensates
for drift in the signal caused by minor atmospheric fluctuations and
imprecisions in the regulator valve.

3.6 PERFORMANCE TESTING

To show the viability of AirTouch, we evaluated our recognition pipeline
on a set of AirTouch-enabled objects of varying geometries and outlet
configurations: an interactive bar chart, a Stanford bunny, a color hue
selector and a dual-touch sensing sphere. For each outlet configuration,
we train a machine learning model (SVM with rbf kernel) using a single
instance consisting of mean and standard deviation for the registered
pressures for a given touch. We proceed to cycle through the outlets of
each object, recording the classification result for each touch. We repeat
this process four times per object.

We obtained average accuracies of 95.5% (for the bar chart), 100%
(Stanford bunny), 97.75% (color hue selector), and 91.6% (Grasp sensing
cube). Figure 3.7 shows a detailed view of the performance for each
object.

3.7 EXAMPLE DESIGNS AND APPLICATIONS

Because its ease of fabrication, and large number of interactive locations,
AirTouch lends itself to the rapid prototyping of interactive devices. Be-
low we present a number of example usages of AirTouch which illustrate
its potential. All applications are developed in C# and WPF and receive
data (over a socket connection) from Python code running the touch
detection described above.
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Figure 3.7: Confusion matrices of classification accuracies from our tests: in-
teractive bar plot (a); augmented Stanford bunny (b); color hue
selector (c); grasp-sensing sphere (d). Each cell indicates the num-
ber of classified touch interactions to a predicted class (row) for
each actual class (column).

Interactive 3D Bar Chart

Recent work has highlighted the benefits of data physicalization [51]. We
designed a three-dimensional bar plot displaying the relation between
the submitted and accepted papers in the past four years to CHI,
UIST, and TEI (Figure 3.8a). To obtain more information about the
proceedings, the user touches the top of a bar, and the companion
application shows the acceptance rate, number of accepted papers for
the year and conference in question.

Interactive Animals

AirTouch can identify interactions on objects of varying geometries, but
with the same outlet configurations, with a single, pre-trained machine
learning model. We fabricated a set of interactive animals of different
outer geometries, but sharing the same outlet configuration (i.e., an ear
of different animals has the same outlet diameter). We augmented a
Stanford bunny, a duck, and a CHI-nosaur with interactive locations on

24



3.7 EXAMPLE DESIGNS AND APPLICATIONS

© @

Figure 3.8: Example AirTouch Applications. With AirTouch, interactive ob-
jects are fabricated as a single structure without any post-print
assembly or calibration. We showcase objects of different geometries
augmented with AirTouch: an interactive bar chart (a); interactive
animals (b); grasp-sensing sphere (¢); and a color hue selector (d).

the nose, ear, back and leg. When a location is touched, the corresponding
label is displayed (Figure 3.8b).

Grasp Sensing

To showcase AirTouch’s dual-touch sensing capabilities, we developed
a touch-sensing sphere (Figure 3.8¢). We augmented a sphere with
four touch locations throughout its surface. When an outlet is covered,
the companion application highlights which face is touched. When two
outlets are covered simultaneously, the system highlights both faces.

Color Hue Selector

AirTouch can enable up to 12 interactive locations on 3D-printed objects.

We designed a circular color hue selector for a drawing application
(Figure 3.8d). The user selects a color using the selector, and sketch in
the drawing window.
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3.8 DISCUSSIONS AND LIMITATIONS

While AirTouch is successful in fabricating touch-sensitive objects and
tangible input components without the need of any post-print assembly
it has limitations. The most obvious one is the need for an air compressor
to power the fabricated objects. Although we employed an air compressor
to power our fabricated objects, other air sources might be used, granted
they guarantee a constant stream of air. A miniature air pump, similar
to the one used by Véazquez and collaborators in [131], can power
AirTouch-enabled objects given their low pressure requirements.

Another limitation of our technique is that it’s only able to augment
objects fabricated using high-resolution 3D-printing technologies. We
explored fabricating AirTouch-enabled objects using Fused Deposition
Modeling (FDM) printers, but encountered a number of issues. Because
of its layer-by-layer fabrication procedure, some objects fabricated with
our Lulzbot Taz 6 and QiDi Technology X-One presented significant
leaks in the internal structure of the object, hindering the technique’s
performance. We plan to explore the effects of employing smoothing
techniques (e.g., acetone smoothing), and varying the shell thickness
of the model when printing to reduce leaks. FDM printers also lack
the precision of STL printers, meaning that when printing outlets.
Future work can explore the different approaches to ensure the correct
fabrication of outlet sizes on lower resolution equipment.

Although we experienced a noticeable latency in our 40m-long tube
experiments between when covering the outlet and the signal reaching
its full amplitude, these effects were not present in AirTouch-enabled
objects—the pressure increase upon covering an outlet was instant.
Future work can explore the use of our technique to enable richer
gestures such as swiping and sliding on fabricated objects.

Employing the same principle used to detect individual touches, Air-
Touch can identify up to two simultaneous touches on different locations
throughout the fabricated object. Because the increase in pressure is
proportional to the outlet area, covering multiple outlets can be iden-
tified as a new touch location—as long as the sum of the areas of the
covered outlets results in a unique change in pressure. In order to guar-
antee a 0.1 mm? separation between the outlets and their respective
combinations, we used outlets sizes of 0.4 mm?, 0.5mm?, 0.6 mm?, and
0.8 mm? in our test objects.

Finally, we experienced small variations in the measured barometric
pressures inside our fabricated objects when compared to previous
days. This is due to the everyday changes in environmental barometric
pressure. To evaluate the effects of these everyday changes in our system’s
performance we performed a preliminary test over a period of four
consecutive days where the ambient pressure varied from 0.1 to 0.7 kPa.
Using the bunny model, we recorded touches each day and found that
the pressure variation shifted the baseline of the measurements by an
amount smaller than the separation between different touches.
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3.9 CONCLUSION

In this paper we introduced AirTouch: a technique for fabricating touch-
sensitive objects without the need of any post-print activities such as
assembly or calibration. We presented the theory behind AirTouch,
our explorations of parameters for both interaction and successful fab-
rication, and guidelines for designing AirTouch-enabled objects. We
illustrated AirTouch’s flexibility with several applications, and showed
that AirTouch is able to identify interactions with accuracies of at least
91% with 12 interactive locations.
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While AirTouch is a successful technique for constructing tangible
devices that can respond to user’s touch, it had some serious limitations.
The most prominent of these limitations was the need of a constant,
pressurized source of air, like an air compressor. Additionally, having
to connect the device using two points of entry (i.e., one to the air
source, another to the sensing apparatus) meant that the designer had
to perform a few post-print activities, albeit quick and easy ones.

Inspired by these limitations, and the ubiquity of microphones in our
daily lives, I developed Blowhole. This next chapter, which is almost
identical to the paper I published by the same name [121], and intro-
duces a technique to fabricate tangible devices that can identify user’s
interactions by acoustically tag locations on the object. In this chapter,
I introduce Blowhole’s theory of operation, and characterization and
evaluation procedures I carried out to assess its performance.

Blowhole improves on AirTouch in two main ways. First, as it employs
acoustic sensing rather than pneumatic sensing, users can provide the
air for it to operate by gently blowing on the object’s openings. Sec-
ond, thanks to the ubiquity of microphones, Blowhole-enabled objects
can employ already existing microphones to identify user’s interactions.
Additionally, Blowhole uses a mathematical model to identify blow-
ing locations based on the frequency emitted with gently blown. This
means that an user can use a Blowhole-enabled device immediately after
removing from the printer.
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(b)

Figure 4.1: Example Blowhole applications. The elephant (4.1a) has six holes
(one on the head, one on the back, one on each foot) which, when
blown into, activate text-to-speech with different elephant facts.
Each bar in the bar chart (4.1b) triggers a readout of the quantity,
and can be moved to represent different data. The sperm whale,
dolphin, and orca (4.1¢) each produce a different tone to trigger
videos of those animals. The cell model’s blowholes interact with a
quiz program to test knowledge of its components (4.1d).

Abstract

Interactive 3D models have the potential to enhance accessibility and
education, but can be complex and time-consuming to produce. We
present Blowhole, a technique for embedding blowing-activated tags into
3D-printed models to add interactivity. Requiring no special printing
techniques, components, or assembly and working on consumer-level
3D printers, Blowhole adds acoustically resonant cavities to the interior
of a model with unobtrusive openings at the surface of the object. A
gentle blow into a hole produces a unique sound that identifies the hole,
allowing a computer to provide associated content. We describe the
theory behind Blowhole, characterize the performance of different cavity
parameters, and describe our implementation, including easy-to-use
software to automatically embed blowholes into preexisting models. We
illustrate Blowhole’s potential with multiple working examples.

4.1 INTRODUCTION

Adding interactivity to 3D-printed objects in an end-user-friendly way is
a difficult undertaking. While doing so can enable a wealth of educational
and accessibility applications (e.g., Figure 3.1), adding interactivity can
require extra components [76, 99], special printing techniques [15, 87,
107], or large features that can disrupt the object’s surface [40, 83,
102, 113] or make it larger [65]. While such solutions can offer rich
interaction possibilities such as buttons, touch sensitivity, and grasp
sensing, many useful applications can be enabled by simply “tagging”
3D models, allowing a system to know what part of a model a user is
interested in and respond with information.

In this paper, we present Blowhole, a system for unobtrusively tagging
3D models or parts of models. Inspired by previous work in acoustic
sensing, our system creates embedded, resonant cavities that a user
gently blows into (Figure 3.1). Different-sized cavities create sounds
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at different pitches that can be recognized by a computer. The main
focus of Blowhole is to enable 3D-printing novices to create interactive
objects which can be printed and immediately used with no during-print
intervention, post-processing, or training necessary. The contributions
of our work are as follows:

1. a technique for embedding resonant cavities—printable on com-
modity 3D printers—into existing 3D models, which produce dis-
tinct pitches when blown into;

2. characterization of the range of frequencies that can be generated
and recognized by our system;

3. a design environment which enables non-expert users to indicate
areas which they wish annotated, and automatically generates and
embeds appropriate cavities;

4. and a user-independent system which recognizes the sounds of
the user blowing into the cavities and plays back the associated
annotations.

4.2 BLOWHOLE

Blowhole is based on the property of acoustic resonance; a familiar
example is the sound created when blowing across the mouth of a bottle.
Blowhole embeds cavities into 3D models, with tubular openings to the
surface. Varying the volumes of the cavities and lengths of the tubes
produces varying frequencies in response to gentle blowing into the
holes, with the object held 5-10 cm away from the mouth. Our system
recognizes the characteristic sound of each hole, linking the blow sound
to an action associated with the hole’s location on the model. Our
design tool allows a user to select the placement of holes on arbitrary 3D
models and associate actions with each hole; the software then optimizes
blowhole size and placement, providing a printer-ready file.

The cavities used in Blowhole must satisfy several criteria: they must
support sufficient variation in parameters to produce a range of frequen-
cies when blown into; they must be sufficiently small to embed into
models small enough to hold and manipulate; they should present a
consistent hole appearance to the user; and they should be printable
at any orientation and without support material on a consumer-grade
printer.

This last criterion poses the strongest limitation due to the limited
ability of FDM! 3D printers to print with overhangs—angles greater
than 45° from gravity—and bridging—printing material with nothing
underneath it as a support. We experimented with a number of shapes.
Simple tubes (as used, for example, in Whoosh [94]) printed well at any
orientation but quickly became too large to embed in smaller objects
while supporting a range of frequencies. We tested several variations on

1 Fused Deposition Modeling—the most-common consumer printer technology
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Figure 4.2: Left: an ideal spherical Helmholtz resonator, with tube diameter
ds, tube length L;, and sphere diameter ds. Right: cross-sections
of two Blowhole test objects, showing the resonator structures.

shorter tubes connecting to larger cavities, which preserve a standard
opening size but allow the production of a greater range of frequencies.
We experimented with cavities shaped like spheres, cylinders, cylinders
with cones on tops, cubes, and cubes with pyramids. The shape resulting
in the best combination of clear sound and multi-orientation printability
was a sphere with a tube connecting to the surface of the model. In the
next section, we detail the theory behind the resonant properties of this
structure.

4.2.1  Cavity Resonator Theory

Blowhole operates on the principle of acoustic resonance, where particu-
lar frequencies are amplified or attenuated due to the physical properties
of a cavity. Blowhole uses spherical cavities inside a 3D-printed model
with straight pipes opening onto the surface; the resonant frequency of
a cavity depends on the area and length of the opening and the volume
of the cavity, and is classically modeled using the Helmholtz resonance
equation [43]:

e
= 8L + 75dy) B

(4.1)
with ¢ the speed of sound, dg the diameter of the spherical cavity and d;
and L; the diameter and length, respectively, of the tube connecting the
cavity to the surface of the object. Figure 4.2 illustrates these parameters
of Blowhole cavities.

4.2.2 Blowhole Characterization

In order for Blowhole to be of the most practical use, we want to
understand how many different cavities we can fit inside a given object.
As can be seen from Equation 4.1, we can vary three parameters—
dg, Ly or ds—to change the resonant frequency of a Blowhole cavity. As
the tube is the only user-facing element of Blowhole, its appearance
should be consistent, with the size of the opening large enough to easily
blow into, but not so large as to interfere with the features of the
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Figure 4.3: A subset of our test cylinders with varying cavity volumes and
tube lengths.

printed model. After some initial experimentation, we set d; to 5 mm,
leaving L; and d4 as the available parameters to manipulate. Multiple
combinations of these can produce the same predicted frequency; for
example, Ly = 2.5 mm and d; = 35.3 mm produce a prediction of
1000 Hz, as do Ly = 5 mm and ds = 28 mm.

