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Emerging 3D printing technology promises the rapid creation of physical shapes. With
increasingly accessible and low-cost consumer-grade 3D printers, end-users can create cus-
tom objects with diverse materials (e.g., rigid plastics and elastic resins) and 3D printing
processes such as Fused Deposition Modeling (FDM) and Stereolithography (SLA). How-
ever, 3D-printed objects are typically static with limited or no moving parts. Creating
3D printable objects with kinetic behaviors such as deformation and motion is inherently
challenging. For example, designing 3D kinematic models requires expert knowledge of me-
chanical mechanisms, and assembling movable 3D-printed parts is error-prone. To address
these problems and enrich the literature for making movable 3D-printed parts, I introduce
a novel design and fabrication approach that uses parametric spring-based mechanisms to
augment 3D-printed objects with non-static capabilities, such as deformation and actuation

for interactions.

In this dissertation, I first investigate how movable 3D-printed objects are made and
how prototyping kinetic objects can benefit from 3D printable springs through a large-
scale analysis of kinetic creations on Thingiverse. Then, I develop a series of novel design
techniques and tools for end-users to design and control 3D printable kinetic objects for
interactivity, including physical deformation and haptic feedback, self-propelled motion,

and sensing through structural deformation. Finally, I evaluate these techniques and tools



using a wide variety of example applications emphasizing different application domains.
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Chapter 1
INTRODUCTION

3D printing, as an emerging prototyping technology, promises to enable designers and
makers to rapidly create physical objects [7], from a rigid Stanford bunny to complexly
textured decors. The past decades have seen an increase in sales for the 3D printer market
(Figure 1.1). As a result, people have easier access to affordable desktop 3D printers at
home, and traditional large-scale manufacturing has shifted toward personal-scale digital
fabrication [7]. Meanwhile, home 3D printers have been developed to support various 3D
printing methods, such as Fused Deposition Modeling (FDM) and Stereolithography (SLA),
and materials like rigid plastics and elastic resins. All these technological advances enable

L can be

a wide variety of applications (Figure 1.1). For example, a Master Yoda figurine
printed on a ~$400 FDM desktop 3D printer using PLA materials, while precise dental
splints can be printed on an SLA 3D printer using a biocompatible material-Dental LT
Clear Resin.? However, while 3D printing technology has long been touted as a technique
to revolutionize manufacturing, transform rapid prototyping, and enable personalized fab-
rication, most 3D-printed objects created with home 3D printing are still made with static
forms [1, 141, 8] and lack interactivity, which limits the potential of 3D printing technology
and the creativity of 3D model makers.

Converting static 3D models into non-static and interactive objects, however, is in-
herently difficult and introduces unique challenges in Human-Computer Interaction (HCI)
[21, 18]. First, there are high barriers to making kinetic objects. For example, to make
a functional watch, the designer needs to have knowledge of the underlying mechanical

principles. Prior experience with fabrication, such as 3D printing or laser cutting, can also

help with the design decisions. When the making involves manual assembling, additional

Master Yoda sculpture: https://www.thingiverse.com/thing:4038181

23D printing dental splints: https://dental.formlabs.com/uk/indications/splints-and-occlusal-
guards/guide/
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Figure 1.1: There is an increase on the sale of 3D printers from 2007 to 2019 before the
pandemic (left). The common 3D printing methods include FDM, SLA, SLS, etc. and 3D
printing applications benefit from the advances of 3D printing technology and 3D printable
materials (right).

crafting skills are also needed. Second, 3D models of kinetic objects are not straightforward
with existing Computer-Aided Design (CAD) tools. CAD tools are made for 3D modelers
to create custom rigid components, such as individual machinery parts (e.g., Solidworks?)
and organic 3D shapes (e.g., Rhinoceros 3D 4). There is a high learning curve for end-users,
especially novices, to master advanced operations with the complex CAD interface in or-
der to design and parameterize kinetic structures precisely (not all CAD tools support the
parametric design of 3D models). Finally, assembly is usually cumbersome and error-prone
for those complex models that need combinations of multiple parts. For example, creat-
ing a functional 3D printable pull-back car model requires trial-and-error to determine the
right tolerance for inter-engaged gears and a strict sequence for a complete and successful
assembly.

Recent work has explored making movable 3D printable objects by embedding 3D print-
able mechanically functional components, such as joints [16], hinges [89], and metamaterials
[41]; these components are traditionally used in machinery and material sciences. With the

capabilities of 3D printers, these mechanical components can be modeled, printed, and em-

3Solidworks: https://www.solidworks.com/

“Rhinoceros 3D: https://www.rhino3d.com/
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Table 1.1: Commonly used 3D printable kinematic mechanisms and actuation controls to
achieve kinetic behaviors.

Primary 3D Printable Kinetic Mechanism

. . Others (crank, cam,
Joint & Hinge Microstructure Linkage Gear

telescoping, etc.)

Articulate [13, 16],
Shear [41, 44], controllable
Manual rotate & move [121], Rotate & Controllable
deformation [10, 83, 104], Rotate [14, 48]
Control transform [79, 91, 136, 142], oscillate [38, 92, 138, 129] deformation [134]
articulate [110]

compress, stretch, & bend [131]

Actuation Transform [4],

Bend [73, 89, 94]
Type Environmental move & rotate [82],
controllable deformation [45]
Stimuli controllable
compress & stretch [68]
deformation [26, 27, 29, 54, 124, 125]

Controllable
External Controllable movement [71], Controllable deformation [20], Controllable
movement [61, 64, 128],
Actuator bend [90] controllable movement [55] movement [77]
move [62], rotate [72]

Rotate 108, 109]

bedded into 3D objects to achieve kinematic movements, such as articulation [13, 16] and

rotation [72], which are otherwise impossible with static 3D models.

Another research direction uses environmentally responsive materials such as foams [50]
and thermoplastics [124]. Most of these approaches are used for creating shape-changing
interfaces under strict control of environmental stimuli [26, 124, 27, 89]. Finally, researchers
have also explored novel fabrication machines and methods to enable fabricated devices
with kinematic properties [40, 86, 85]. These approaches require sophisticated fabrication
processes or custom fabrication machines to achieve desired behaviors. For example, a
custom printer head was designed and created for wool yarn feeding and printing wool-

based elastic objects [40].

Table 1.1 summarizes a few commonly used 3D printable kinematic mechanisms and
actuation controls for kinetic behaviors. Building upon prior work, I found that 3D printable
springs have not been extensively studied for 3D printing but present interesting potential
to make 3D printable kinetic objects [23]. Therefore, my dissertation aims to answer two
research questions: What kinetic objects can be created using 3D printable springs for new
interactive applications? and How can we enable end-users to design and control these 3D
printable spring-based objects?

To answer these questions, I first investigate how makers create kinetic 3D models in

general, focusing on how springs are used in 3D printing through a large-scale study on



Thingiverse. Then, I identify three behaviors that 3D printable springs can support for in-
teractions: deformation, actuation, and I/O functions, such as haptic feedback and sensing.
I propose spring-based kinetic mechanisms that are parametric and can be embedded in
fabricated objects for desired kinetic behaviors. Finally, by controlling the mechanical and
material properties of these spring-based mechanisms, I demonstrate the potential of this
approach for adding deformation, actuation, and sensing capabilities to custom fabricated
objects, which also informs a new spectrum of personal fabrication applications (Figure

1.2).
1.1 Mechanical Springs for 3D Printing

In contrast to other kinetic mechanisms explored for 3D printing, mechanical springs offer a
variety of unique benefits as the primary mechanisms studied and used in my dissertation.
First, they support various parameterizable deformation behaviors (e.g., compress, stretch,
bend, and twist) [11]. Second, they are ideal to store energy when deformed and produce
the driving force by releasing the stored energy [11]. Finally, they offer versatile functions
when combined with other mechanical components, such as gears [108] and levers [117].
The compelling potential of mechanical springs opens up new opportunities for end-users
to create non-static 3D printable objects for interactions. Unlike off-the-shelf steel springs
usually manufactured on demand, 3D-printed springs allow users to freely customize, rapidly
fabricate, and easily embed desired spring forms into arbitrary 3D models.