To understand the practical limits on the frequencies we could detect
and differentiate between, we produced a large number of test objects
(Figure 4.3) using consumer FDM printers (Qidi Technology X-One,
LulzBot Taz 4, and LulzBot Taz Mini). Wanting to understand the
practical limits on the frequencies we could detect and differentiate
between, we produced 48 objects with cavities and tubes of different sizes.
Holding d; at 5 mm, we manipulated ds from 840 mm in steps of 4 mm
and tested L; at 2.5, 3.5, 5, 7.5, 8.5 and 10 mm. These configurations
gives us a frequency space ranging from 500 Hz, (d; = 5 mm, L; = 10 mm
and dy = 40 mm) to 5900 Hz (d; = 5 mm, L, = 2.5 mm and ds = 8 mm).

We asked ten people to blow into each cylinder between one and four
times, recording the data via a laptop computer’s built-in microphone
at a 44,100 Hz sampling rate. We extracted the fundamental frequencies
of each blow using Welch’s method [132]. Comparing the fundamental
frequencies to the values predicted by the Helmholtz equation (Equation
4.1), we find deviation, sometimes significant. However, the deviation is
not constant, but presents as noise, with two main patterns: frequencies
under 1000 Hz are much noisier than those higher; and longer tubes
exhibit more noise than shorter. Figure 4.4 illustrates the spectrogram
from one user for a series of blows into different cavity sizes.

This behavior may be explained by several factors. First, the Helmholtz
equation is a theoretical model known to be inexact for varying properties
of cavity geometry [4, 110], assumes a reflective, smooth surface, and as
L; and ds approach 2-5% of the resonant wavelength, the model begins
to break down [110]. As shown in Figure 4.2, our 3D-printed models are
not smooth. As the cavity size increases, the top of the sphere approaches
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horizontal, which can cause drooping or stringing. These features of 3D
prints may affect the resonance. To validate print features as a potential
cause, we printed eight duplicate test objects on a resin-based printer
(the FormLabs Form 2), resulting in hard, smooth objects. Blows into
these objects resulted in frequencies much closer to the predicted values.
However, our goal is to maintain broad accessibility of our technique, so
while noting the potential for resin printers to produce better results,
we continue to describe our results using FDM printers.

To validate the printability of our cavities, we tested multiple cavity
sizes, from 5 mm to 60 mm in diameter. While all objects printed
correctly, the smallest cylinders resulted in frequencies highly variable
over the course of a single blow, and the 60 mm cavity failed to produce
any strong harmonic at all.

We also tested the consistency of sound at different angular positions
of the tube opening, from 0° (straight down) to 180° (straight up)
in 22.5° increments with ds; as 16 mm and L; as 5 mm. Although
different orientations revealed different (minor) printing artifacts such as
slight stringing and tube opening shape inconsistency, the results were
consistent, with a mean deviation of under 240 Hz from the Helmholtz-
predicted value.

We tested Blowhole with multiple printers: a LulzBot Taz 4, a LulzBot
Taz Mini, two Qidi X-One v2 printers, and a Form Labs Form 2 resin-
based SLA printer. All printed successfully; inspecting the spectrograms,
we found little variance amongst the FDM prints, and that the SLA
prints produce dominant frequencies on average 100 Hz closer to the
Helmholtz-predicted frequency than the FDM prints and with less
variation over the signal.

4.3 SYSTEM IMPLEMENTATION

As a system, Blowhole consists of three parts: the design software to
modify existing 3D models to add blowholes; the physical printed-out
models with resonant cavities and holes embedded; and the software
that recognizes the sound of the user blowing into a cavity and performs
an action. All pertinent code and designs can be found online 2.

4.3.1  Design Software

Our design software is built on top of Autodesk Meshmixer (Figure
4.5, left) using its Python API for scripting remote command execution.
To add Blowhole tags to a model, a user simply imports an existing
model and then clicks on the model to specify tag locations and desired
actions. Currently supported actions include opening URLs, launching
files such as images and movies, and reading text via text-to-speech. After
the user indicates all of their desired blowhole positions, the software
determines the best set of cavity sizes to embed in the model. The naive
approach would be to simply place the largest possible available cavity

2 https://github.com/fetlab/blowhole-gil8
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Figure 4.4: Waveform (top) and spectrogram (bottom) of blows into holes with
a tube length L; of 2.5 mm, with the cavity diameter d; varying
in steps of 2 mm from 4 mm on the left to 18 mm on the right.

in a location when the user selects it. However, this approach quickly
fails; for example, if the user wished to place a blowhole in each eye
of the elephant in Figure 4.1a, the first click would fill the elephant’s
head with a cavity and the second click would fail to find an acceptable
cavity size. The opposite approach—choosing the smallest available size
first—suffers from similar issues.

Instead, our search algorithm allows the user to add all requested po-
sitions first, then attempts to optimize cavity placement by finding a set
of L; and d that will fit all requested blowhole locations without cavities
colliding (we can optionally fix L; to a single value). The algorithm is
based on depth-first search with backtracking. We represent the solution
space—mapping a set of available cavities to desired blowhole positions—
as a tree, with the root representing the original model, internal nodes
as intermediate steps towards solutions, and leaves as final solutions.
Each step of the algorithm takes as input a node, a list of candidate
locations, and a list of unused cavity sizes. It tests each of the available
cavities in the next candidate location until it finds one that fits within
the model at that location. It then removes the candidate location and
the cavity size from their respective lists and passes the newly modified
model as a node to run the algorithm again. If, for a given node, no
cavity can be found that fits within the candidate location, the tree is
pruned at that point and the algorithm returns to the parent node to try
the next child. When no candidate locations remain, we can output the
current node’s model as the solution; if candidate locations do remain
but there are no more cavity sizes, we inform the user that we cannot
find a solution. The search process takes under a minute.

The final result is a set of location/cavity pairs, which we then use to
construct the model for printing (Figure 4.5, right). Once the cavities
are placed, the software writes out a configuration file linking the cavity
parameters L; and dg to the specified action. The final model may be
exported to a STL file for 3D printing on a commodity printer.

In informal experiments with Blowhole-enabled objects, we found
that locating the holes by feel alone could be challenging; on complex
models like the elephant (Figure 4.1a) the hole gets “lost” in the model’s
geometry. Because one use scenario for Blowhole objects is as an aid for
people with visual impairments, we added a “ring” feature. This simply
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Figure 4.5: (a,b): Detail view of our Blowhole design software, based on Mesh-
mixer. (a) shows the software with the user inserting blowholes:
clicking a point on the model results in a placeholder (green dot)
and a dialog box where the user can specify the action to be taken
upon blowing. (b) shows the interior of the model, illustrating the
different-sized cavities the software inserted. (c¢) shows the final
3D-printed object with blowholes embedded.

adds a short (3 print layers, or about 0.64 mm high) ring extending
1 mm around the hole (Figure 4.7). In informal tests, we found that
the ring is easily distinguishable by touch alone, allowing the hole to
be easily located without vision. In order to avoid changing the sound
produced, when we add the ring we shorten the inner end of the tube
by the height of the ring, thereby maintaining the same L;.

4.3.2  Blowhole Objects

Our software places blowholes into existing models, therefore models
that are 3D-printable will remain so with the addition of cavities and
openings. Because the cavities are spherical, and most hobbyist-level 3D
printers can print up to 45° of overhang, the models can be produced on
most printers with no modification; importantly, no support material is
necessary inside the cavities or tubes.

Once a Blowhole-enabled object has been printed, some minor cleanup
may be required: with larger spherical cavities, the top of the sphere
becomes nearly horizontal, and the printer may produce some “3D printer
spaghetti” (a small amount is visible in Figure 4.2) that can slightly
muffle the sound. A simple solution is to simply insert a drill bit of the
appropriate size and twist it by hand to quickly remove the strands.
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Figure 4.6: Confusion matrices across all test participants for the three tested
tube lengths with sphere diameters from 840 mm.

4.3.3 Blow Sound Recognition

The last component of our system recognizes the sounds produced by
the user blowing into the blowholes, producing the resonant frequency
characteristic to cavity/tube combinations (Figure 4.1), allowing us to
link the sound to the particular location the user is interacting with. Our
software is implemented in Python running on a laptop, but is simple
enough to run on phones and smartwatches as well.

To identify the resonant frequency, we window the 44,100 Hz incoming
audio signal in 0.1s non-overlapping segments. We compute the RMS
value of each and look for .5s worth of contiguous windows that exceed an
empirically determined threshold. We apply Welch’s method to extract
the power spectrum of the signal [132], and use the strongest frequency as
the resonance. We then take the set of cavity /tube (ds/Lr) combinations
available and match the resonant frequency to the Helmholtz-predicted
frequencies to determine which hole the user is interacting with. Once
a blow is classified, the system executes the action referenced in the
configuration file produced by the design software.

Our main implementation is on a laptop computer, using its built-in
microphone. We also tested with a LG-R Android smartwatch which
transmits audio data to the same recognition pipeline. Our software
runs in Python and uses the scikit-learn library for recognition.

4.3.4  Performance Testing

To validate our recognition procedure, we collected a total of 830 blow
segments from ten participants as described in Section 4.2.2) with L; of

2.5, 5, and 10 mm, and dg varying from 8-40 mm in 4 mm increments.

We divided the data according to the tube length and evaluated our
recognition procedure both overall and on a per-user basis. Figure 4.6
presents a cross-validated evaluation of our classification system, where
we can see that the reliability decreases as the diameter of the sphere
increases.

We found that as we include larger spheres and larger tubes, the
recognition accuracy decreases. The best performance/versatility tradeoff
occurs at Ly of 2.5 mm and six spheres from 8-28 mm, which yields an
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Figure 4.7: Example Blowhole-augmented objects: (a) a model of Mt. Rush-
more with each president tagged; (b) the bar graph from Figure
4.1b in a different arrangement; (c¢) a box that controls a music
player by blowing; and (d) a 3D-printed tactile picture book for
blind or low-vision children with a blowhole (upper right) which
triggers text-to-speech of the Braille text.

overall 98% accuracy. Adding a 32 mm sphere decreases accuracy to
90%, and further spheres continue to decrease accuracy.

4.4 EXAMPLES

To illustrate the potential of Blowhole, we present several possible
applications. Each was built with our software and works with our
recognition algorithm.

Cell Model

We adapted an existing model of an animal cell® to add Blowhole tags to
the different parts of the cell (Figure 4.1d). When the tags are activated,
the listening computer application launches the Wikipedia page for the
associated cell component.

Globe

Similar to the example in Tickers and Talker [113]|, we tagged the
continents on a 3d-printed globe* (Figure 4.5¢). When a user blows
into the associated hole, our software speaks the name of the labeled
continent using text-to-speech.

Interactive Animals

We printed three different cetaceans: a dolphin®, a whale®, and an orca’,
and adapted the position of the cavity to the location of the animal’s
blowhole (Figure 4.1c¢). When the user blows, the application plays a
video about that animal.

3 http://www.thingiverse.com/thing:689381
4 http://www.thingiverse.com/thing:17336

5 http://www.thingiverse.com/thing:1121803
6 http://www.thingiverse.com/thing:232247
7 http://www.thingiverse.com/thing:665571
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Music Controller

A “music box” with raised controls (Figure 4.7¢) allows a user to control
the flow of music by blowing. Each “button” has a different blowhole
underneath it. Our segmentation algorithm described earlier is robust
to background sound and in initial testing, its performance was not
affected by the sound of the music playing.

Augmented Tactile Book

Previous research [56] has investigated 3D-printed tactile picture books
for blind children. Some examples of these books have Braille text®. We
created a set of custom rectangular resonators, thinner than our standard
Blowhole spherical resonators, to add to each page of a 3D-printed book
(Figure 4.7d). When the user blows into the hole, the computer reads
aloud the text written in Braille on the page.

Reconfigurable Bar Chart

Figure 4.1b shows a Blowhole-enabled physical visualization [118]. Taking
advantage of the Helmholtz property that varying L; varies the frequency,
the base of the bar chart contains cavities with identical ds values. Each
bar, being a different height, has a different L;; when a bar is plugged
into the chart, the tone produced is due to the size of the bar. This
characteristic enables reconfiguring the bar chart, illustrating data in
different orders while maintaining the labels on the individual bars.
Placing the resonating cavities in the base rather than the bars allows
the bars to maintain smaller cross-sections but still produce audible
tones.

4.5 DISCUSSION AND FUTURE WORK

Our goal with Blowhole was to create a system to enable non-experts
to design and 3D print interactive objects, with the particular aim of
simplicity, avoiding interventions during printing, post-print processing,
and complex training processes. Blowhole is usable for simple cases;
with up to six cavities, the system achieves a high user-independent
performance of 98%. As illustrated by our examples in Figures 3.1, and
1.7, six cavities are sufficient for many applications, and is a larger
number of tags per object than have been demonstrated by other passive
acoustic-based systems[40, 42, 61, 65, 94, 113].

While Blowhole is successful, there is room for future improvement.

We are interested in further characterizing the behavior of the cavities
with different print settings; for example, we have encountered some
tentative evidence that the type and amount of infill the printer uses

to fill the solid parts of the model may have an effect on the sound.

Refinements to the cavity shapes may also have an effect, for example

8 https://tactilepicturebooks.org/
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by shaping the top of the spheres to avoid greater than 45° overhang in
order to prevent the “stringing” effect. Additionally, we are interested
in exploring the user experience while using this tool. We believe that
tools like Blowhole can be particularly useful for educational settings,
specially for children, due to its playfulness, as well as to enable new
ways low vision users can interact with their technology. We will carry
out user studies in the future to assess the experience of these two
populations while using Blowhole.

4.6 CONCLUSION

We presented Blowhole, a system for adding acoustic “tags” to 3D-printed
models via embedded cavities which resonate at characteristic frequen-
cies when a user blows into them. Our system enables high performance
for up to nine different blowholes, provides simple point-and-click design
software, and Blowhole-enabled models are ready to use immediately
post-printing with no assembly or external components required. We
detailed the theory behind Blowhole’s operation, presented our charac-
terization of its performance, and demonstrated high user-dependent and
-independent recognition rates. We demonstrated Blowhole’s potential
through multiple examples, including educational models, 3D-printed
book pages, and a reconfigurable physical visualization.
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AirTouch and Blowhole are both successful in enabling the construc-
tion of tangible devices that can sense user’s interactions without re-
quiring assembly of parts, electronics, or calibration of machine learning
models. These techniques are aimed to constructing devices that can
sense interactions, meaning that they rely on external devices to provide
output. This limits somewhat their utility. Additionally, as discussed in
Chapter 2, the construction of tangible devices that provide output to
interactions remains far-off from the Print-and-Play Fabrication ideal.

Inspired by these limitations, this chapter introduces MorpheesPlug:
a toolkit for the construction of tangible devices that can change their
physical form, providing visual output to the user. The MorpheesPlug
toolkit is made up of three main components: a design environment, a
set of air-powered, shape-changing widgets, and a control module to
pneumatically actuate the widgets. This chapter, additionally, includes
an evaluation of the usability of the MorpheesPlug toolkit, a set of
inspiring applications constructed with our widgets, and thoughtful
discussions and directions for future work.

While successful, the development of MorpheesPlug was not one with-
out its challenges. The most prominent of these was the construction of
the widgets using accessible fabrication equipment. Significant iterations
on designs, and print settings, were needed to construct our designs
using consumer-grade printers, while remaining airtight.
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5.1 ABSTRACT

5.1 ABSTRACT

Toolkits for shape-changing interfaces (SCIs) enable designers and re-
searchers to easily explore the broad design space of SCIs. However,
despite their utility, existing approaches are often limited in the num-
ber of shape-change features they can express. This paper introduces
MorpheesPlug, a toolkit for creating SCIs that covers seven of the
eleven shape-change features identified in the literature. MorpheesPlug
is comprised of (1) a set of six standardized widgets that express the
shape-change features with user-definable parameters; (2) software for
3D-modeling the widgets to create 3D-printable pneumatic SCls; and (3)
a hardware platform to control the widgets. To evaluate MorpheesPlug
we carried out ten open-ended interviews with novice and expert de-
signers who were asked to design a SCI using our software. Participants
highlighted the ease of use and expressivity of the MorpheesPlug.

5.2 INTRODUCTION

Shape-Changing Interfaces (SCIs) are emerging as a new generation of
devices that can change their shapes to support dynamic affordances
[28], leverage human dexterity [89], and support the personalization
of physical interfaces [57]. The current design space of SCIs covers a
wide range of features [53], including variable length [28], volume [57],
curvature [135], and porosity [19]. The literature has featured numerous
prototype systems exploring a huge variety of shapes, shape-changes,
interactions, implementation techniques, and applications.

Despite the potential of SCIs to enhance the development of the next
generation of interactive devices, there are still many challenges faced
by the field [3]. One major barrier to the creation of SCIs is the lack
of standardized toolkits for exploration and development [3]. Current
approaches require substantial time, effort, domain-specific knowledge,
and complex tools to create even simple SCIs. Unlike software-only
user interfaces, physical Uls—including SCIs—interact with physical
reality, requiring the addition of hardware components. Researchers have
developed physical toolkits to simplify creating physical Uls, providing
standardized hardware widget libraries [9, 33| and tools to ease the
communication between the digital and physical worlds [41].

Shape-Changing Interfaces introduce new problems, because there are
no standardized widget libraries, actuation methods, or design tools. It
means that to experiment with or develop such Uls requires users need to
design, fabricate, and implement all aspects of shape-changing systems.
As a result, the literature illustrates many one-off application-specific
SCIs [117]. Alexander et al. note that a primary necessary strand of the
field is to create “a standard platform for hardware prototyping”.

There are two primary challenges to creating such a standardized
toolkit for prototyping SCIs. The first is actuation: given a desired shape
change, how to choose a technical method to cause that transformation.
Researchers have identified dozens of shape-change features [53] (e.g.,
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length) and actuation methods [117] (e.g., servo motor), but there are no
standards or guidelines for how a user can select a method to implement
a desired feature.

Closely coupled with the issue of actuation is that of fabrication: how
to physically instantiate an actuation method that causes the desired
shape-change. Toolkits for physical Uls offer pre-made physical widgets
that let users concentrate on applications [9, 33|, but the bulk of the
SCI literature focuses on novel techniques (e.g., [84]) or applications
rather than broadly reusable widgets. The result is that SCIs tend to be
one-offs, custom-made for a specific application, and require extensive
technical prototyping skills.

As a first step towards addressing these challenges, we introduce Mor-
pheesPlug, a toolkit aimed at simplifying the design, fabrication, and
actuation of SCIs. MorpheesPlug does so by following in the footsteps
of successful GUI and physical computing toolkits: providing physical
widgets, control hardware and firmware, and a design environment.
MorpheesPlug simultaneously addresses the actuation and fabrication
challenges by providing six pneumatically powered shape-changing wid-
gets which express a broad range of shape-change features from the
Morphees+ framework [53]. Users can customize these widgets and in-
corporate them in their own SCI designs, eliminating the need to choose
an actuation method for specific shape-change features and simplifing
the design process. MorpheesPlug widgets are printable on commodity
3D printers with standard flexible filament, significantly lowering the
barrier to prototyping SCls.

With MorpheesPlug, we make the following contributions:

1. We provide six customizable, 3D-printable widgets that express a
wide range of shape changes via pneumatic actuation.

2. We characterize widget performance over a variety of printing
parameters, illustrating the range of shape changes available.

3. We implement and publicly share design software and control
module for the widgets .

4. We demonstrate the utility of our toolkit via five proof-of-concept
applications and a qualitative user study.

5.3 RELATED WORK

MorpheesPlug is a toolkit that simplifies creating and exploring SClIs,
using pneumatic widgets. As such, it is situated at the intersection of
SCIs, physical UI toolkits, and pneumatically actuated soft Uls and
robotics. In this section, we situate MorpheesPlug in the context of
toolkit research, both for SCIs and physical Uls. Then we look into how
pneumatic actuation was used for shape-changes.

1 https://github.com/shape-changing-interfaces/MorpheesPlug
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5.3.1 Toolkits for Shape-Changing Interfaces

Alexander et al. |3] identified twelve grand challenges in SCIs research.
Although many types of SCIs have been explored in the literature
[117], most are custom-made, one-off projects developed to illustrate an
interaction technique, actuator, or application; hence, Alexander et al.
[3] call for the development of toolkits for SCI to “dramatically lower
the barrier to implementation”. They call for three advances in research:
a hardware prototyping platform, a software application layer, and tools
for end-user programming. To these three we add a fourth important
need, adapted from Ledo et al. [63]: empowering new audiences, implying
ease of acquisition or fabrication. A number of projects in the literature
aim to overcome these barriers, either by explicitly presenting toolkits
for SCIs or by addressing one or more of these challenges.

Ledo et al. [63] define toolkits as “present|ing] users with a pro-
gramming or configuration environment consisting of many defined
permutable building blocks, structures, or primitives, with a sequencing
of logical or design flow affording a path of least resistance”. While
few papers in the SCI space explicitly identify their work as presenting
toolkits, in this section we include research which addresses any aspects
which could be useful as part of a toolkit.

Perhaps the most comprehensive example of a SCI toolkit is ShapeClip
[38], a set of 1D linear actuators controlled by light emitted from standard
computer screens. While it addresses Alexander et al.’s three research
threads, the ShapeClip hardware consists of complex electromechanical
components not readily accessible to casual users. The hardware also
limits the types of shape-change to those that can be expressed via
length feature.

Other systems, while not explicitly identified as toolkit research,
present useful hardware building blocks for SCIs. One approach is to use
electromechanical actuators as a driver of shape-change; for example,
perhaps the earliest example approaching an SCI toolkit was Topobo
[91], a system of passive and active (motorized) building blocks that
could record and re-play movements. LineFORM [72] and ChainFORM
[73] are similarly collections of actuators which can record and re-play
movements, but focus on rotational rather than linear motion. Each
of these systems is constrained by its actuators: using motors limits
the minimum size, dictates the kinds of shape-change transformations
available, and leads to high-complexity hardware, requiring custom
circuitry that is unavailable to a casual user.

Another type of SCI system uses shape-memory alloys or nitinol
wires to actuate shape changes. shape-memory alloy-based actuation
has the advantage of small size and flexibility, but at the expense of
actuation speed. One early example, Bosu [85], offered a set of frames
and fabric shapes on which the shape-memory alloy wires could be
fixed. While these components formed a small library of transformable
shapes, Bosu required users to assemble each component manually.
NURBSforms [119] operated on the same principle as Bosu, but used
flexible circuit boards, providing a standardized—and potentially mass-
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manufacturable—format. Both of these toolkits demonstrate shape
changes based primarily on the curvature feature from Morphees+ [53],
a result of the low-amplitude length change possible with shape-memory
alloys.

Some systems use pneumatic actuation to transform shapes. One of
the earliest projects in this space was PneUT [135], which offered a tech-
nological framework for pneumatically actuated shape-change. Although
the downside was that its shape-changing objects were all manually
created, it illustrated the versatility of soft, pneumatic shape-change via
multiple types of transformations, including curvature, volume, and tex-
ture. Other pneumatically actuated SCIs include Printflatables [98] and
AeroMorph [84], both of which require custom-built equipment to create,
and Siloseam [69], which presents a manual workflow for shape-changing
silicone bladders.

Aside from ShapeClip, none of these examples present themselves as
toolkit research. Instead, they focus more on novel actuation schemes
and possibilities for expressing shape changes. One result of this limited
focus is the lack of standardized widgets to express a wide range of
shape-change features: most of these systems present at most one or
two reusable transforming shapes and can express a fraction of the
Morphees+ [53] feature space. Our goal with MorpheesPlug is to provide
a diverse set of shape-change widgets that enable experimentation with
much larger coverage of the feature space, while being easily fabricated
by users with minimal required equipment and expertise.

5.3.2  Physical Ul Toolkits

Although few toolkits exist for SClIs, many of the same challenges are
addressed by toolkits for physical user interfaces; in fact, SCIs can be
viewed as a subset of physical Uls. In contrast to GUIs which take
advantage of standardized hardware such as touchscreens or keyboards,
physical Ul toolkits aim to make novel input and output mechanisms
accessible to non-expert users.

One of the earliest physical computing toolkits was Phidgets [33]. It
applied the idea of GUI widgets to physical interaction controls, enabling
a combination of function and interface in a reusable building-block
component. Later physical Ul toolkits expanded on this idea, adding
novel connections between modules [9], more powerful widgets [130],
or novel form-factors [44]. These examples illustrate a prefabricated
approach, where the physical widgets are designed and manufactured by
a third party, and end users assemble, but don’t usually modify them.
The advantage of this approach is less work for users, who can experiment
with a set of validated widgets. The downside is that form-factors and
capabilities are limited by the widget manufacturer’s priorities.

A second approach to physical widgets is custom-fabrication. Toolkits
in this category provide assistance to users in creating widgets (or
widget-like components) tailored for a particular application. Midas
[104], for example, provided tools to help users fabricate customized
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touch sensors that could wrap around objects of varying sizes; Pineal
[62] added “remote widgets” to smartphones and watches via automated
3D modeling; and PaperPulse [93] fabricated predefined widgets with
conductive inkjet printing. The advantage of this approach is much-
greater flexibility: users can include different sizes and types of widgets in
many configurations. However, customized widgets for each application
can mean much greater time and effort for the user.

MorpheesPlug takes inspiration from both types of physical computing
toolkit. We provide a set of predefined shape-change widgets which
are customizable in the design stage, and then can be fabricated on
unmodified commodity 3D printers. In this way we aim to support users
with a set of pre-validated widgets that can be re-used if desired, but that
have enough customizability to be tailored for a variety of applications.

5.3.3  Pneumatic Shape-Change

In order to grant MorpheesPlug widgets the broadest range of possible
shape changes, while still being easily fabricatable by end users, we use
air pressure as an actuation source. Many other projects in HCI and
other fields have similarly used pneumatics for driving flexible interfaces
and robotics.

Examples of pneumatically driven interfaces have mainly concentrated
on exploring the diversity of interaction that such soft interfaces can offer.
For example, Kim et al.’s Inflatable Mouse [57] illustrated multiple input
and output behaviors, Harrison and Hudson’s inflatable buttons provided
dynamic haptics [39], and PneUI [135] demonstrated a wide variety of
shape changes possible with elastic air bags. Despite the versatility of
these interfaces, they are difficult to create, involving intensive manual
assembly. Recent work by Moradi and Torres [69] underscores both the
versatility and difficulty of working with flexible materials, demonstrating
a wide range of shape change and investing considerable effort in laying
out a workflow to lessen the effort of fabrication.

Some research has investigated 3D printing for pneumatically actuated
SCIs. Although subject to the limitations of 3D printers, creating SCIs
this way can—at least in theory—significantly lessen the effort required
to create usable transforming objects. Vazquez et al. created a series
of physical widgets using 3D printing [131], and Lee et al. developed a
system of Lego-compatible pneumatic blocks for experimenting with soft
robotics [64]. These projects relied on high-end multi-material inkjet-
based 3D printers, which are not currently easily accessible to most end
users; the materials available for these printers have low stretchability.
Another possibility for 3D printing flexible objects is via FDM printing,
using flexible filaments such as thermoplastic polyurethane (TPU). Thus
far, most progress in TPU actuators has been made in the field of soft
robotics, where the emphasis has been on locomotion and grasping [136].