While researchers have reviewed some spring forms for 3D printing and laser cutting,
such as leaf springs [9], planar flexures [59, 140], and spiral springs [46, 113, 117], three key
challenges prevent them from being widely used in FDM 3D printing. First, due to the
anisotropic characteristics of FDM 3D printing, the performance and mechanical properties
of 3D-printed springs are primarily influenced by the printing orientation. Second, since the
mainstream material supported by consumer-grade 3D printers is plastic, 3D-printed springs
are less durable, and the print quality mainly depends on the 3D printing methods. Finally,
although springs support expressive deformations, designing, customizing, and controlling
the deformation is complex.

In my dissertation, I first investigate how spring performance is affected by varied print-



ing settings (e.g., printing orientation, infill density) and explore application scenarios where
plastic 3D-printed springs are appropriate for desired functions. Further, I develop custom
interactive design tools that enable 3D modelers, who have 3D modeling experience but
not necessarily mechanical background, to design, create, and control 3D printable kinetic
objects using parametric in-place spring-based mechanisms, which can be fabricated on

consumer-grade 3D printers and reduce human work for manual assembly.
1.2 Research Approach

In my dissertation, I take a cross-disciplinary approach to develop design techniques and
tools that increase the expressivity of consumer-grade 3D printing beyond static and rigid
shapes.

First, I reviewed literature and theories to understand the principles of mechanical
springs, identifying parameters that influence the spring’s mechanical performance, such
as tension and torsion behaviors. These exposed me to a substantial amount of concepts,
terminologies, and principles in mechanical engineering. In addition to spring theories, I
also studied the principles for the functioning of commonly used kinematic components,
such as gears and joints. Those components play an essential role in working with the
core structures—spring-based mechanisms—for various kinetic behaviors, i.e., deformation,
motion, and sensing.

Then, I followed an iterative design and prototyping process to create unique spring-
based mechanisms suited to achieve desired kinetic behaviors in various 3D printing ap-
plications. Informed by the standard spring designs from the theory, I devised unique
spring-based mechanism designs by combining parametric spring forms and kinematic com-
ponents if needed for specific behaviors, such as deformation and actuation. To derive these
designs, I followed an iterative trial-and-error process, including 3D modeling and evalua-
tions through printing and prototyping. The deep understanding of mechanical springs and
kinematic components principles and the empirical experiments and prototypes enabled me
to develop further parametric, customizable, controllable design primitives for 3D printing
and novel applications in this dissertation.

In addition to design techniques, I also built interactive design tools for end-users using



principles and skills in HCI. These tools, made as plugins to Rhinoceros 3D, prepare the
proposed spring-based mechanisms as templates, which are parameterizable by the end-user
through graphical user interface controls, and automate the integration of these novel spring-
based mechanisms into custom 3D models. In general, the workflow using these tools is for
the end-user to (i) create and edit 3D models in the default 3D modeling scene in Rhino,
(ii) select and embed a proposed spring-based primitive into the custom 3D model, (iii)
customize the embedded behavior enabled by the mechanism via interactive user controls
(e.g., buttons and sliders) in the user interface, (iv) preview the auto-generated 3D design
that converts high-level behavior characteristics input by the user into underlying geometries
of spring-based mechanisms, and (v) export 3D printable files for fabrication with home 3D
printers.

For evaluation, I demonstrated the potential of the proposed techniques and tools via
a series of functional application prototypes. This dissertation presents new design oppor-
tunities for developing kinetic 3D objects with spring-based mechanisms. Its results should
also benefit researchers working to add interactivity to fabricated objects in the fields of

HCI, mechanical engineering, and robotics.
1.3 Dissertation Goals and Contributions

The research goal of this dissertation has been to design, develop, and evaluate 3D printable
spring-based mechanisms to promote the fabrication of kinetic objects for interactivity. My
approach was threefold: (i) to draw upon mechanical engineering, physics, and practices of
making kinetic 3D designs within the maker community to inform the use of mechanical
springs in creating kinetic objects and supporting interaction; (ii) to design and evaluate
parametric spring-based mechanisms that utilize mechanical springs and kinematic elements
for desired kinetic behaviors, including deformation, actuation, and sensing through struc-
tural form changes; and (iii) to develop and evaluate interactive parametric design tools
for end-users to create custom 3D printable kinetic models with embedded spring-based
mechanisms for a variety of applications.

Dissertation Statement: We can design 3D modeling and printing techniques

to embed and control parametric spring-based mechanisms into 3D-printable



objects, which enables a new suite of applications for 3D printing.

1.8.1 Understanding the Role of Springs in Creating 3D Printable Kinetic Designs

The first goal of this dissertation was to define how springs could be potentially used to
support the creation of 3D printable kinetic objects. To achieve this goal, I studied two areas:
(i) spring theory to understand how springs are formed and performed in machinery, and (ii)
practices in making 3D printable kinetic designs to identify if springs are possible to support
in this field. For the former, I wanted to be able to map spring parameters to certain spring
behaviors and extend the fundamental principles [11] of making mechanical springs for 3D
printing. My research validated the mechanical performance of 3D printable springs through
a series of experiments. The results informed the design of spring-based mechanisms for
concrete behaviors, including predictable deformations, force feedback, actions, and sensing
capabilities. Chapters 4-6 describe how various forms of mechanical springs were examined
and adapted for 3D printing to achieve desired kinetic behaviors.

For the second area, I aimed to unveil how makers are making 3D printable kinetic
objects, characterize what mechanisms, tools, techniques, and types of kinetic objects are
being made, and identify the trends, challenges, and opportunities for making 3D printable
kinetic objects. Compared with the past fabrication research, I also wanted to identify the
gap between the fabrication research and the maker community and explore how spring-
based approaches could bridge this gap. To capture all these aspects, I conducted a Making
Things Move (MTM) study, which examines how makers create kinetic 3D printable models
on Thingiverse, and created an open-source dataset of representative kinetic designs on
Thingiverse. Chapter 3 describes the dataset, the detailed study methods, findings, and
insights that inform how springs could be used to enable new design and fabrication of

kinetic objects.

1.8.2 Developing Spring-Based Mechanisms for Kinetic Behaviors

The second goal of this dissertation was to develop novel 3D printable spring-based mech-

anisms to achieve identified interactive functions. These functions should cover both inter-



active input and output behaviors. For example, how could we add sensing capabilities to
kinetic 3D models to interpret user input for interaction? How could we create controllable
deformation or movement for kinetic 3D objects? My research explores the parametric de-
sign space of multiple forms of springs to achieve desired I/O functions. To demonstrate
that springs can be used to support diverse input and output behaviors, I developed a set
of helical spring and joint based design techniques that are embedded into 3D models for
controllable deformation behaviors in Ondué (published at UIST’19 [32]), a series of para-
metric units that combine helical or sprial springs with kinematic transmission mechanisms
to transfer potential energy into desired output motions in Kinergy (to appear at UIST’22
[33]), and a suite of compliant flat beam structures to construct custom haptic input in-
terfaces in FlexHaptics (published at CHI’22 [65]). In these systems, all the spring-based
mechanisms were designed to support 3D printing in place so that they could be printed

together with the 3D models in one shot without further manual assembly.

1.8.83 Buwilding and Evaluating Tools for Creating Spring-Based Kinetic Objects

With the spring-based mechanisms described above, the third and final goal was to lower the
barrier for end-users to design and control 3D printable kinetic behaviors using the proposed
spring-based mechanisms. Informed and motivated by similar design editors [41, 134], I
developed a series of interactive parametric design tools for the end-user to embed spring-
based mechanisms, parameterize the mechanisms for desired output behaviors, and preview
the results in a 3D environment. These tools are targeted at 3D modelers who are proficient
in modeling and design but lack knowledge in mechanical engineering to create mechanically
kinetic designs.