MorpheesPlug’s pneumatic actuation is inspired by these previous
efforts. Despite the versatility of these related approaches, their main
shortcoming is ease of use, requiring complex fabrication, and actuation
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techniques. We directly tackle these challenges in two ways. First, we
provide users with an easy-to-use design environment for creating SCls.
Second, MorpheesPlug uses inexpensive off-the-shelf fabrication equip-
ment and material to create multiple widgets, enabling a wide range of
shape-change possibilities.

5.4 DESIGN RATIONALE

Before building MorpheesPlug, a toolkit for prototyping SCIs, we discuss
what kind of design goals we wanted to achieve in MorpheesPlug in
terms of toolkit design. We looked into review literature that suggests
design guidelines for toolkits [63]. Here we discuss how MorpheesPlug
meets four of the five goals in toolkit research.

1. Reducing Authoring Time and Complexity. Fabricating SCIs is a
challenging task. This process often entails the use of specialized
equipment and requires engineering expertise. To address this chal-
lenge, we encapsulate the knowledge of the type of shape-change
our six widgets will exhibit when pneumatically actuated. This,
coupled with the analysis of how each widget implements features
of SCIs taxonomies, allows designers to have an estimation of the
expected shape-change the widgets will exhibit before fabricating
them, reducing time, effort, and domain knowledge when building
new SClIs.

2. Empowering New Audiences. Complex 3D modeling and electrical
engineering can be a barrier for non-expert users who want to
step in the area of SCIs. To simplify the process of designing the
widgets [81], we provide a plug-in for CAD software that is widely
available. Without a need for manually 3D modeling the widgets,
users can choose the widget type and alter the parameters of it to
to create 3D models with the plug-in. To evaluate if MorpheesPlug
can be used by new audience than researchers in SCI field, we
conduct a user study with hobby makers.

3. Integrating with Current Practices and Infrastructures. While pneu-
matically actuating SCIs allows designers to create a wide range
of shape-change with a single actuation method, the fabrication
of these artifacts is not always a straightforward process, often
requiring manual assembly [135], or special machinery [84, 98]. Our
work aims to use existing, consumer-level tools (e.g., off-the-shelf
3D-printers, materials, and design tools) to fabricate SCIs.

4. Enabling Replication and Creative Exploration. Ideal toolkits should
support easy replication of previous work 32| and exploring design
spaces that has not examined before [81]. To show that Mor-
pheesPlug has such properties, we replicate one of the SCIs that
had a huge impact in the field [28] as well as suggest novel interfaces
with MorpheesPlug.
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Based on these design goals, we designed MorpheesPlug. We aimed
to build MorpheesPlug to be easy to use for researchers as well as
engineering novices to significantly reduce their iteration time and effort.
One goal suggested for toolkit design that we did not aim was Creating
Paths of Least Resistance, which means that toolkits should guide users
to design good interfaces rather than bad ones [3, 71]. SCI field is still at
the early stage, and we believe that there are too few design guidelines
to be generalized (e.g., [36, 54, 127]) comparing to the vast design space
of SCIs. Therefore, we planned not to guide users what kind of SCIs they
should design at this stage of the research. Future studies can contribute
to the design guidelines for SCIs using MorpheesPlug, as it would allow
quickly implementing a wide range of SClIs.

5.5 MORPHEESPLUG WIDGETS

MorpheesPlug is comprised of three basic components: (1) a set of shape-
changing widgets; (2) a design environment; (3) a control module. A
widget is the minimum unit in MorpheesPlug that creates shape-change
when 3D-printed and then pneumatically actuated. Widgets are the core
of MorpheesPlug. The design interface is a plug-in for CAD software
that users can create 3D models of the widgets and customize them on
the software. A module is a physical interface that users can control air
pressure in a widget. This section shows how we designed the widgets
and how they can express shape-change features.

We designed the widgets primarily based on the features and also
literature from HCI, soft robotics, and material science. Note that we
excluded the speed, feature, because the feature relies on the actuation
method, not the design of the widgets. Also, we did not include stretch-
ability, granularity, and strength, because we first wanted to focus on
features that involve clear visual shape-changes in the scope of the paper.
Figure 5.1 shows the widgets we designed, and Figure 5.2 shows how
the widgets can express shape-change features. Below, we describe how
we designed each widget and how they can express the shape-change
features.

Fold Spiral Teeth
Bump Accordion Auxetic

Figure 5.1: The six widgets that MorpheesPlug provide. The widgets can
express different shape-change features such as length, curvature,
etc.
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Figure 5.2: Top: Widgets provided by MorpheesPlug. Left: shape-change fea-
tures from literature [53, 97]. Middle: Illustrations of how the
widgets can express the shape-change features.

5.5.1 Fold widget

The Fold widget is a widget that is primarily designed to implement
length change ( Figure 5.2). It is consists of a single layer of thin chamber
that is folded in 90 degrees several times. The structure was originally
used in material science [16] as a dielectric elastomer actuator. When
inflated, the fold slightly opens, and the whole structure elongates.
We found that the widget can implement all of the shape-change
features we aimed for. For example, when length-changing widgets are
connected to make a rectangular shape or cube, they can also implement
area and volume features under the size feature. To change modularity
feature, it can be attached a a static object and elongate in a slot. It
would lock the static object and slot together. To express porosity, there
can be several Fold widgets and a solid surface on top of them. When
the widgets elongate, they close the space between the widgets and the
surface. When they shorten, they open the space and increase porosity.
We considered that the widget can express amplitude and curvature
features at the same time. When there are multiple Fold widgets on the
same flat surface and some of them elongate, the surface would look
like a curved surface. It would express amplitude and curvature features.
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In the same sense, when the widgets elongate while some in between
them do not, they can express zero-crossing. Lastly, when the widget
is placed aligned to a surface and elongates, it would change closure
feature between an end of the widget and an end of the surface.

5.5.2  Spiral widget

Spiral widget is a widget that has a curved thin chamber. When looked
from the top of the widget, it resembles a spiral shape. This widget
is design to express changes in the curvature feature. When inflated,
the curved surface unbends and changes the angle between the central
point and the end points of the surface. This widget can also represent
changes in the length feature. When inflated, the distance between
two diametrically opposed point increases. Additionally, if the widget
is designed to have multiple arcs, its enveloping area increases when
inflated. While doing so, the porosity of the widget also increases as
the space between the arcs increases. Similarly to Fold widgets, a Spiral
widget can be put in a slot and inflated to lock itself in the slot. In this
way, the two objects that contain the slot and the widget can combine
into one and change modularity feature. When a Spiral widget changes
curvature, it also changes amplitude. The widget can also express zero-
crossing. When there are multiple Spiral widgets placed next to each
other and when only some of them are deflated, the deflated widgets
would create bumpy surfaces therefore change zero-crossing. When a
Spiral widget has a single spiral and is inflated, the distance between
the two end points increases, changing closure.

5.5.3 Teeth widget

Similarly to the Spiral widget, Teeth widget is designed to express
curvature and amplitude. However, unlikely to Spiral, a Teeth widget
has a straight shape when deflated and bends when inflated. The length
between two end points of a Teeth widget would be decreased when the
widget is inflated. Users can put a Teeth widget on a flat surface and
increase porosity between the widget and the surface by inflating the
widget. By connecting multiple Teeth widgets and inflating one of every
second of them, users can express zero-crossing. When it is inflated the
two ends of the widget get closer, expressing closure feature.

5.5.4  Bump widget

Bump widget is designed to have it on a flat surface and express a
bumpy surface on it. Users can have several of them connected to each
other. When one Bump widget is inflated, it can express the length
feature. When it is inflated in a slot, it can lock an object attached it
and the slot, expressing modularity. When there are multiple Bump
widgets and there are static objects on and under them, inflation of
the widgets would change porosity between the widgets and the objects.

51



5.6 IMPLEMENTATION

Similarly, when there are multiple Bump widgets and only some of them
are inflated, they change amplitude, curvature, and zero-crossing.

5.5.5 Accordion widget

Accordion widget is designed to take advantages of both Fold and
Bump widgets. Like the Fold widget, it can express length feature when
elongated. Thanks to it, it can express all the features that Fold widget
can express. Like Bump widget, it can have several chambers on the
surface like tiles. Because the chambers are connected, users can express
curvature, amplitude, and zero-crossing features on a connected smooth
surface, similarly to PolySurface [22]. Thanks to the grooved surfaces
on the four sides, it can have more length change than Bump widget.

5.5.6 Auzetic widget

We designed our auxetic widget to display porosity feature. I got inspired
from the literature [34]. When inflated, the widget opens up width-wise,
enlarging a central area and thus increasing its porosity. In addition,
once actuated, the width of this widget increases, also displaying shape-
change in the area feature. Further, when it has reach its maximum
shape-change, the outer shapes of separate from each other, exhibiting
the closure feature. Lastly, it is able display the modularity feature once
expanded by attaching to near objects.

5.6 IMPLEMENTATION

MorpheesPlug is comprised of three main components: (1) a set of 3D-
printable, inflatable widgets that can represent seven out of eleven of
the Morphees+ features [53]; (2) a design environment for makers to
model SCIs; (3) a control module responsible for actuating SCIs widgets.
All of the resulting output (hardware, firmware, software, and designs)
will be made available online under the MIT license.

5.6.1 Design Software

Our design environment is built on top of Autodesk Fusion 360 (Figure
5.3) using its Python API for scripting remote command execution. In
order to design a shape-changing widget using our tool, the user selects
the desired widget from a drop-down list, and proceeds to modify the
controlling parameters. The design automatically updates to match the

user’s inputs.
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Figure 5.3: Detail view of our design environment, based on Autodesk Fusion
360. The user is presented with a window where they can specify
the sizes for the different parameters that compose our widgets.

5.6.2 Fabrication

All MorpheesPlug widget designs are printed as a single structure using
consumer-grade FDM 2 3D-printers with elastic filament (NinjaFlex,
shore 85A). To test our designs, we fabricated dozens of our widgets using
three different 3D-printers (Lulzbot Taz 6, Ultimaker 2, and Crealitly
Ender 3 Pro). During our initial tests, we found that the default print
settings for these printers would produce non-airtight objects, causing
the resulting objects to exhibit very little shape-change, if at all. To
address this, we explored different printing settings for each of our
printers, and got best results by over-extruding our designs, lowering
the print speed, and increasing the numbers of top and bottom layers to
10 and 7, respectively. When the overhang surface too large, we allowed
support. An in detail view of the parameters can be found in Table 6.1.

Our explorations uncovered a trade-off between the wall thickness
of our widgets, and their subsequent airtightness, and their respective
shape-change capabilities: thicker walls provide better seals, but restrict
the shape-changing capabilities of the widgets. We opted for maximizing
the shape-change capabilities of our widgets, by using only two layers of
perimeter shells throughout our designs. This decision, however, meant
that on occasion our widgets would print with small imperfections on
their outer walls, causing air to leak. It could be addressed by dipping
the widget on flexible resin (Formlab Elastic 50A Resin), and cured it.

5.6.3 Characterization

We developed six 3D-printable, inflatable, shape-changing widget designs.
For MorpheesPlug to be of the most practical use, we wish to quantify
the shape-changing capabilities of our widget designs. To do so, we
explored the effects of the constructing parameters for our designs by
fabricating numerous instances of our widgets, systematically varying
these parameters. We constrained our explorations in two ways. First,
our preliminary experiments revealed that widgets with heights of less

2 Fused Deposition Modeling
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Parameter Value
Printing Speed (mm/min) 1200
Extrusion Multiplier 1.3
Top Solid Layers 10
Bottom Solid Layers 7

(For overhangs <4 mm) 0%
Interior fill

(For overhangs >4 mm) 10%
Interior fill

Combine Infill Every 2 layers
Combine Overlap 25%
Outline/Perimeter Shells 2

Table 5.1: List of modified printing parameters with their respective values
used to fabricate our widgets.

than 2 cm display very little shape-change. Second, we were unable to
print airtight overhang surface wider than 4 cm without support. With
support, widgets showed less flexibility and shape-change in general. To
keep the print setting the same over the widgets show the maximum
possible shape-change, we decided to fabricate widget designs with
sections less than or equal to 4 cm (e.g., Thickness in Figure 5.3). We
printed the Bump widget vertically. With these constrains in place, we
set to print various iterations of our designs while changing each of the
constructing parameters, one at a time. Once printed, we connected each
widget to our control module, and actuated it setting our compressor
at 100 kPa (kiloPascals). We proceeded to record the difference in size
from each of our widgets, as seen in Figure 5.4, repeating each measure
ten times.

Figure 5.4: Our characterization setup. To measure the length change of the
Fold widget, we placed a printed widget next to a ruler and mea-
sured the length of both deflated and inflated states.

Figure 5.5 presents the results of our explorations. We learned that
the parameters that influence the area sections of the widgets that are
perpendicular to the direction of the shape-change affect the most the
behavior of the widgets, while the parameters that affect area sections
parallel to the direction of the shape-change negate the shape-changing
capabilities of our widgets. We believe this is because parameters that are
parallel to the direction of shape-change restrict our widgets’ movement
when inflated, but parameters that are perpendicular to this movement

54



5.7 DEMONSTRATION

do not, while at the same time increasing the structure’s inflatable
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Figure 5.5: Results of the characterization. These plots show magnitude of the
modified features versus the change of shape the widgets expressed.
The numbers on the widgets show the baseline size of the features.
For example, Fold widget had a baseline parameters of gap 10 mm,
length 20 mm, height 20 mm, and width 10 mm. We then changed
each parameter one by one, e.g., changed length from 10 mm to 80
mm (red line in the plot).

5.6.4 Control Module

The final part of our toolkit is an electronic control module to allow
designers to easily control the actuation of our widgets (Figure 5.6).
This module, measuring 4 cm x 4 cm x 4.5 cm, is made up of five
components: (1) two electronic solenoid valves to control airflow to, and
from the widgets; (2) a barometric pressure sensor; (3) a custom circuit
board used to interconnect all the components from our module; (4)
an LED to display to the designer the status of the valves; (5) and a
micro-controller to drive all the components. Once the widgets have
finished printing, the designer proceeds to connect them to our control
module.

5.7 DEMONSTRATION

We present five applications to demonstrate the capability of Mor-
pheesPlug to express various shape-change features in different scales.
These applications were created using our design environment, widgets,
and modules, but were manually actuated by the authors.
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Figure 5.6: An exploded view of the control module. The module has two
valves to let air in and out of the widgets.

5.7.1  Umbrella pusher

The umbrella pusher is to demonstrate the spiral widget’s ability to
hold an object. It also uses the fact that widget’s character that when
it unbends less when is has a lower height (Figure 5.7 left). To create
the umbrella pusher, we first created a spiral widget with 2cm height
and three arcs with our plug-in. We then manually lowered the height
of the central part to make the part hold an umbrella even when the
widget is actuated. We then 3D printed the model with zero in-fill.
The umbrella pusher can installed at an apartment entrance and hold
an umbrella. On rainy days, the spiral widget gets inflated and pushes
the umbrella towards users when they approach to it (Figure 5.7 middle,

right).

Figure 5.7: Left: The 3D model of an umbrella pusher created by our plug-
in and edited in CAD software. Middle: The umbrella pusher is
holding an umbrella. Right: On a rainy day, the umbrella pusher
slightly unbends and pushes the umbrella towards on the way of
users to remind to take the umbrella. The central part of it unbends
less and still holds the umbrella.

5.7.2  Anti-rain phone case

The anti-rain phone case is to show that MorpheesPlug supports het-
erogeneous shape-changes and integration with existing 3D models. We
combined three Teeth widgets and one Fold widget to create a shape
that bends from back of a phone can elongate. We then combined them
with a 3D model of a phone case form the Internet (Figure 5.8 left).
When the phone case is inflated, it bend over the phone screen and
block rain, strong sun-light on the phone (Figure 5.8 middle, right). It
can also prevent someone from looking at private information similarly
to a shape-changing phone [97].
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Figure 5.8: Left: The 3D model of anti-rain phone case. Middle: A user holding
a 3D printed anti-rain phone case. Right: When it rains, the phone
case can inflate and block rain drops over the phone.

5.7.3 Posture-correcting cushion

The posture-correcting cushion (Figure 5.9) is to show that MorpheesPlug
can handle high pressure and human weight. We used the same 3x3
Accordion widget from the characterization section.

When users sit on the cushion in an incorrect posture, it can push
them to remind them to sit correctly. Unfortunately, the pressure of the
cushion was higher than the sensing range of the pressure sensors in the
current version of our module.

Figure 5.9: Left: The 3D model of posture-correcting cushion. Middle: A user
sits on the cushion learning forward. The cushion recognizes higher
pressure at the front. Right: The front cushion inflates and correct
the user’s posture.

5.7.4  Physical bar chart

The physical bar chart (Figure 5.10) was specifically designed to replicate
pin-based SCIs (e.g., [23, 28, 38, 74]). We wondered if MorpheesPlug
could easily replicate existing SCIs, and pin-based SCIs have been widely
used to introduce novel interactions and understandings of SCIs. Our
3D printer took 21 hours to print nine Fold widgets ( 2.3 hr per widget),
which would take longer than using off-the-shelf parts. However, the
widgets would allow less assembly time because users just need to plug
tubes to the widgets and connect them to modules. Although it allowed
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quick prototyping, the final form is different from existing pin-based
SCIs. First, they do not have the “pin” shape. To improve the form factor,
users would need to print a static pin on top of each widget or assemble
and hide the widgets. Second, the resolution is lower than high-resolution
ones (e.g., a pin in inFORM [28] has a 9.525 mm? footprint). Currently
a widget has a footprint of 625 mm? (2.5 cm x 2.5 cm) and need spaces
between them. If we reduce the footprint of the widget, the widget would
have less length change with the same number of folds. Additionally,
we noticed the bar chart tilted slightly to one side when actuated. As a
possible remedy, we could insert plastic separators between each of the
fold widgets to prevent tilting on actuation.

Figure 5.10: Left: A 3D model of Fold widget. Middle: We 3D printed nine
copies of the 3D model and put them in a grid. Right: Some of
the widgets are actuated.

5.7.5 Window blind

The window blind is designed for an aesthetic purpose. We created seven
Auxetic widgets in three different sizes, and then manually combined with
added connecting space between the neighboring widgets (Figure 5.11
left). When inflated, the widgets expand and increase porosity between
and within the widgets. User can adjust the porosity by changing the
air pressure in the widgets.

Figure 5.11: Left: The 3D model of the window blind. Middle: Deflated window
blind. Right: Inflated window blind.

5.8 USER STUDY

We conducted a user study to evaluate MorpheesPlug plug-in. We were
particularly interested if the plug-in meets the design rational we aimed.
As we aimed that our toolkit enables novices to create SCls and also
integrates with current practices, we invited both novice and expert
users in our study, in terms of 3D modeling skills.
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5.8.1 Participants

Participants were recruited through an advert on a social media page
used by a local maker community and the word-of-mouth. Participants
approached the researcher via email and we recruited 10 participants
(age 25-64, female 2).

We got participants with both expert and novice skill levels in 3D
modeling. With novice users (P6-8,10, background in Computer Science,
Communication, or Public Health. No or little 3D modeling experiences),
we wanted to see if they can understand the toolkit and implement their
ideas using our plug-in. With experts (P1-7,9, background in Architec-
ture, Industrial Design, or Robotics. Advanced skill in 3D modeling or
using 3D modeling software at work), we wanted to see if the plug-in
can integrate with their experience of 3D modeling and help them save
time. Four out of six expert participants had experience in Fusion 360
(P2,3,5,9). Regarding experiences related to SCIs, P9 was both a hobby-
ist and also founded a small-sized enterprises in soft robotics. P4 had
experiences in fabricating inflated tin foils, and P2 had experiences in
compliant mechanisms [46]. We compensated each participant with a
$20 worth local product.

5.8.2 Procedure and Tasks

The studies were performed in person for all participants aside from P9,
where the study was done via video conference. Each study took around
one hour and was recorded via audio, video, and screen recording with
consent.

Each study consisted of three parts. First, the participants signed
a consent form and answered to biographical questionnaire (10 min).
Second, we showed examples of SCIs [28, 135], and asked the participants
to brainstorm ideas for new shape-changing interfaces they want (20
min). To help them brainstorm, we asked them to think about their work
and daily life. We also provided them a few ideas from other participants
when they wanted [114]. They were then asked to choose one of the
ideas to design for the rest of the user study. Lastly, we demonstrated
our printed widgets and two example applications (umbrella pusher
and anti-rain phone case) and asked the participants to 3D model their
ideas using MorpheesPlug plug-in in a think-aloud manner (30 min).
We showed them how to use the plug-in and supported them when
they do not know how to use other Fusion 360 functions. After the 3D
modeling, we asked them questions about strengths and weaknesses
of the MorpheesPlug plug-in. Note that the Auxetic widget was not
implemented in the plug-in at the moment of the study.

5.8.3 Results

Three of the authors analyzed the transcribed interviews from all the
participates. We specifically focused on the design rationale we discussed
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earlier in the paper. Additionally, we wanted to understand the usability
of MorpheesPlug plug-in and the potential direction for enhancing the
plug-in.

5.8.3.1 General response

Overall, all participants were excited when seeing our widgets and
example applications, showing both the potential novelty and usability
of MorpheesPlug for designing SCIs. P10 stated: “It was relatively
straight forward and intuitive... 7. P4 was enthusiastic in seeing all the
widgets we developed and exploring their actuation.

5.8.3.2  Reducing authoring time and complexity

All participants agreed that the authoring time and complexity of
designing from scratch is reduced by our plug-in. All participants except
P8 could closely design what they sketched using the plug-in. This
demonstrates the potential for fast adoption of our toolkit plug-in for
designing novel SCIs. P3 emphasised that our plug-in “... only required
a little bit of modification to execute my idea.” Similarly, P6 stated
that they were “positively surprised at how easy it was to implement
a version of my sketch using the basic shapes available.” This positive
response is likely due to our plug-in providing ready to use widgets,
where users do not need to design from scratch.

In terms of customisation, participants also stated that they would
like to directly edit the widgets by dragging arrows (e.g., for stretching
etc) and not only use numeric input for parameters when creating the
widgets. Two participants also commented that they wanted to edit more
parameters. For example, P3 wanted one and a half layers in Accordion
and P4 also wanted to change the length of gap in Accordion, which is
currently fixed to lcm.

5.8.3.3  Empowering new audiences

Complex 3D modeling can be a barrier for non-expert users who want
to step in the area of SCIs. The four novice participants we recruited
appreciated that our plug-in enabled them to create 3D models without
expert skills required. The 3 out of 4 novices (P6, P7, P10) were able
to understand the concept of SCIs, the actuation capabilities of our
widgets, and design their own 3D model from their sketches.

5.8.3.4 Integrating with current practices and infrastructures

MorpheesPlug aimed to use existing, consumer-level tools to fabricate
SCIs. To achieve this, we built the widget design software as a plug-in for
Fusion 360. Participants who had experiences with Fusion 360 showed
efficiency of creating their intended designs. For example, P2 was able
to create a relatively complex shape in less than 30 minutes (see Figure
5.12). They created Bump widgets and added rigid parts around them
as a handle to hold a pen by squeezing one bump widget.
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Bump widgets
with an air channel

Rigid body to hold
a pen and press

Pen one of the Bump widget

Figure 5.12: Idea sketch and its 3D model from P2. It is a pen-pressor to help
people who lack fine motor skills. The two Bump widgets inside
of the rigid body has an air channel between them. Users can
press the rigid body to compress one of the widgets, and the air
in the widget would travel to the other widget to press the top of
the pen.

On the other hand, users who were not used to 3D modeling or
Fusion 360 struggled with using functions other than the MorpheesPlug
plug-in. They had to tell us what they want to do, and we had to tell
them where the related functions are and how to use them. It hindered
them from exploring and editing the 3D models. To make MorpheesPlug
widespread, we need to create plug-ins for other CAD software or develop
an independent software.

5.8.3.5 Enabling creative exploration

The plug-in enabled creative exploration by letting users explore the
widgets and their parameters. As P3 explained: “Another advantage
would be to see that. You know, not all the time we can imagine all
the possible shapes. When you have a plug-in, you see an idea where
to start with, ‘Okay, this may be possible’ ... Probably I can also do
something with that...just by looking at the module I can learn what
are the possibilities”.

However, the difficulty of editing the widgets caused difficulties for
users (especially novices) to freely explore the widgets. More than one
participant revealed the desire for characterization of widgets as well as
real time simulation of shape-changes for better understanding how the
widgets would behave. Another suggestion for improving the creativity
was having random or irregular shapes automatically generated for users
to explore the properties of shape changing widgets (P3).
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5.9 DISCUSSION AND FUTURE WORK

MorpheesPlug’s widgets are able to express seven of the eleven shape-
changing features detailed in the Morphees+ taxonomy [53]. We inten-
tionally focused on features of this space that resulted in significant
physical change, what meant that features like granularity, stretchability,
strength, and speed are not in the scope of this work. As mentioned
earlier, we use a constant pressure of 100kPa to power our module and
widgets, which causes smaller widgets to be actuated quicker than larger
ones. Future work can explore how to employ pneumatic actuation to
represent these features by using techniques such as jamming [27], or by
dynamically regulating pressure to vary actuation speed.

Future work can also continue to explore the effects of different fab-
rication parameters on the shape-change potential for MorpheesPlug
widgets. For example, our Fold widget not only changes length when
actuated, but also curvature as the surface becomes uneven and round.
This effect is caused by the homogeneous thickness of the outer walls of
the widgets. There is opportunity to explore the effects of such parame-
ters to more precisely control how each widget expresses its respective
shape-changing features.

Conversely, while we were able to successfully fabricate shape-changing
widgets using consumer-level elastic filament (Ninjaflex, shore 85A) on
off-the-shelf hardware, the limited elasticity of this material reduced
the shape-changing capability of our designs. For example, when we
fabricated our Fold widget with 1 cm height, its shape varied very little
when inflated. More elastic materials, such as silicone, could allow larger
shape change on smaller objects, at the expense of ease of fabrication.

Continuing, although our control module only presents a single air
output to actuate the widgets, designers can actuate multiple widgets
in tandem by making use of Y-splitters to connect multiple widgets
to a single module. Additionally, while a single computer can control
multiple modules, these must be connected via USB. We plan to explore
different ways to control our modules (e.g., via Bluetooth, or WiFi), and
alternatives for controlling various widgets with a single module. These
improvements could benefit the portability of our work.

Once printed, our widgets are airtight, and capable of holding their
shape after actuation. While in our experiments we used a dedicated air
compressor to power our module and widgets, in the future we wish to
explore more-accessible options by testing the efficacy of miniature air
pumps. A further benefit could be miniaturization by embedding pumps
into the control module.

Finally, we plan to evaluate MorpheesPlug in terms of the quality of
interaction. It would be interesting to compare MorpheesPlug to SCIs
that have other mechanism other than pneumatic actuation, such as
mechanical [2] or manual [67].
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5.10 CONCLUSION

In this paper, we presented MorpheesPlug, a toolkit for prototyping
shape-changing interfaces (SCIs). By providing six widgets and using

pneumatic actuation, the toolkit expresses seven shape-change features.