While distinct spring-based mechanisms were applied for different purposes, these cus-
tom tools share three commonalities. First, the end-user can embed one of the provided
in-place kinetic mechanisms in the 3D shape for desired behavior. Second, the user can
parameterize the behavior by editing the spring-based mechanism directly in the body.
Finally, the user can validate the 3D printable behavior via a preview. To achieve these

functionalities, I extracted the underlying mechanism parameters and associated them with



high-level user requirements, which could be input and controlled by the end-user through
the user interfaces. Geometric constraints and printability of the embedded in-place mech-
anisms were also considered when the spring-based mechanisms were integrated into the
3D object. As a result, the tools make it easy for the end-user to understand the function
of the provided spring-based mechanisms, follow instructional steps for embedding spring-
based mechanisms into 3D models, and validate resulting designs via real-time updates in

3D models.

To evaluate these enabling tools, I validated the feasibility of the proposed techniques
by making 3D printable kinetic, functional objects with the tools. As a result, I created
prototypes across different application domains and demonstrated the kinetic functions
achieved by these prototypes. Chapters 4-6 present a variety of applications to showcase
how different spring-based mechanisms are used to create deformable objects, desired self-

propelled motions, custom haptic interfaces, and predictable sensing functions.

1.4 Summary of Contributions

In summary, this dissertation contributes: (i) a large-scale analysis that studies current
trends in making 3D printable kinetic objects and informs challenges and opportunities
for using springs in 3D printable movable objects through an open-source dataset of rep-
resentative kinetic designs on Thingiverse; (ii) a set of parametric designs of spring-based
mechanisms for desired kinetic behaviors such as deformation, actuation, and sensing; (iii)
custom interactive design tools that allow 3D modelers to design and control 3D printable ki-
netic behaviors using in-place spring-based mechanisms; and (iv) a series of proof-of-concept

applications enabled by proposed design techniques and tools.

My dissertation unveils the potential of 3D printable springs for creating kinetic 3D-
printed objects. While prior work has explored converting static 3D-printed objects into
deformable shapes, actuators, and sensors via different approaches, this body of work focuses

on using 3D printable spring-based mechanisms to enable all three behaviors (Figure 1.2).
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Figure 1.2: This dissertation focuses on how to use 3D printable spring-based mechanisms
to enable deformation, actuation, and sensing behaviors.

1.5 Dissertation Organization

The rest of this dissertation is structured as follows. Chapter 2 briefly reviews related work
and background, and Chapter 3 presents a study analysis—Making Things Move (MTM)—
on how makers create 3D kinetic designs. Chapter 4 describes project Ondulé, which embeds
3D printable helical springs into 3D models for controllable deformation behaviors; Chapter
5 presents project Kinergy, which enables 3D printable objects to move by translating the
energy stored in the embedded spring into desired output motion via specialized kinematic

components; and Chapter 6 discusses FlexHaptics, which was led by Dr. Hongnan Lin
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at Georgia Institute of Technology and explores how to utilize various flat beam spring
forms to create interfaces with custom haptic feedback and even add sensing capabilities
to structurally deformable fabricated objects. Table 1.2 shows the contributions of each
chapter and how each chapter is organized in response to addressing the research questions.
Finally, the dissertation concludes in Chapter 7 and describes the future work to be done

after this dissertation.

Table 1.2: Dissertation organization.

Research Questions Contributions Addressed In
Chapter 3: Through the study of MTM—a study on how makers create 3D
RQ1 DC1

printable kinetic objects

Chapter 4: Through the implementation and evaluation of Ondulé—designing
RQ1, RQ2 DC2, DC3, DC4

and controlling 3D printable deformation behaviors with embedded helical springs

Chapter 5: Through the implementation and evaluation of Kinergy—creating
RQ1, RQ2 DC2, DC3, DC4

custom objects with 3D printable self-propelled motion

Chapter 6: Through the implementation and evaluation of FlexHaptics—creating
RQ1, RQ2 DC2, DC3, DC4

custom haptic input interfaces with planar compliant structures

RQ1: What kinetic objects can be created using 3D printable springs for new interactive

applications?

RQ2: How can we enable end-users to design and control these spring-based objects?

DC1: A large-scale analysis of an open-source dataset of kinetic models on Thingiverse,
which investigates and characterizes the current trends on Thingiverse to reveal chal-

lenges and opportunities for making 3D printable kinetic objects.

DC2: A set of parametric spring-based mechanisms for desired kinetic behaviors such as

deformation, actuation, and sensing.

DC3: Interactive design tools that allow 3D modelers to design and control 3D printable

kinetic behaviors using in-place spring-based mechanisms.

DC4: A series of functional applications created with the proposed techniques and tools.
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Chapter 2

BACKGROUND AND RELATED WORK

This dissertation presents a suite of parametric spring-based mechanisms and tools that
support the design and control of 3D printable kinetic behaviors for interactivity, focusing
on controllable deformation, actuated motion, and sensing capabilities. To inform those
novel spring-based mechanisms and develop user-friendly user interfaces, I situate my work
within the intersection of multiple fields, including mechanical engineering, spring physics,
and HCI. This chapter summarizes the status quo fabrication research on making kinetic
objects for input and output functions.

In this chapter, I begin by drawing upon the physics theory of mechanical springs and
providing an overview of the parametric design of various spring forms for 3D printing
(Section 2.1). I then review related work on three main threads: making 3D printable ob-
jects with deformation behaviors (Section 2.2), actuating 3D-printed objects for interaction
(Section 2.3), and adding sensing capabilities to 3D printable objects (Section 2.4). In ad-
dition, my dissertation also relates to the large group of parametric tools for designing and
controlling 3D printable functions. Consequently, I finally review the literature on develop-
ing computational tools that enable end-users to embed, edit, and simulate custom design

primitives to 3D models for desired output behaviors (Section 2.5).

2.1 Spring Physics and Theory

Springs are elastic structures that can harness mechanical energy and support a wide range
of deformation behaviors. In general, springs are classified as wire springs (e.g., helical
springs), flat springs (e.g., cantilever), and special-shaped springs [11]. Regardless of the
spring forms, a spring exerts an opposing force approximately proportional to its deflection
change when it is deformed from its resting position. The deformed spring stops exerting

any energy until it reaches its equilibrium. This unique spring characteristic enables springs
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to exhibit a diverse range of deformation behaviors and distinct spring forms usually are
manufactured for particular dominant deformation purposes [11]. For example, although
tension springs and compression springs are all made with a series of coils, the turns in a
tension spring usually touch in the unloaded position while not in the unloaded position in
a compression spring. A spiral-based flat spring is easier to wind than perform ortho-planar
stretching. In addition, deformed springs have potential energy stored in their deformed
forms. When springs start restoring their equilibrium state, the stored potential energy
converts into kinetic energy, resulting in spring motion [11, 44]. As a result, springs have
the potential to work as energy motors. This dissertation explored embedding deformable
spring shapes into 3D printable objects to enable the change of 3D shapes and imbuing 3D
printable springs as self-contained motors into 3D models for producing output motion.
Besides the benefits offered by springs, spring theory also informs the design and manu-
facturing of different spring types and how the spring parameters influence the mechanical
performance of springs [11, 2]. For example, a helical spring’s compression and extension
behaviors are determined by the spring diameter D, wire diameter d, and the number of coils
N (Figure 2.1a). As the spring diameter increases with thinner and closer coils, the spring
becomes more elastic and soft. In a spiral spring, thicker and fewer coils make the spring
harder to wind. The torque a spiral spring can produce depends on the spring coil thickness
t, the number of coils N, and coil width b (Figure 2.1b). A beam spring (cantilever) can bear
different loads by varying beam length [, beam thickness ¢, and beam width b (Figure 2.1c¢).
The relationship between the set of spring parameters and the mechanical behavior of the
spring provides guidance for me to test, design, control, and fabricate 3D printable springs
for desired behaviors. In this dissertation, I use 3D printable helical springs, spiral springs,
and beam springs as the core mechanisms and imbue 3D objects with these parameterizable

springs to achieve deformation behaviors, haptic feedback, actuation, and sensing.
2.2 DMaking 3D Printable Objects with Deformation Behaviors

Past work introduced techniques to make movable 3D-printed objects with deformation
behaviors for different purposes via mechanical elements such as joints [13, 16, 136] and

hinges [45, 89] or via responsive materials and structures that react to environmental stimuli



14

Number of Coils (N)]..