To make the widgets accessible to users, we implemented a plug-in for

CAD software where users can change the parameters of the widgets.

We presented three applications using MorpheesPlug and conducted
user studies to illustrate MorpheesPlug’s ability to express shape-change
features and easily prototype SCls. We envision that MorpheesPlug can
be a first step towards building a standardized toolkit for prototyping
SCls.
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Despite the success of AirTouch, Blowhole, and MorpheesPlug in
facilitating the construction of tangible devices that can sense, and
provide output to user’s interactions, these techniques still require a
computing device to process and identify the provided input, and to drive
the output. This limitation inspired me to think about the construction
of tangible devices where everything is encapsulated in the device: input
sensing, logic processing, and output display. This upcoming chapter is
the result of this exploration.

This chapter, based on unpublished work [122], introduces a toolkit
for fabricating stand-alone tangible devices where all the input, logic
processing, and output display are carried out in the device. In this
chapter I present the set of air-powered widgets that make up the
AirLogic toolkit, and the underlying technologies that enable them.
Additionally, and similarly to the previously discussed techniques, I
developed a design environment to enable users to embed AirLogic
widgets into existing three-dimensional models. Last, this chapter closes
with a set of illustrative applications, and discussions on AirLogic’s
performance and possible directions for future work.

The main challenge undertaken with AirLogic was the design the
widgets that comprise the toolkit. Arriving at the final designs for
the logic widget entailed significant iterations, because of the limited
documentation on the operation of these designs.
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6.1 INTRODUCTION

Abstract

The promise of on-demand fabrication of custom, interactive devices
is closer to reality thanks to recent developments in 3D-printing of
interactive devices. While recent work has presented novel ways to
3D-print artifacts such as speakers, electromagnetic actuators, and
hydraulic robots; these efforts are non-trivial to instantiate, requiring
assembly of circuits or mechanical parts. The present work introduces
AirLogic: a toolkit for the creation of stand-alone, interactive objects
using pneumatic widgets. Objects constructed using AirLogic, require
no electronic circuits, and little to no assembly of physical components.
AirLogic is comprised of a set of 12 pneumatic widgets, and a design
environment, which designers can use to embed input, logic processing,
and output capabilities to existing 3D models. We present an evaluation
of the performance of our widgets, and a four applications that illustrate
AirLogic’s potential.

6.1 INTRODUCTION

In recent years, digital fabrication research has broadened its focus from
fabricating 3D shapes to creating functional and interactive objects,
including speakers [49], electromagnetic actuators [86], and hydraulic
robots [66]. While such objects offer useful functionality, the fabrica-
tion process is often laborious, requiring that end users modify object
geometry [62], assemble circuits [70], or manually insert non-printable
materials [42]. We envision a future where functional devices can be
printed and instantly used, without the need for intervention during
printing, post-print assembly, or training of machine learning models.

As a step towards this vision, this paper presents AirLogic, a novel
technique to fabricate interactive 3D-printed devices that encapsulate all
input, logic, and output as an integral part of the printed structure, and
which are immediately usable once printed. AirLogic accomplishes this by
updating classic work in fluerics® [18], a nearly forgotten area of research
that uses jets of air to perform computation without electricity or moving
parts. While flueric technology was popular in the 70s it largely became
obsolete with the advent of smaller, cheaper, and faster transistors. In
this paper, we show how advances in additive manufacturing enable
current generations of off-the-shelf fused-deposition modeling (FDM)
printers to produce flueric input, output, and logic structures. In contrast
to approaches requiring embedding non-printable material into 3D prints,
AirLogic’s flueric structures are 3D printed as part of the object itself. As
such, AirLogic allows designers to prototype objects that are instantly
interactive once 3D printed.

This work contributes to the existing track of research on embedding
functionality in objects during the fabrication process in order to facili-
tate and speed-up prototyping interactive devices [48, 86, 128|. AirLogic

1 More commonly called fluidics; we use fluerics to avoid confusion with microfluidics.
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is therefore a step in fulfilling the vision of fully 3D-printed interactive
devices. This work contributes:

1. A set of 12 pneumatic widgets, consisting of input, output, and
logic gates that can be fabricated using consumer-grade FDM
3D-printers.

2. A software plugin for Autodesk Fusion 360 that makes the pneu-
matic widgets available to users when designing AirLogic objects.

3. A technical evaluation to characterize the workings and perfor-
mance of the pneumatic widgets.

4. A set of example applications that illustrate AirLogic’s use in
various scenarios.

6.2 AIRLOGIC OPERATING PRINCIPLE

AirLogic operates using pneumatics; however, unlike previous approaches
which required complex fabrication techniques [42, 115, 131] or were
limited to sensing input points [121, 123], AirLogic uses a single-step
fabrication process and senses a variety of input events, performs simple
computations based on those events, and creates output based on the
computations. The key principle is that—inspired in part by fluerics—we
use 3D-printed geometry to enable a continuous flow of air to act as
a power source, allowing AirLogic to perform functions analogous to
those preformed by electrical circuits. Here we briefly explain how each
of AirLogic’s three main parts (input, logic, output) work in the context
of the sample object illustrated in Figure 6.6, A; later sections describe
these components in greater detail.

After designing and printing the bunny, the user can immediately
connect it to a pressurized air source using the single input channel
embedded in the object. This air input is analogous to VIN or V+ in an
electronic circuit. The air flows through channels and splitters fabricated
in the body of the object (analogous to wires). The designer has specified
two touch points on the bunny’s surface. These are designed such that
air vents to the atmosphere (analogous to ground) in the absence of
touch. When blocked, however, the channels route the air to a flueric
OR gate (described below). With either touch sensor covered, the air
continues to flow to the oscillating actuator (very roughly analogous
to a motor) embedded in the bunny’s tail, which then wiggles up and
down with the force of the air striking the paddle on its way to the
atmosphere.

While the functioning of the input and output widgets is fairly intu-
itive, the operation of flueric logic gates is less so. These operate on the
principle of momentum transfer between jets of air. The idea is that the
course of an air jet can be changed by the force of another jet striking
it from the side. In the case of the OR gate (schematically illustrated in
Figure 6.2, B), a single jet proceeds directly at an angle through the
central “interaction area” to the output. When both jets are present,
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they collide with each other, canceling each other’s angle, and form a
single coherent jet that exits the output. Of particular note are the vents
to either side of the interaction area in the gate. While the same gate
could be simply formed as a “Y”-shaped pipe, any loading on the output
(e.g. being blocked) would cause back-pressure throughout the system
and impair the functionality of other components. The vents allow any
such negative flow to be safely discharged to atmosphere.

6.3 RELATED WORK

Our work touches upon multiple areas of research including the fab-
rication of interactive objects, fluidics, and analog computing. I have
previously presented an overview of the fabrication of tangible devices
literature (Chapter 2), thus this section describes the current state of
the fluidics, analog computing, and toolkit research.

6.3.1 Physical User Interface Toolkits

AirLogic contributes a technique to fabricate stand-alone interactive
objects using pneumatic principles to the field of physical user interface
toolkits.

Early efforts in physical user interface toolkits adopted a prefabricated
approach, where the different components of the toolkit are fabricated
by a third-party, and end users assemble, but don’t usually modify, them.
One of the first efforts introducing physical user interface toolkits in
the HCT literature is Phidgets [33]. Its authors applied the concepts
of Graphical User Interfaces (GUIs) widgets, to construct physical
interaction controls using reusable components. Further iterations on this
concept introduced connections between the components [10], novel form-
factors [44], or more powerful components [130]. While prefabricating
the different components of the toolkit reduces the design and assembly
work for end users, they are limited to the component manufacturer’s
designs.

To allow more customization, later endeavors resort to custom fab-
rication of their widgets and components. These efforts provide assis-
tance to designers to construct custom widgets. Efforts like Midas [104],
Pineal [62], and PaperPulse [93] enable users to construct widgets in
order to fabricate interactive objects using custom touch sensors to
wrap around existing objects, using “remote widgets” on smartphones
and watches, or fabricating predefined widgets using conductive inkjet
printing. The main advantage of this approach is the increased flexibility
it allows designers to include different types of widgets in different sizes,
as needed. However, this increased flexibility comes at the cost of greater
time and effort during the design process.

AirLogic draws inspiration from both types of physical user interface
toolkits. We provide a set of predefined input, logic, and output widgets,
which are customizable during the design stage, embedded in existing 3D
models, and fabricated using commodity 3D printers. AirLogic supports
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designers by providing a series of pre-validated widgets that can be
re-used if desired, but that allow for enough customization to be used
in a variety of applications.

6.3.2 Non-electrical computing systems

There is a long history in computing of non-electrical computation. The
earliest computing devices, developed before the advent of electrical
circuits, were mechanical: the earliest known computer, the Antikythera
Mechanism (ca. 250-100 BCE) |20], was based on a complex system of
gears, as was Babbage’s proposed Analytical Engine (1837) [13]. Liquids
were also used for pre-electronics computation of complex algebraic [21]
and differential [68] equations.

Despite the modern dominance of electronic computers, researchers
have continued to explore alternative computing substrates, aiming
to overcome limitations imposed by a reliance on electrical circuitry.
Thorsen et al. developed complex microfluidic processors [126] with
application in biology and chemistry. However, fabricating such devices
requires complex industrial processes, and—due to their "micro" na-
ture—they operate at pressures and flow rates too low for actuating
interactive devices [126]. Aiming at robots composed entirely of soft
components, Preston et al. created flexible pneumatic logic circuits based
on kinking embedded soft tubes [90]. Although able to demonstrate
AND, OR, and NOT operations, fabricating the gates necessitates a
complex manual molding process, and incorporation into interactive
objects requires assembly of both circuits and objects.

Recently, Ion et al. demonstrated fully functional 3D-printed inter-
active digital devices comprised of metamaterial-based logic cells [48].
Although theoretically capable of extending logical operations through
any number of gates due to per-gate energy storage via a buckling mech-
anism, these devices must be manually reset after each use to recover
the lost energy.

6.3.3 Fluerics

Although many non-electrical computing systems have potential, none
described in the preceding section are viable for achieving our goal of
fabricating interactive devices requiring little to no user intervention
in the production process. To do so, we require a computing substrate
with the following properties:

e it should be able to be completely produced on a single printer
with no user intervention;

e it should be capable of sensing, logic, and output;
e it should be embeddable in objects during printing;

e and it should be accessible to non-expert users.
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The only available technology that meets all of these requirements is
fluerics or fluidic logic, a nearly forgotten field started in the 1960s and
active through the early 1980s.

The basic principle underlying fluerics is simple: a constant stream
of fluid moving in one direction can be deflected by the momentum of
a second, less powerful, stream applied perpendicular to the first, by
an amount proportional to the strength of the deflecting jet [18, p. 64].
By creating specific geometrical arrangements of channels that shape
and direct the fluid streams, a multitude of operational elements can be
created [30], as shown in Figure 6.2.

Although fluerics was an active research area for nearly three decades,
with widespread commercial application [25], the majority of work in
the space occurred before the popularization of interactive computing
in the 80s (e.g., [26]), limiting flueric interaction elements to simple
buttons [25, p. 240] and one-bit displays [25, p.698]. Flueric technology
was eventually eclipsed by the development of high-speed integrated
electronics; today, the remaining research in fluerics largely concentrates
on its potential for aerospace [24] or industrial [60] applications, leaving
the potential for fluerics-based interactive devices largely unexplored.

In order to make them as small and efficient as possible, fluidic logic
devices were historically produced via chemical etching or machining,
achieving channel sizes as small as 0.5 mm [120]. Such processes are
inaccessible to end users. AirLogic starts with basic flueric concepts
and structures and updates and extends them to enable production on
consumer-grade 3D printers. Using 3D printing allows us to achieve a
high level of integration, incorporating flueric inputs, outputs, and logic
gates directly into the structure of an object.

6.4 AIRLOGIC WIDGET TOOLKIT

To facilitate making AirLogic interactive objects, we present a widget
toolkit consisting of pneumatic structures for sensing input, for providing
output, and for performing basic logic operations. All widgets have
compatible characteristics and thus allow for interconnecting them to
realize the desired interactive behavior. Below we describe the operational
details of our 13 widget designs.

6.4.1 Input widgets

The internal design of our input widgets are based on an inverted T-joint
as shown in Figure 6.1, A. In its most basic design, pressurized air is
injected on the left and will only continue its trajectory on the right
side of the object when the air vent at the top is blocked.

1. Touch. As shown in Figure 6.1A, touch widgets use the most basic
T-joint design, touching (or otherwise obstructing) the vent at the
top allows the air to continue its trajectory inside the object.
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Figure 6.1: Our five input widgets. (A) Touch, (B) Button, (C), Switch, (D)
Slider, (E) Dial.



6.4 AIRLOGIC WIDGET TOOLKIT

2. Push Button. Embedding a cap and slots inside the T-joint struc-
ture realizes a push button (Figure 6.1, B). The cantilever spring
design ensures the button cap always returns to its original position
when released.

3. Switch. Figure 6.1, C shows the design of a switch. This widget
design integrates a lever and a wedge on top of our basic T-joint
structure. When moving the lever, the wedge covers the sensing
structure, allowing the air flow to continue inside the object.

4. Slider. Our slider widget consists in a series of our basic sensing
structure connected in parallel to the air source in a straight
line. On top of them, is a rail where a handle covers the sensing
structures as it slides. We added stops at each sensing location to
aid the user in finding them.

5. Dial. Similarly to the slider, the dial widget is comprised of a set
of sensing structures, arranged in a circle. Atop these structures is
a channel that guides a handle in circular motions. This handle
has a structure in the bottom that covers our sensing structure
once on top. The dial widget also contains stops at each of the
sensing locations to allow the user to better find them.

6.4.2 Logic Widgets

Our logic widgets were inspired by classic works in fluid logic regarding
jet deflection devices. Our widgets use the momentum of interacting
jets of air to change the direction of the airflow in the system. These
structures lend themselves to the implementation of logic functions
(e.g., AND, OR, XOR, NOT) for their capability to modify the output of
a system based on what inputs are present.

While the majority of our input, and output widgets require moving
parts in order to operate, our logic widgets are capable of computing
digital logic operations by interacting jets of air (see Section 6.3.3).
Our use of flueric structures to represent digital logic operations was
motivated by their capability to carry out logic operations without any
mechanical parts, or electronics. This capability highlights two main
benefits. First, printability. Because there is no mechanical or electronic
parts to assemble, we are able to fabricate the main parts of an AirLogic
object as a single structure, requiring only the minimal assembly of
external moving parts. Second, reliability. The lack of moving parts
means that the inner workings of the object will not degrade with use,
with the added bonus that AirLogic objects are particularly robust
against movements and vibrations.

Below we describe the operation of our four logic widgets.

1. AND. We designed our AND logic gate widget (Figure 6.2-A,1) in-
spired by classic works in flueric jet deflection devices. This design
presents our input controls to the left, and a single output on
the middle right, with vents at the top and bottom. When only
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a single input is present (Figure 6.2-A,2), the flow is directed to
the respective vent channel. If both inputs are present, however,
their corresponding jets collide, redirecting the flow to the output
channel (Figure 6.2-A,3).

2. OR. Our OR logic gate widget (Figure 6.2-B,1) is also based on
classic works in fluerics. This design is made up of two inputs
channel in the left, an output channel to the right, and two vents
in the top and bottom. This design operates as an “inclusive or”,
meaning that if any of the inputs are active (Figure 6.2-B,2), the
flow is directed to the output channel. Additionally, when both
inputs are active, the flow from each combines and the resulting
jet is directed to the output channel.

3. XOR. In order to implement our exclusive or (X0R) logic gate widget,
we make use of the same design previously discussed for our AND
logic gate, varying the location of the output and vents. In this
configuration, the output channels are located in the top, and
bottom right, while the input remain unchanged from the AND
design. When a single input is present, the air jet is directed to
the respective output vents (Figure 6.2-C,1). If both inputs are
present, however, their respective jets collide, redirecting the flow
to the center vent (Figure 6.2-C,2).

4. NOT. Last, our NOT logic gate widget, we likewise utilize the same
design previously discussed for our AND and XOR logic widgets,
with some changes on the location of output and vents. When
employed as a NOT logic gate widget, this design presents an input
and a power channel on the left, and an output in the lower right
with two vents above it (Figure 6.2-D,1). In this configuration the
power channel provides a constant flow of air, which is directed at
the output channel (Figure 6.2-D,2). If there’s flow incoming from
the input channel, this jet collides with the power jet, causing the
flow to be redirected to a vent (Figure 6.2-D,3).

6.4.3 Output Widgets

We were interested in displaying output in as many modalities as possible.
We developed different air powered widgets that can present acoustic,
visual and vibrotactile output as the result of the logic operations carried
out by our logic widgets.

1. Pin. Inspired by research in shape-changing interfaces [28], we
designed our pin widget to provide visual output as a result of our
logic operations (Figure 6.3-A). Our pin widget is comprised of
a cylindrical piston inside a camber. This piston can be actuated
using compressed air, reaching a height of up to 4 cm.

2. Whistle. Our whistle widget (Figure 6.3-B) is used to provide
acoustic output as a result of a logic operation. This widget is
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Figure 6.2: AirLogic logic widgets. (A) AND, (B) OR, (C) XOR, (A) NOT.

made up of three main components: an intake, a fipple, and a
chamber. Air resulting from our logic operations enters the whistle
widget through the intake, and exhausts through the fipple, making
a tone while doing so. By varying the size of the internal chamber
in our whistle, we can change the tone generated [43].

. Oscillating actuator. Another manner to provide visual output is
to agitate sections of an AirLogic object. To do so, we constructed
a wiggler widget (Figure 6.3-C), comprised of a lever that is pushed
by incoming jets of air. When moving, the lever shortly falls out of
phase with the air jet, and returns to its original position, causing
it to be pushed once more.

Vibration motor. In order to provide vibrotactile feedback on an
AirLogic object, we designed a vibration motor widget (Figure 6.3-
D). This widget operates similarly to electronic vibration motors
commonly found on smartphones, where a mass is spun up to
create different vibration patterns. In our design, air incoming
from our logic widgets spins a fan-like structure, causing vibrations
in the AirLogic object.
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Figure 6.4: The widget library (right) and a Dial widget dropped by using
the interface. In the interface, users can choose widgets and insert
them into their design.

6.5 DESIGNING AIRLOGIC OBJECTS

AirLogic offers two strategies for designing interactive objects: a proto-
typing workflow that allows for rapid testing, and a design pipeline for
embedding AirLogic widgets inside existing 3D models.

When prototyping the desired interaction, the designer can construct a
transit using our encapsulated widgets. These widgets can be connected
using off-the-shelf 6 mm wide plastic tubing, and powered by a constant
air source. Once the design is completed, it can be translated to an
existing 3D model.

Further, to aid designers augment their 3D models with AirLogic
functionalities, we developed a widget library, available as a plugin
for Autodesk Fusion 360, shown in Figure 6.4. Our library contains
instantiated versions of all of our widgets, enabling the designer to
embed input, logic processing, and output capabilities to existing 3D
models in a single step. The design process starts by importing an
existing geometry into the CAD software. Once loaded, the designer
selects the desired input, logic and output widgets to use. Last, using
an algorithm similar to PipeDream [103], we create channels connecting
the widgets.

While prototyping with encapsulated widgets is a heavily manual
process for the designer and involves making many connections, fab-
ricating and assembling an AirLogic-powered 3D model with internal
widgets requires little intervention. The majority of the object is printed
as a single structure, involving only the assembly of moving parts (e.g.,
button, slider), and aesthetic covers.

6.6 IMPLEMENTATION

Our logic widget designs are comprised of three main components: two
input channels, an interaction area, and output channels and vents.
We systematically explored the effect of each of these components by
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individually varying them while recording the barometric response of our
designs. We found that using input, and output channels 2 mm, and 5 mm
in width gave us the best trade-off between performance, and pressure
output to further drive our widgets. In order to avoid unnecessary
changes in pressure within our system, we use 5 mm channels to chain
our widgets together.

In order to make our approach accessible to a broader audience, we
chose to implement AirLogic using consumer-grade 3D-printing hardware.
We constructed our test and prototype objects using both FDM and SLA
technologies: an Ultimaker S3, a Creality Ender 3 Pro, and a Formlabs
Form 2. During our tests, we discovered that the printing layers can
cause unwanted turbulence when air flows through our air channels,
negatively affecting the performance of our designs. We mitigate this
issue by fabricating our prototypes using a minimum layer height of
0.03 mm.

In addition to focusing our efforts to enable AirLogic with consumer-
grade 3D-printing equipment, we also designed AirLogic to be imple-
mented using single-material printers. While this allow us to reach a
broader audience, it came at the cost of very minimal assembly of moving
parts. Multi-material printers can construct AirLogic objects as a single
structure by embedding dissolvable, or breakable support materials,
however AirLogic objects constructed with single material printers must
have their widgets with moving parts (e.g., buttons, sliders, vibration
motors) printed separately and manually assembled.

We constructed an experimental setup to test our AirLogic prototype
designs. This setup was comprised of JunAir 2000-40PD air compressor,
and Festo MS4-LR-1/4-D5-AS valve.

6.7 VALIDATION

To validate AirLogic and assess its practical feasibility, we empirically
evaluated our widgets’ capabilities to fabricate stand-alone interactive
objects, and developed four illustrative applications.

6.7.1 Technical Evaluation

In order to understand AirLogic’s capabilities to fabricate stand-alone
interactive devices, we empirically evaluated our widgets. We wish
to understand the barometric pressure requirements of our designs,
and how they can connect to each other. We recorded the barometric
pressure responses of our designs by measuring the relation between
the barometric pressure provided to our designs with the barometric
pressure they discharge. We repeated this measure for 5 distinct input
pressures, for all of our widgets, while noting if the widgets were working
as expected.

This experiment enables us to understand two main qualities of our
designs. First, it allows us to understand the operating pressure ranges
for our designs by identifying the pressures where our widgets perform

7



6.7 VALIDATION

= 309 e Touch i
e AND
§2°7 + OR
E [ ]
L 20 A
©
o
n 15 A
g :
% 10 1 . 4
C
8 - ) L]
[a 5 ®
5 10 15 20 25 30

Pounds per Square Inch (PSI)

Figure 6.5: Pressure losses

bests. Second, it informs the pressure needs of our designs by establishing
the losses in barometric pressures to be expected in our designs.

To carry out our evaluations we constructed an evaluating setup
consisting of a JunAir 2000-40PD air compressor, a Festo MS4-LR-1/4-
D5-AS valve, an analog Panasonic PS-A (ADP5) barometric sensor. We
printed encapsulated versions of our widgets, and connected their output
channels to our barometric pressure sensor using off-the-shelf rubber
tubes.

6.7.1.1 Results

Our tests uncovered that the operating pressures of our widgets vary
with their type. Our input widgets perform best when powered with
a constant air source with pressures from 50 kilopascals (kPa), to 200
kPa. In contrast, our logic widgets presented an operating range of 50
to 300 kPa, while our output widgets operate best when actuated with
pressured from 150 to 250 kPa.

In addition, we found that, in average, our logic widgets lose half of
the input pressure when processing their respective operations, while
our input widgets designs present a neglible pressure loss. We did not
evaluate the pressure losses of our output widgets, as they are intended
to be the last element in our designs. A detailed view of our results can
be found in Figure 6.5.

6.7.2 Example Applications

In this section we present a series of applications constructed using Air-
Logic. These applications illustrate AirLogic’s capabilities and potential
for fabricating stand-alone, custom interactive objects without the use
of any electronics. These applications were not constructed, but their
behavior was simulated using fluid dynamics simulation software |7].
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6.7.2.1 Interactive bunny

Using our touch, OR, and wiggler widgets, we constructed an interactive
bunny that wiggles its tail when pet in the correct locations.

Figure 6.6: Interactive bunny

6.7.2.2 Pitch switch

We used our slider, button, AND, and whistle widgets to fabricate a pitch
selector. The user selects the frequency she wants to play using a slider,
and when the “play” button is pressed, the desired tone is played using
the respective whistle.

6.7.2.3 Interactive puzzle

By modifying our button widget, we constructed an interactive puzzle
using the letters U, I, S, and T. When arranged in the correct order to
spell UIST, a pin with a flag attached is raised.

6.8 DISCUSSION & LIMITATIONS
6.8.1 Chaining logic widgets

While our applications illustrate the capacity of using multiple logic
widgets in an AirLogic object (see Figure 6.7.2.2 and Section 6.7.2.3),
this functionality is limited in our current implementation. During ex-
ploratory tests we found that our logic widget designs could be connected
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Figure 6.7: Pitch slider

three different ways: in parallel, balanced chained AND, and chained OR.
We are not able to support unbalanced chained AND, and combinations.

The paramount reason that we can’t do these things is that our AND
design is reliant on identical pressures on both input channels in order
to function correctly. If one channel has more pressure, and therefore
more momentum, than the other, it pushes the jet towards the top-right
channel, rather than the middle right. This means that, if an AND widget
were to be connected after an OR, which can be activated using one or
two inputs, we would have to dynamically regulate the pressure of the
second input for our AND widget depending on the number of inputs
used in the previous OR widget.

In future iterations of this work we aim to tackle this issue by stan-
dardizing the output from our logic widgets. Doing so will guarantee
that the results from our logic operations will have the same pressure
profile than our input widgets, no matter how many inputs are used
to actuate them. To achieve this, we will explore two avenues. First
we will research the use of active fluidic designs to construct our logic
widgets. Our current designs are based on passive fluidic logic devices,
where the the operation is performed using flow coming from the inputs.
Using active designs, which contain a continuous air jet inputs interact
with, will mean that the output barometric pressure for our widgets is
always the same: that of the power air jet. Second, we will explore the
use of fluidic amplifiers [18]. These structures increase the velocity of
an incomming jet of air by switching an existing, constant jet from one
outlet to another.

6.8.2 Exploring different fabrication methods.

During our explorations we constructed our widgets using both FDM
and SLA printers. Interestingly, despite their higher resolution of 25 mi-
crons, widgets fabricated using SLA printers performed worse than those
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Figure 6.8: Interactive Puzzle

constructed with FDM ones. We suspect this is due to the fabrication
pipeline of SLA printers where the resulting object needs to be washed
before it is cured. If some resin deposits remain in our air channels after
the wash, they will turn into partial blockages once cured. These block-
ages, given the small size of our channels, and high pressure sensitivity
of our designs, can adversely affect our performance. To validate this
theory, we fabricated a single AND, and washed it using fresh isopropyl
alcohol, obtaining promising results, however, more experimentation is
still needed.

Additionally, we wish to explore subtractive fabrication methods for
constructing our widgets. We believe that because of its high precision
and clean cuts, laser cutting equipment presents a promising alternative
to fabricate AirLogic objects. While AirLogic objects constructed using
laser cutting equipment would require significantly more manual assem-
bly than our current implementation and would likely be limited to 2D,
we envision a further iteration of our design environment to provide
stencils and assembly guides for AirLogic designs fabricated on such
machinery.