W _

Number of Coils (N)

Thickness (1)

[

t
&

Spring Diameter (D)

Thickness ()

Coil Diameter (d)

Figure 2.1: Three common spring types and parameters: (a) helical spring, (b) spiral spring,
and (c) beam spring.

such as heat [50, 94, 124] and pressure [68, 131, 95|, e.g., creating articulated characters
[13, 16], transformable objects [135, 142], and shape-changing interfaces [27, 124]. Below, I

discuss the relevance of these approaches to the work for my proposal.

In traditional mechanical assemblies, mechanical parts such as gears, cams, and cranks
are interconnected and move to achieve specific mechanical and kinematic functions such as
translating and force transmission. Researchers in HCI’s digital fabrication community have
also explored using mechanical elements to create articulated and reconfigurable 3D-printed

objects.

Joints. Mechanical joints are a class of machines that connect one or more mechanical
parts to another and are designed to allow relative movements of those mechanical parts.
There are many types of joints, such as prismatic joint, ball joint, revolute joint, and knuckle
joint. Prior work investigated how to 3D print functional joints for mechanical behaviors
[21, 38, 66]. For example, Cali et al. [16] converted static 3D models into articulated ones
using 3D printed ball joints (Figure 2.2a). By controlling the friction between the ball and
the socket in the joint design, the proposed method can generate printable and assembly-free
ball joints that allow the model to hold a pose. Similarly, Bacher et al. [13] introduced a
way to convert an input geometry into articulated deformable characters by placing friction
joints on the medial axis representation of the input geometry (Figure 2.2b). In addition
to making articulated characters, joints are also used for reconfiguring the shape of 3D-
printed objects [142]. For example, Yuan et al. [136] developed a computational approach to

transforming common object shapes into target character forms by embedding joints (Figure
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2.2¢). The approach follows a set of guides in an iterative process to model the attributes
of desired transformable designs and optimizes the embedded joints to approximate the

resulting character configuration.

Figure 2.2: Articulated and transformable objects made with embedded 3D printable joints
and hinges.

Hinges. To make bendable, twistable, and foldable objects, 3D printable hinges are
embedded in 3D models [45, 89, 90]. For example, Meltables [94] is a novel fabrication
approach to creating complex 3D shapes by embedding a set of planar beams as hinges in
3D-printed objects and deforming those hinges when heated for target shapes (Figure 2.2d).
Pop-up Print [79] uses uniquely designed hinge mechanisms to achieve folding/unfolding
behaviors for 3D-printed bodies. The object can be printed in a compact “folded” state and
then unfold to the target shape due to the reversibility of folding/unfolding, saving printing
volume and time (Figure 2.3a).

Metamaterials. Recently, another group of work enables 3D-printed augmented be-
haviors such as deformation and transformation using mechanical metamaterials [3, 10, 42,
44, 70, 84, 105]. Metamaterials [43, 41] are repeating cell structures embedded in base ma-
terials with varied shapes, sizes, orientations, and arrangements for advanced material and
mechanical properties. Within HCI, integrating metamaterial designs in 3D-printed objects
can produce enhanced object behaviors. For example, Ion et al. [41] introduced the concept
of metamaterials to digital fabrication in HCI by employing a block of 3D printed shear cells
to control directional movements (Figure 2.3b). The tessellated cells in KinetiX [83] per-

form shearing and bending under manual compression (Figure 2.3c). Finally, Schumacher
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et al. [104] developed a data-driven method to tile the 3D object’s interior with small-scale
microstructures to achieve desired material properties. By controlling the microstructures,
objects printed with stiff material can have the effect of a softer material in selective 3D
regions (Figure 2.3d).

Other Mechanical Elements. To achieve desired functions, other mechanical ele-
ments and structures are also used for 3D-printed objects [92, 112, 134]. For example, Yu
et al. [134] introduced a tool to convert 3D models into telescoping designs that can resize
the object body along with the skeleton (Figure 2.3e). In addition, LineUp [135] converts
3D models into chain-based structures and then transforms the shape between different

configurations of the 3D printable chain structures (Figure 2.3f).

Figure 2.3: Deformable 3D-printed objects created with hinges, metamaterials, and other

mechanical elements.

While the mechanical performance of 3D printable springs has been studied recently
[9, 81, 93, 100], 3D printable mechanical springs have the potential to create deformable
objects. Furthermore, compared with other mechanisms such as joints and hinges, springs
can be parameterized for controllable behaviors such as compressing, bending, and twisting
[17]. As part of my dissertation, 3D printable springs are studied and used to support a
variety of deformation behaviors that can be easily integrated into 3D-printed objects.

Besides mechanical elements, researchers have also explored creating deformable objects
with non-plastic materials such as silicone and elastic resin that can modify the material

properties of the 3D-printed objects, producing versatile behaviors. For example, Zehn-
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der et al. [137] injected spherical inclusions of a liquid dopant material into a silicone
matrix material. They controlled the composite silicone rubber’s macroscopic mechanical
properties by varying the injected inclusions’ number, size, and locations (Figure 2.4a). In
addition, Skouras et al. [106] introduced a method to compute and optimize the locations
and distribution of elastic material inside a 3D printable object for target poses (Figure
2.4b).

Another large body of research explores creating shape-changing interfaces with em-
bedded material and structure composites sensitive to heat [27, 50, 116]. When these
embedded composites are under heating, their intrinsic material and structural properties
mutate, resulting in the macro changes in the shape. Desired shape-changing behaviors such
as translating, folding, and scaling can be achieved by designing and parameterizing these
composites in 3D-printed objects. For example, Geodesy+ [29] is an end-to-end fabrication
tool that generates optimized tool paths for extruding thermoplastic and transforms a 2D
flat sheet into a 3D geometry in hot water (Figure 2.4c). Similarly, in hot water, A-line
[124] triggers a single straight line to self-fold into target 2D or 3D wireframe structures
with unique linear arrangements of thermoplastic material composites in the 3D-printed line
structure (Figure 2.4d). By embedding precise heating structures along with moldable and
non-modified regions in 3D-printed objects, HotFlex [26] turns the 3D-printed objects into
the deformable state under heating and enables the user to customize the shape even after
the form is printed (Figure 2.4e). ExpandFab [50] prints mixed foam and elastic adhesive-
based objects, and the novel technique expands the results up to 2.7 times in volume under
heating (Figure 2.4f). Finally, Ko et al. [54] embedded thermoformable metamaterial cells
into 3D models and modified the 3D shape post-printing. While these methods open new
design opportunities for enhancing the behaviors of 3D-printed objects, additional ad-hoc
setups (e.g., environmental stimuli and actuation) or unique fabrication processes (e.g.,
custom printing techniques) are needed to achieve desired behaviors. My dissertation aims
to create structures that are 3D printable with readily available machines and materials,
that can be easily integrated into 3D-printed objects during the printing process or assem-
bled in the post-printing phase, and that can execute desired behaviors without specialized

environmental configurations.
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Figure 2.4: Deformable 3D printable objects made with elastic material and environmentally
responsive materials.

2.3 Actuating 3D-Printed Objects for Interaction

3D printable kinetic objects can be further converted into interactive devices that perform
desired movements [88, 108, 145]. To make actively movable 3D-printed objects, researchers
have explored embedding external actuators such as electromotors [18, 61, 77, 63] and
springs [56] or 3D printable actuating structures such as springs [23, 113] or pneumatic
motors [28, 131]. Below, I describe these approaches and discuss their relevance of these

approaches to this dissertation.

Figure 2.5: Making 3D printable kinetic objects for actuation using external motors and
movable 3D-printed structures.

To actuate 3D-printed objects to move, prior work has coordinated external actuators

such as motors [62, 72, 63] and pressure-controlled systems [67, 95, 133] with the 3D-printed
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parts to control the object movements. Electromotors, one of the most used motor types,
are connected to 3D-printed pieces to perform desired movements. For example, Romeo [61]
converts 3D models into transformable robots for augmented functionalities with an em-
bedded robotic arm controlled by external electromotors (Figure 2.5a). Bend-it [128] adds
kinetic properties to 3D-printed models by connecting different 3D-printed parts with wires
and controlling the movement of these parts with external motors (Figure 2.5b). Roman in-
troduces a set of hardware designs that is 3D printable and attachable to everyday handheld
objects, which are manipulated and actuated by conventional robotic arms (Figure 2.5¢).
Mechanical 3D-printed structures such as hair-like structures [82], hinges [73, 89], linkages
[14, 48, 132], and kinematic pairs [2, 38, 75, 92, 109, 138] are also used to transmit the
movement driven by external motors and even manual forces. For example, Coded Skeleton
[45] heats the shape memory alloy embedded in a hinge-based 3D-printed body and deforms
the structure in a controllable way (Figure 2.5d). Megaro et al. [72] introduced a computa-
tional pipeline to take as input an articulated compliant design and automatically replace
joints with parametrizable linkage flexures. The optimal designs can perform versatile com-
pliant movements when the linkages are driven and controlled by external motors (Figure
2.5e). ReCompF'ig uses 3D-printed compliant mechanisms and tensioning cables to create
kinematic interfaces that dynamically provide multiple reconfigurable motional degrees of
freedom (Figure 2.5f). Using an off-the-shelf spring motor, Song et al. [108] introduced a
set of elemental mechanisms using cams and followers that can be 3D printable and embed-
ded in wind-up toys of arbitrary shapes for expressive part motions such as translation and
oscillation (Figure 2.6a). Li et al. [64] created customizable 3D-printed linkage mechanisms
to provide movement and haptic simulations for proxies of virtual hand tools in VR (Figure
2.6b). Zhu et al. [145] created animated mechanical toys with computationally generated
mechanical parts that perform linear and circular motion using cams and crank-sliders in a
box beneath the toy characters (Figure 2.6c).

Besides external motors, researchers have also explored pressure-controlled systems as
alternative actuators [131, 28] and embedding 3D printable actuators [121]. For example,
MacCurdy et al. [68] introduced a novel technique that simultaneously deposits photopoly-

mers and a non-curing liquid to fabricate complex and pre-filled fluidic channels and create
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Figure 2.6: Making 3D printable kinetic objects for actuation using kinematic pairs and
pressure-controlled actuator.

y

hydraulically actuated 3D-printed robots (Figure 2.6d). Vazquez et al. [122] created a series
of 3D-printed pneumatic controls such as buttons and knobs that can detect user force actu-
ation with air pressure sensors (Figure 2.6e). In addition, 3D-printed kinematic mechanical
structures such as joints can be integrated into 3D objects for desired motion. For example,
Ureta et al. [121] used revolute and ball joints to create complex mechanical objects that
can execute simple joint-based motions such as hinge pivoting (Figure 2.7a). Besides joints,
springs can store potential energy stored as the energy source for self-propelled movements
[17, 113]. For example, 3D-printed bone-like springs are used as switches to release stored
energy and produce driving force [23] (Figure 2.7b). Besides creating mechanical structures
in the traditional FDM process, controlling novel fabrication processes can also produce
3D printable actuators. For example, Peng et al. [85] invented a 5-DOF FDM 3D printer
that can wind copper wires in 3D-printed objects to make custom electromagnetic devices
(Figure 2.7c). A-line [124] winds a straight line structure to form a jumping frog with he-
lical spring-like legs when heated (Figure 2.4d). Lastly, MorphingCircuit [123] turns a flat

substrate where functional electronics are assembled into interactive and programmed 3D



objects triggered by heating (Figure 2.7d).

Figure 2.7: 3D printable actuators are created for making 3D-printed objects move.

2.4 Adding Sensing Capabilities to 3D Printable Objects

3D printable kinetic objects can be further converted into interactive devices for sensing.
To create 3D-printed objects for sensing, researchers have explored combining external sen-
sors and electronics with deformable 3D-printed forms [20, 40, 90, 101, 123, 126, 130, 143,
22, 49, 76, 80, 97] and applying various sensing techniques to 3D-printed devices, such as
acoustic sensing [58, 60], capacitive touch sensing [36, 111, 91, 139, 101, 39, 112, 99, 102],
air pressure sensing [107, 118], motion sensing [127], and computer vision [96]. For the
former method, Peng et al. [86], for example, created a custom machine that cuts soft
fabric patches using a laser and then stacks layers of fabric to form a 3D shape. Electron-
ics can be embedded into those soft and elastic 3D objects for interactions such as touch
sensing (Figure 2.8a). SurfCuit [120] allows the user to design circuit routes on the surface
of 3D-printed models and uses copper tape to construct conductive traces for connecting
electronics. With built-in circuits, the 3D models can house sensors for interaction (Figure
2.8b). Similarly, MorphSensor [144] also allows for adding a circuit layer to the object’s
surface using conductive ink jet printing and off-the-shelf electronics and sensor modules

(Figure 2.8¢c). For the latter method, Tactlets [25], for example, creates tactile, touchable
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controls on 3D-printed devices and adds sensing capabilities to those controls using capac-
itive sensing (Figure 2.8d). Recently, MetaSense [24] combines highly conductive printing
material with 3D-printed metamaterial cell structures to sense the deformation based on ca-
pacitance changes (Figure 2.8e). Besides capacitive sensing, researchers also integrate other
types of sensing techniques into 3D-printed objects for interaction. For example, Lamello
[98] integrates comb-like structures into 3D-printed devices and uses a microphone to detect
and interpret the passive acoustic signals generated by people striking the structures into
interactive input (Figure 2.8f). DefSense [15] embeds piezoresistive sensing elements into
flexible 3D printed objects and can continuously sense the deformation of the objects for

run-time interactions (Figure 2.8g).

Humidity
Sensor

Figure 2.8: 3D printable objects use external sensors or integrate sensing techniques for
interaction.

Deformable 3D printable structures can also be embedded to produce signals for sensing
and data communication. For example, a helical spring (Figure 2.9a) can be embedded in
a tablet stylus to render realistic tactile feedback, resulting in different writing pressures
on touchscreens [114]. Ou et al. [82] invented a fabrication technique to 3D print hair-like
structures on arbitrary geometric surfaces. Swiping on the hair structures produces different
inaudible sound frequencies, which can be captured and identified as distinct user input
(Figure 2.9b). MechanoBeat [117] is an electronics-free mechanical oscillator to monitor user
interactions with daily objects using ultra-wideband array scanning. The vibration signals
of the oscillator can be used to infer the user-object interactions (Figure 2.9¢). Finally, Iyer

et al. [47] introduce 3D-printed antennas that enable 3D-printed wireless sensors, input
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widgets, and objects for communication via Wi-Fi (Figure 2.9d).
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Figure 2.9: 3D printable objects use embedded kinetic structures for sensing.

In this dissertation, I investigated 3D printable springs as one of the primary mechanical
components for both actuation and sensing. Unlike other kinematic components, springs
store potential energy when deformed and are ideal as self-contained energy sources for
triggering movements. For example, twisting a spiral spring to gain torsion and restoring
the winded spiral spring to produce rotatory motion. Additionally, I also explored how
to control the energy and the output movement by customizing spring parameters, which
are rarely studied in prior work. With the expressive deformation behaviors of springs, I
further studied how to empower 3D-printed objects with sensing capabilities through the
structural deformation of various spring forms. Compared to other approaches of adding
sensing capabilities to 3D-printed objects, my spring-based approach detects the capacitance

changes caused by the spring deformation and interprets them as interactive user input.
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2.5 Parametric Tools for Designing and Controlling 3D Printable Behaviors

As T create design techniques for different applications, another important part of this
dissertation is to build interactive design tools, which allow the end-user to design and
control desired kinetic 3D printable behaviors. One common type of parametric CAD tool
allows users to use predefined modular structures from a template library to create functional
3D-printed objects from scratch [66, 92, 138]. The end-user can use provided designs to
modify a 3D model for desired 3D printable deformation behaviors [16, 42, 44, 115]. For
example, the design editor for adding Metamaterial Mechanisms cells to 3D models allows
the end-user to select from a cell library (Figure 2.10a). With a preview of target behaviors
in such CAD tools, the end-user can see the output motion of 3D models before they are
fabricated [41, 121]. For example, the fundamental mechanisms used for providing expressive
wind-up toy movements [108] are rendered to show the resulting movement in the design
tool (Figure 2.10b). Similarly, the computational design system [138] also simulates the
movements of all the kinematic parts repurposed into the custom 3D shape (Figure 2.10c).
In [145], the designers can check the expected character motion is performed correctly with
the selected kinematic elements through a simulation (Figure 2.10d). Finally, predefined
structures can be used to construct 3D objects with extraordinary material and mechanical
properties [57, 56, 104]. For example, Figure 2.10e shows that the user can edit and test the
generated truss structures with provided primitives in the TrussFormer editor [55]. These

truss structures can bear a certain amount of load or force.
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Figure 2.10: Applying predefined units from a template library for augmented behavior
design in CAD tools.