6.8.3 Comparison with electronics

Despite the potential interactions that AirLogic enables designers to
embed into 3D-printed objects, it falls short of what can be enabled
using off-the-shelf electronic toolkits such as Arduino 2. While electronic
toolkits allow for greater flexibility and variety of interactions, it comes
at the cost of complex assemblies. In order to create an interactive
device using an off-the-shelf electronic toolkit, the designer must posses
engineering expertise in order to chose the correct components, assemble

2 https://www.arduino.cc/



6.9 CONCLUSION

them into a working circuit, and translate said circuit into a digitally
fabricated enclosure. In contrast, AirLogic objects require no electronics
to operate, and minimal assembly of physical parts.

In order to increase the expressivity of our technique, we will explore
novel structures to represent more intricate operations such as timers,
proximity, temperature, and light sensors. However, even with the in-
clusion of these new capabilities, we envision AirLogic objects not as
a technique to replace traditional electronic components, but to com-
plement them. Objects constructed using future iterations of AirLogic,
can serve as single purpose computers, where they fulfill very specific
actions, without the need of any electronics. For example, a designer
can fabricate an umbrella reminder that is triggered when going for the
door, and it is raining.

6.8.4 Other air sources

All interactive devices require a power source to operate. In the case of
electronic devices is electricity, and for AirLogic devices is air. The main
issue with AirLogic objects is that, while electricity can be contained
inside batteries, they require a constant air source to operate. We utilized
an air compressor (JunAir 2000-40PD) to power our prototypes and
widgets, however other air sources can be used to power our widgets.
Informal experiments showed that users can power our logic structures
using their lungs, and designers can use our characterization results to
calculate the specific pressure requirements of their designs, and choose
their air source accordingly.

6.9 CONCLUSION

In this paper, we presented AirLogic, a physical toolkit to fabricate
interactive 3D printed objects. We presented twelve pneumatic widgets
that can used used as input, logic gates, and output. Those widgets
allowed us to fabricate small interactive intelligent object without any
electronics or coding. To enable a wide range of users such as designers,
teachers, parents, and researchers, we shared the raw 3D models of the
twelve widget. Further, we created a software user interface to copy,
modify, and extend them via an open source platform. We believe our
work brings fabrication research one step closer to make "objects that
can think."
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DISCUSSIONS & IMPLICATIONS

This thesis has presented a set of techniques that enable the construction
of interactive, tangible devices without requiring any domain experience
(e.g., assembly of printed parts and circuits, or calibration of machine
learning models). To conclude, I discuss how each of the proposed tech-
niques moves the state-of-the-art closer to the Print-and-Play Fabrication
ideal, and highlight some paths for future work.

7.1 DISCUSSION OF PROJECTS

The main takeaway from this thesis is this: in order to realize the
fabrication revolution, and enable designers to construct on-demand
tangible devices, the fabrication of this devices should be as streamlined
as possible. Ideally, digital fabrication equipment should abstract most, if
not all, of these complications and enable designers to fabricate tangible,
interactive devices that are immediately usable after fabrication. This
ideal scenario is what I call Print-and-Play Fabrication: a fabrication
paradigm where tangible devices are printed, not assembled.

In this thesis, I have presented four Print-and-Play techniques: Air-
Logic, Blowhole, AirLogic, MorpheesPlug; each aimed to address specific
barriers in sensing, processing, and providing output to user’s interac-
tions. While this thesis has been aimed for the understanding of the
general scientific community, the design and schematics of each of these
projects have been open-sourced upon the publication of their respective
manuscripts, enabling not only researchers but non-expert designers to
experiment with the proposed techniques.

I envision that, mirroring the process of creating graphical user inter-
faces, a Print-and-Play Fabrication toolkit will abstract the interactive
mechanisms from their respective techniques. For example, designers
can specify “a touch location here”, “a linear actuator there”, and the
system would create the desired tangible device, with the specified inter-
action modes. Continuing, once the tangible device has been designed
successfully, the toolkit must be able to aid with the required software
deployment. For tangible devices that can sense user’s interactions, I
envision this to be approached in two manners. For non-expert users, the
Print-and-Play Fabrication toolkit can allow some form of programming
by example, where designers specify locations in the model and link
them to specific actions; similarly to how Blowhole’s design environment
operates. More expert users, on the other hand, can obtain pre-trained
machine learning models to embed into their applications.

In addition to contributing to the digital fabrication community, the
work I present in this thesis builds on the larger trend in computer
science, specifically Human-Computer Interaction, where computing
devices are imbued with domain expertise to support users. Although
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previous explorations of this concept in a digital fabrication setting have
been aimed at preserving user creativity and agency [137], the work
discussed above aims to abstract the complexity of creating tangible
devices into the fabrication process using 3D printers. By removing the
complexities of constructing tangible, interactive devices and instead
abstracting them into fabrication pipelines, we can enable non-expert
designers and hobbyists to create on-demand tangible devices without
requiring extensive domain expertise, making the fabrication revolution
ideal closer to reality.

A potential development that might change the performance of the
projects discussed above is the advent of new fabrication machines, or
the increased accessibility of higher-end, current ones. While some of the
barriers that previous endeavors face may be overcome by improvements
in digital fabrication equipment (e.g., complex support material re-
moval [61], or manual fabrication procedures [42]), others efforts present
intrinsic barriers in the way they enable the construction of tangible de-
vices. For example, in Sauron [99], Savage et al. use video cameras placed
in the interior of the object to track user’s interactions. Although fabri-
cation methods will improve over time, to create Sauron-enabled objects,
designers will be required to embed cameras, mirrors, and reflectors inside
their fabricated objects, with all the complications this process entails.
Another effort that presents similar barriers is ./trilaterate [109],
by Schmitz et al. While their fabricated objects are printed as a single
structure using multi-material printers, the chosen way to identify user’s
interactions, trilateration, will require post-print calibration by user,
and by object. This stands in contrast to the techniques included in
this thesis, where the advent of new fabrication technologies will only
improve their performance. For example, higher resolution printing can
enable AirTouch to embed more touch-sensitive locations throughout the
model, or breakthroughs in flexible materials can allow MorpheesPlug
to construct a wider range of shapes without the use of internal support.

Last, in this thesis I have presented a series of projects that enable
Print-and-Play Fabrication using air-powered objects, via custom in-
ternal structures. As mentioned previously, the use of air as a driving
mechanism for the proposed techniques was motivated by two main fac-
tors. First, the ample study on fluid behavior, allows for the design and
construction of custom interior structures to leverage various physical
phenomena for constructing tangible devices that can sense, process, and
provide output to user’s interactions. Second, thanks to the broad un-
derstanding of fluid behavior, we can employ these concepts to construct
pre-trained machine learning models, or use their respective mathemati-
cal equations, to identify user’s interactions. While these principles of
fluid behavior are applicable to most fluids (e.g., water, oil, other gases),
the use of air permits for a “cleaner” operation. Compressed air sources
are widely available, and used air can be safely discharged into the atmo-
sphere. This does not mean, however, that only air-powered approaches
can be Print-and-Play. As mentioned previously, any technique that can
allow the construction of tangible, interactive devices without the need
of complex post-print activities, or prohibitive fabrication pipelines is a
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Print-and-Play Fabrication technique. For example, recent work from
Schmitz and colleagues present a very interesting way to tackle assembly:
using magnets and conductive filament [108]. The objects fabricated
using this technique are constructed in two parts: an “Oh Snap! board”
which houses a microcontroler with the logic, and the printed object
itself.

7.2 DIRECTIONS FOR FUTURE WORK

Throughout this thesis, I have laid out possible directions future re-
searchers can improve each project. Moving from per-project improve-
ments, this section aims to discuss how Print-and-Play Fabrication can
be improved by future explorations.

7.2.1  Support for multi-material printing

All through the projects that make up this thesis, I have made a conscious
decision to construct tangible, interactive devices using single-material
fabrication pipelines in order to increase the potential audience of each
technique. Future efforts researching new Print-and-Play techniques
for constructing tangible devices can explore the use of multi-material
fabrication pipelines. Significant work has already been carried out by
Schmitz [105] using a combination of conductive and nonconductive
materials to construct tangible devices. While these efforts are not
truly Print-and-Play, as they require post-print activities including
carefully pouring liquids into the object, machine learning calibrations,
or attaching multiple points of contact, they highlight the promising
possibilities of using multi-material fabrication pipelines to construct
interactive objects.

In addition to using conductive and nonconductive material to con-
struct tangible devices, future work can explore the use of metamaterials
to create new composite materials, tailored for specific functions. The
use of multi-material fabrication pipelines has the potential for enriching
the vocabulary of interaction modalities, while still remaining Print-and-
Play. For example, the use of auxetic metamaterials can enable a variety
of haptic feedback when interacting with the printed device.

7.2.2  Support for other interaction modalities

The work discussed above focuses on demonstrating the possibilities
of constructing tangible devices with little designer intervention post-
print, rather than exploring a variety of interaction modalities. An
interesting direction for future work is to investigate Print-and-Play
Fabrication techniques to construct tangible devices that expand on
the interaction modalities presented in this thesis. I speculate future
research can approach this in three main ways: techniques that provide
richer touch input, techniques that provide rich output, and techniques
for constructing tangibles that can sense their environments.
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In order to enable richer touch interaction on tangible devices, future
research on Print-and-Play Fabrication techniques should explore two av-
enues: deformation sensing, and multi-touch. All the sensing techniques
presented in this thesis are tailored for interaction on hard tangible
devices. An interesting direction for future work to explore is the imple-
mentation of Print-and-Play techniques that enable reliable deformation
sensing in soft, and flexible objects. Regardless of the technique cho-
sen to implement this interaction modality (e.g., pneumatic, acoustic,
or electric sensing), I believe the main challenge in implementing this
interaction modality in a Print-and-Play fashion will be the removal
of per-object calibration of machine learning models. Because of each
object’s varying geometry, interacting with different object should yield
different results. Inspired by AirTouch’s success in reusing machine
learning models for tangible devices of varying geometries, future work
can explore the use of custom, stable interior structures for deformation
(e.g., press, squeeze) sensing.

Continuing, I have presented two techniques for the construction of
efforts that are able to respond to touch interactions: AirTouch and
AirLogic. While successful, these efforts can only reliably sense single
touch locations. I have laid out guidelines on how to pneumatically
sense more than one location in Chapter 3, but this approach limits the
number of interaction locations if a multi-touch setup is desired. Future
explorations can investigate other Print-and-Play-friendly techniques
for constructing tangible devices capable of sensing touch interaction in
various locations.

Another direction future work on Print-and-Play Fabrication should
explore is providing richer output to user’s interactions. With AirLogic
I explored ways to physicalize the output of logical operations. These
outputs can also be expanded by future work. For example, AirLogic
presents a vibrotactile motor to provide haptic feedback to its users;
future work can explore other haptic interaction modalities as output,
like temperature. Similarly, AirLogic presents acoustic feedback to its
users using whistles. Future work can explore Print-and-Play ways to
construct speakers, similar to those presented in [49], and provide richer
acoustic output. Continuing, while with AirLogic and MorpheesPlug I
explored different ways to provide visual output to users, future work
can enrich this output modality by investigating in novel ways to embed
displays into fabricated objects. Similarly how [129] employs techniques
closely related to AirLogic to develop a seven-segment display without
requiring electronics or moving parts, future work can investigate novel,
Print-and-Play-friendly techniques to incorporate rich visual output in
tangible devices.

Last, an interesting avenue to explore is the construction of tangible
devices that not only respond to user’s interactions, but to changes in
the environment they sit in. The inclusion of “smart” materials can aid
in the creation of such devices. The use of materials which properties
change depending on their environment can enable the easy construc-
tion of “tangible sensors”. These sensors can respond to environmental
temperature, humidity, or sound, and act accordingly.
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7.2.3  Support for other fabrication equipment

In this thesis I have presented four Print-and-Play ways to construct
tangible, interactive devices using 3D printers. This does not mean,
however, that Print-and-Play devices can only be fabricated using 3D
printers. The main benefit of using 3D printers instead of other fabrica-
tion devices is their capability for constructing three-dimensional shapes
without the need user intervention; whereas using other fabrication
devices require manual assembly post-fabrication. A possible research
avenue to construct tangible devices using laser cutters and CNC routers
is to not only use these devices for the fabrication of the object, but for
the assembly tasks as well.

Despite early explorations in this concept have yielded promising
results [52, 80|, they remain far from the Print-and-Play Fabrication
ideal: [52] is not able to construct tangible devices, but more objects
that can be mechanically actuated, and [80] requires intricate calibration
of the laser cutter mid-print to solder conductive tracings, and combine
previously cut parts. Future endeavors expanding this concept can
explore the use of other materials, e.g., conductive filaments, to simplify
the connection between electronics.
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CONCLUSIONS

In closing, in this thesis I have introduced the concept of Print-and-Play
Fabrication: a fabrication paradigm where tangible, interactive devices
are fabricated instead of assembled. To explore different ways we can
enable Print-and-Play Fabrication, I have introduced four techniques:
AirTouch, Blowhole, AirLogic, MorpheesPlug; each of these tailored to
tackle a specific facet of tangible devices. With AirTouch and Blowhole,
I explore novel ways to provide input to tangible devices. Continuing,
AirLogic investigates interesting ways to represent encapsulate logic
in tangible devices, without requiring custom electronics. Last, Mor-
pheesPlug researches novel ways of constructing devices that can change
in shape, and provide physical output to input and computations.

The work of this thesis illustrates that a promising approach for en-
abling Print-and-Play Fabrication is to embed custom interior structures
in three-dimensional models to leverage fluid, in this case air, behavior to
enable sensing, logic processing, and output display. I have demonstrated
that using this concept we can construct tangible, interactive devices
that can sense, process, and display output using consumer-grade 3D
printers that are immediately usable after fabrication.

The suite of tools I present in this thesis, the techniques used to enable
them, and the space they explore, will hopefully empower designers to
construct tangible, interactive devices using 3D printers, and inspire
researchers to continue exploring different ways to enable Print-and-Play
Fabrication.
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