Another common approach for 3D model customization is to directly edit an existing
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model and iterate the embedded designs in-situ for target behaviors [94, 99, 103, 119, 135,
136]. Many intelligent design tools allow the end-user to input high-level specifications
without knowing the underlying details and automatically generate the 3D design that
meets the end user’s need [53, 71, 78, 103, 142]. For example, in Romeo’s design editor [61],
the user can specify which part of the object can be transformed, how it moves in space, and
the corresponding action to be taken (Figure 2.11a). In addition, the user can specify motion
style and parameterize motion details for creating a 3D printable motion (Figure 2.11b) [52].
In the computational fabrication tool for creating compliant mechanisms [72], the user can
parameter their desired oscillating motion and the links are generated based on the input
motion (Figure 2.11c). When the user understands how to modify the 3D models for their
desired behaviors, they select a region of the 3D model and convert it into a structure
that accomplishes the design goals [99]. For example, in the tool for creating telescoping
structure-based 3D models [134], the user can select a region along with the model skeleton
and then customize the embedded telescoping structures in place (Figure 2.11d). Similarly,
the user can specify what regions of the 3D object can have pop-up hinge mechanisms
inserted (Figure 2.11e) [79]. Finally, when external components are added to existing 3D
models, many design tools support the freedom of manual placement and orientation of
those components [18, 25, 123, 143, 144] and synthesize enclosures for 3D printing [74]. For
example, PHUI-kit [49] allows users to drag and drop physical widget models on curved 3D
surfaces as with GUI components. The widgets can be repositioned with implementation
details hidden beneath the surface (Figure 2.11f). SurfCuit [120] provides a side panel to
show the circuit schematic while the user freely arranges the electrical parts in the 3D model
(Figure 2.11g).

Inspired by past work, I summarize three key functions that are provided in the tools
to embed spring-based mechanisms into 3D models for 3D printable kinetic behaviors: (i)
properly situating spring-based mechanisms in custom 3D geometries, (ii) supporting direct
edit and parameterization of the embedded spring-based mechanism, and (iii) displaying the
updated 3D models in real-time for validation. In these tools, the user adjusts the high-level
behavior characteristics, such as how the form changes and how much energy is contained,

and the user input is converted to the underlying geometric design of the embedded spring-
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Figure 2.11: Direct editing 3D models for desired behaviors in CAD tools.

based mechanisms automatically. To accomplish all the computation and generation, spring

theory and principles are built in these interactive design tools.

2.6 Chapter Summary

In this chapter, I first provided background on the physics and theory of mechanical springs
from the field of physics and mechanical engineering. Then, I recognized the benefits offered
by spring structures and highlighted three spring types that are parameterizable and have

the potential for achieving various kinetic behaviors for interaction in 3D printing.

I then reviewed the literature on making 3D printable kinetic objects for desired de-
formation behaviors, controllable movements, and sensing user input for interactions. For
creating deformable 3D-printed objects, I identified two common approaches—embedding
3D printable kinematic mechanical elements in 3D models and making shape-changing ob-
jects with environmental reactive material composites. My dissertation explores springs,
which are not widely studied for 3D printing, for making kinetic objects. I also noticed
that springs are ideal energy sources to triggering movements, while using external motors
and electronics or manually actuate objects to move are mostly seen in prior work. Lastly,
informed by previous work on adding sensing capabilities to 3D-printed objects, I further
identified new technique that combines capacitive sensing with various embedded spring

forms to achieve user input sensing through spring’s structural deformation, which provokes
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novel sensing applications for 3D printable spring-based objects.

Finally, I also related my work in this dissertation to the literature on the development
of custom design tools, which were created to lower barriers for the end-user to design
and control parametric 3D models. By categorizing design tools for specific purposes, 1
drew commonalities and insights from prior work to inform the design and development of
such interactive tools, with a focus on how to enable 3D modelers to integrate, customize,
and validate novel spring-based mechanisms in 3D models for different kinetic behaviors.
These key characteristics are reflected in the series of custom design tools that I built in my

research—from Chapter 4 to Chapter 6.
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Chapter 3

MAKING THINGS MOVE: UNDERSTANDING HOW 3D
PRINTABLE KINETIC OBJECTS ARE DESIGNED AND CREATED

3D-Printed Hinge
thing: 165120
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Figure 3.1: A set of example 3D-printed kinetic designs found on Thingiverse showcase the
usage of integrated 3D-printable kinematic mechanisms such as (a) hinges, (b) gears, and
(c) joints, or (d) elastic material, or external hardware such as (e) strings, (f) servos, and
(g) electronics for kinetic behaviors.

In the past decades, 3D printers have become cheaper and more accessible to transform
rapid prototyping and enable personalized fabrication [7, 6, 69]. And yet, most 3D-printed
objects created with consumer-grade 3D printers are static and rigid [8, 141]. Why might
this be? Is this a representation of maker’s true creative interests or a limitation of our
3D-printing tools?

In our work, we argue that it is the latter. First, we have seen skilled 3D printing
enthusiasts create complex kinetic models such as clocks, robots, and prosthetic devices and

share them in online CAD repositories like Thingiverse (Figure 3.1). Second, fabrication
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researchers have identified limitations in current CAD tools and 3D printing workflows and
have tried to create 3D printable kinetic designs that bend [45, 89, 94], rotate [72, 138, 145],
move [41, 68, 108], or otherwise deform [16, 83, 124] in controllable ways. Motivated by these
two emerging trends in the maker community and the fabrication research, I questioned:
what kinetic 3D printable designs are makers currently making? How are they creating
those kinetic designs? What are the challenges and opportunities for future makers and
fabrication researchers?

To answer these questions, I looked at the uploaded creations on Thingiverse—the largest
and most popular online 3D printing and CAD design repository—and analyzed the col-
lected 3D printable kinetic designs to identify merging standard practices and themes for
making kinetic 3D-printed objects. In this chapter, I describe this large-scale study—
Making Things Move (MTM) [30]. Using keyword search methods similar to [5, 12], we
collected and qualitatively analyzed 1337 kinetic creations uploaded to Thingiverse. We
explore the making purpose/category, characteristics of the movable parts, the resulting
kinetic behaviors, actuation methods, and the design and making processes. Our results
show that most kinetic designs were toys and sculptures. Joints, hinges, and gears were
the most common for creating kinetic designs. Rotations were dominant amongst other
output behaviors performed by created kinetic objects. Finally, electro-motors and flexi-
ble components such as springs and rubber bands were also common as actuators besides
manual actuation. Our data allows us to deeply reflect on the making practices of 3D print-
able kinetic objects. Based on the reflection, we also identify common creation patterns
and the gap between what makers create and what fabrication research achieves, including
challenges and opportunities for makers to create custom 3D-printed kinetic objects.

This chapter contributes: (i) characterization of current trends in making 3D printable
kinetic objects, including the purposes for making, the used mechanisms for movements,
actuation methods, design and making processes, and kinetic behavior types that are pri-
marily seen in the creations; (ii) investigation of the creation patterns for making kinetic
designs on Thingiverse and the gap between practical making and fabrication research on
creating kinetic 3D-printed devices; and (iii) an open-source dataset of representative kinetic

designs on Thingiverse with our applied qualitative codes and metadata, enabling future
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Table 3.1: Search terms related to kinetic mechanisms and kinetic behaviors and their
frequencies in the final complete set.

Kinetic Mechanism-Related Term (Frequency) Kinetic Behavior-Related Term (Frequency)

Moving (194), mechanical (103), flexible (102),
Gear (128), crank (80), hinge (75), spring (69), joint (51), articulated (84), movable (68), print in place (48),
flexi (46), linkage (46), fabric (35), bearing (23), movement (45), kinetic (41), bendable (31),
telescoping (7), lattice (7) snap (15), compliant (13), action (10),

movable design (9), behavior (7)

meta-analyses by the fabrication community.

3.1 Method

To examine 3D printable kinetic designs and the making practice on Thingiverse, we man-
ually searched for models using an iterative keyword list, then qualitatively reviewed and
coded search results to create a study dataset, and finally analyzed patterns such as kinetic

mechanisms, behavior types, and actuation methods.

3.1.1 Data Generation

Similar to [5, 12], we first generated a list of search terms related to kinetic mechanisms
and behaviors, which were derived from the fabrication literature and colloquial words
(Table 3.1). Then, we searched for relevant 3D designs on Thingiverse using individual and
combined terms from both lists (multi-word terms were closed in quotation mark pairs).
Since all Thingiverse results were sorted by relevance, we stopped examining items when
relevant results no longer existed or became sparse (e.g., fewer than three relevant designs
shown on five successive result pages).

After initial queries, we refined our term list by adding newly found relevant keywords
and removing terms that yielded irrelevant or repeated results. First, we extracted frequent
terms that described kinetic models but were not included in our initial list from the textual
descriptions on the model page and the name of the collection (if available) to which the

model belonged. For example, “Flexi” is typical for a “flexible” 3D design collection. We
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also added terms that described specialized printing approaches and implied kinetic designs
such as “print in place”. Then, we removed terms that yielded irrelevant results. For
example, most results yielded by “kinematic” were rigid parts for kinematic devices such
as robots and 3D printer accessories. For the plural and singular forms of a kinematic
mechanism (e.g., “joints” and “joint”), we merged the results yielded by both terms but
used the singular form to represent this mechanism in our final dataset. In addition, we
kept one of those terms that described the same thing. For example, the search results
for “compliant mechanism” and “compliant” were highly overlapping. Lastly, if a term A
described the behavior performed by a term B or term B represented a sub-category of term
A, we kept the term A and excluded term B. For example, a “buckle” performs “snap” and

“bistable” designs representing a subset of “compliant” devices.

41Keywords for Sampling 39 Keywords for Sampling 25 Keywords for Sampling
kinetic, kinematic, flexible, movable, animate, bend- Add new relevant kinetic, kinematic, flexible, movable, animate, bend- kinetic, flexible, movable, bend-
able, hinges, hinge, gears, gear, articulation, articu- keywordsand merge | @ble, hinge, gear, articulation, articulated, joint, link- Remove keywords that able, hinge, gear, articulated, joint,
lated, joints, joint, linkages, linkage, springs, spring, | Plural and singular forms | age, spring, mechaincal, crank, e-nable, robotics, describe the same desians | |inkage, spring, mechaincal, crank,

mechaincal, cranks, crank, e-nable, robotics, chains, chain, compliant, telescoping, fodable, fabric, bear- compliant, telescoping, fabric,
chain, compliant, telescoping, fodable, fabric, bear- » ing, lattice, folding, behavior, linkage-based, interac- » bearing, lattice, behavior, flexi,
ings, bearing, lattice, folding, behaviors, behavior, tive design, compliant mechanism, bistable, bend, moving, printin place, snap, mov-
linkage-based, interactive design, compliant mech- bending, flexi, moving, print in place, snap, buckle, able design, action, movement
anism, bistable, bend, bending movable design, action, movement

Figure 3.2: The iterative process for refining the search term list.

Finally, we generate a complete set of 2139 3D printable results with the refined search
terms3.2. However, the generated dataset contained redundant kinetic designs due to over-
lapping results generated by different search queries. Consequently, we cleaned our dataset
using the following exclusion criteria: (i) if two results are the same design (i.e., sharing the
same URL), exclude one; (ii) if two designs have a direct remixing relationship through the
Thingiverse remixing mechanism and the remixer does not add new designs for a different
purpose, exclude the remixer design (Figure 3.3a); and (iii) If two designs have no direct
remixing relationship and they share the exact mechanism for the same purpose, exclude

one regardless of their different appearances (Figure 3.3b).
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Figure 3.3: Examples of identical 3D designs in our dataset: (a) a set of remixed bearing
designs without additional new designs and (b) different flexible animal figurines with the
hinge-based design. The check marks mean the creations are selected to store in our dataset,
while the X marks indicate those are not included.

3.1.2  Qualitative Analysis of 3D Kinetic Designs

We qualitatively analyzed our Thingiverse dataset using an iterative coding process (sim-
ilar to [5]). Appendix A shows the final codebook with 18 codes across five high-level
categories: (1) Model Category/Purpose; (2) Kinetic Component Design; (2) Kinetic Be-
havior; (3) Design and Fabrication Process; (4) and Social Interaction. For analysis, we
examined Thingiverse model pages for each design, which includes open-ended description
fields, images/videos, closed-form data on the printing process (e.g., 3D printer, resolution,
infill density), social interactions (e.g., likes, remixes), and other metadata (e.g., Thingiverse
category).

To assess the model itself and the underlying kinetic mechanisms and behaviors, we
reviewed uploaded images and/or videos (if available), the uploader’s textual descriptions,
and by examining the CAD model in Customizer—a built-in web app on Thingiverse. In a
small number of cases, we also downloaded CAD models and analyzed them in the slicing
software— Cura. For the Kinetic Component Design and Kinetic Behavior codes, we began
with an initial list drawn from literature [2, 6], which was iteratively expanded as necessary.

For the iterative coding process, two researchers began by independently coding two sets
of 30 randomly selected designs using an initial codebook (with 12 dimensions) and then
met to discuss and resolve disagreements through consensus and updated the codebook as
necessary. This process was repeated for five rounds (241 designs, 18% of our dataset) until
the codebook solidified and inter-rater reliability was reached—a Cohen’s Kappa average of

0.83 (SD=0.14) across all the 18 dimensions. Finally, one researcher completed coding the
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remaining dataset using the finalized codebook.
3.2 Findings

3.2.1 Qwerall Trends

Our final dataset contains 1337 3D printable kinetic designs uploaded by 1056 unique cre-
ators. Across the 11 mutually-exclusive application categories defined by Thingiverse, the
most common designs included Toys & Games (26.1%, N=349), followed by Hobby (10.2%,
136), Learning (9.2%, 123), and Models (9%, 120)—see Table 3.2 and Figure 3.5. To achieve
kinetic behaviors, most designs (66%, 882) used purely 3D printable mechanisms such as
joints or hinges, and 29.3% (392) combined both 3D printable mechanisms and external
non-printable hardware such as string, band, rods, steel springs, or electronics, and 3%
(40) relied solely on elastic printing materials such as NinjaFlex or TPU, and 1.7% (23)
exclusively used external hardware. Figure 3.4 shows a decomposition of the dataset based
on used components and materials. For the kinematics themselves, motion behaviors were
most common such as rotating and translating (79.8%, 1067), then deformations like bend-
ing and folding (60.5%, 809). In addition, we found that 949 models (71%) required some

form of post-processing, such as manual assembly, sanding, or gluing.

Table 3.2: Frequencies of 3D-printable kinetic designs across 11 Thingiverse-defined cate-
gories.

Category Count % Description

Toys & Games 349 26.1 Mechanical toys, toy & game accessories, chess, construction toys, dice, games, playsets, puzzles.

Hobby 136 10.2 DIY, robotics, sport & outdoors, R/C vehicles, music, electronics, automotive.

Learning 123 9.2 Engineering, math, biology, physics & astronomy.

Models 108 8.1  Animals, buildings & structures, creatures, food & drink, model furniture, model robots, people, props, vehicles.
Fashion 96 7.2 Accessories, costume, bracelets, earrings, glasses, jewelry, keychains, rings.

3D Printing 96 7.2 3D printer accessories, 3D printer extruders, 3D printer parts, 3D printers, 3D printing tests.

Art 93 7.0 Sculptures, interactive art, art tools, 2D art, coins & badges, math art, scans & replicas, signs & logos.

Tools 93 7.0 Machine tools, hand tools, tool holders & boxes.

Household 93 7.0 Décor, bathroom, containers, household supplies, kitchen & dining, office organization, outdoor & garden, pets.
Gadgets 52 3.9  Computer, mobile phone, tablet, video games, camera, audio.

Other 98 7.3 Misc not covered by other categories.

Total 1337 100
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Designs with 3D printable Designs with both 3D printable mechanisms
mechanisms (N=1274) and external hardware (N=392) Designs with elastic
l material only (N=40)
Our Dataset (N = 1337) Designs with external hardware (N=415)

Figure 3.4: The final dataset consists of designs that use 3D-printable mechanisms, external
hardware, and purely elastic materials.

Thingiverse operates not just as a repository but as a social platform; we also studied
likes, collections, makes, and remizes amongst users. Of the 1337 models, over 76.1% (1017)
received some social interaction, 63.9% (854) were marked as downloaded and printed by
another user, and 36.1% (482) were remixed. Relatedly, 1079 models (80.7%) were started

“from scratch” while 258 (19.3%) were marked as remixing other Thingiverse models.

Hexaflexagon thing: 141124 ~ Robot Arm thing: 1718984 ~ Archimedes Screw thing: 1769714  Line Linkage thing: 39872  Chain Mail thing: 3082454  Cube Gears thing: 1877754
- # ; p

> @ Rl
& @

Toys & Games Hobby Learning Models Fashion 3D Printing

Flying Turtle thing: 3758189  Flexible Pliers thing: 2433894  Luxo Jr. thing: 432648  Tripod Mount thing: 2504747

Telescoping thing: 8028  Flexible Bellow thing: 2946210

‘

Figure 3.5: Examples of 3D kinetic designs across 11 application categories defined by
Thingiverse.

Art Tools Household Gadgets

3.2.2 3D Printable Kinetic Mechanisms

To understand how makers create 3D printable kinetic objects, we examined which 3D

printable kinetic mechanisms and how often they are used. Of the 1337 designs, nearly all



35

(97%, N=1297) included either 3D printable kinetic mechanisms designed for rigid plas-
tic such as PLA or PETG or external kinematic hardware, while some models (3%, 40)
relied solely on elastic material to achieve movements (e.g., Ninjaflex or TPU). Of those
1297 designs, 98.2% (1274) used 3D printable kinetic mechanisms, and 32% (415) used
external components (Figure 3.4). Of the 1274 designs, joints (36.5%, 465) were most com-
mon—perhaps because joints are relatively easy to model and different types of joints (e.g.,
universal joints and ball joints) provide expressive movements—followed by hinges (29.5%,
376), gears (26.6%, 339), linkages (14.8%, 189), and cranks (12.9%, 164). See Figure 3.6 for
some examples of 3D printable kinetic mechanisms used in 3D designs. The full frequency
distribution of 3D printable kinetic mechanisms is: joint (36.5%, 465), hinge (29.5%, 376),
gear (26.6%, 339), linkages (14.8%, 189), crank (12.9%, 164), spring (8.8%, 112), axel (8.1%,
103), interlocking (6.8%, 87), lever (6.2%, 79), bearing (5.9%, 75), microstructure (5.1%,
65), cam (2.4%, 30), telescoping (2.3%, 29), slider (1.9%, 24), and other (1%, 13).

, Joint

thing: 2487181

: 358008

thing: 88108

Figure 3.6: Examples of 3D printable kinetic mechanisms.

We also examined co-occurrence patterns across kinetic mechanisms: how often are
mechanisms combined and with what other structures? We found that single-mechanism

designs' (54.1%, 689) were more common than multi-mechanism designs (45.9%, 585). Of

'The same design can be used once or multiple times in a single-mechanism design.
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those 689 single-mechanism designs, hinges were most prevalent (33.7%, 232), followed
by joints (25.8%, 178), gears (10.4%, 72), and springs (6.1%, 42). For multi-mechanism
designs, most commonly, makers combined joints and gears (25.3%, 148), followed by gears
and cranks (16.6%, 97), joints and linkages (14.7%, 86), and hinges and linkages (9.6%,
56). These combinations of kinematic components not only show the frequency of elements
used for making kinetic objects but also inform what and how kinematic elements are often

paired to support kinetic behaviors in 3D-printed designs.

Finally, we also examined how different kinematic mechanisms support kinetic appli-
cations in varying domains. When examining the usage of mechanisms as a function of
the Thingiverse category, we found that joints were the dominant mechanism used in 4
categories (i.e., Toys & Game, Models, 3D Printing, and Tools), while hinges surpassed
joints in 3 categories (i.e., Hobby, Fashion, and Household) and gears became the most
used mechanism in 3 categories (Learning, Art, and Gadgets). Across all the categories,
most of the kinetic mechanisms were used for Toys & Games; however, Learning was the
dominant application category for microstructure, and most interlocking structures were
used for creating Fashion. For example, a creator learned about the 2-DOF compliant
space pointing mechanism by reading a related academic paper and experimented with the
compliant design as a learning process (thing: 3612786). These findings allow us to select
proper kinetic mechanism candidates for specific application categories.

For those kinetic designs that use springs, beam-based springs are most prevalent (50.9%,
57), followed by spiral springs and helical springs. Most beam-based springs are embedded
into toys and gadgets to provide shape-changing abilities, while helical springs are created as
decorations, such as a spring ball (thing: 3162270) and a Christmas tree (thing: 3135231),
and spiral springs are found in many applications where continuous turning occurs, such as

a clock (thing: 3364860) and a pull-back car (thing: 3308710).

3.2.3 3D Printable Kinetic Behaviors

In addition to kinetic mechanisms, we also examined kinetic behaviors such as rotations and

bending. While related, similar output behaviors can be achieved with different mechanical
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designs and/or materials; thus, they are worth examining independently. For example, a
rotary catapult arm can be made of a spring (Figure 3.7-thing:3662245) or a lever (Figure
3.7-thing:1860072) and interlocking chainmail (Figure 3.6-thing:3096598), which simulates
the elasticity of fabric. Of the 1274 models that used 3D printable kinetic mechanisms,
rotations were most common (79.4%, N=1012), followed by bending (27%, 344), articulat-
ing (24.9%, 317), translating (18.7%, 238), and twisting (17.8%, 227). The full frequency
distribution of 3D printable kinetic behaviors is: rotate (9.4%, 1012), bend (27%, 344),
articulate (24.9%, 317), translate (18.7%, 238), twist (17.8%, 227), compress (13.8%, 176),
fold (8.4%,108), stretch (7.1%, 91), oscillate/reciprocate (4.9%, 62), transform (4.6%, 59).

Figure 3.7 shows examples of 3D printable kinetic behaviors.

thing: 2595224

Rotate + C‘_’E sJ(: Rotate + C ress  Rotate +Arti

=

ng: 1860072 thing: 35752 = #ifing: 1167907

Figure 3.7: Examples of 3D printable kinetic behaviors.

Similar to our mechanism analysis, we also studied co-occurrence behavioral patterns
to understand what and how combinations of behaviors can be embedded into 3D kinetic
designs. Most designs could perform multiple output behaviors (62.6%, 798), including
articulating and rotations (36.5%, 291), bending and rotations (25.9%, 207), and translation
and rotations (23.4%, 187). For example, an articulated robot could rotate its arms (Figure
3.7-thing: 35752), a rotating crank bent a lever to make some noise in a noise gun (Figure
3.7-thing:1167907), and a spring-loaded boat moved forward when the spring and gears
rotate (Figure 3.7-thing: 3500845). Of the 476 single-behavior designs, most performed
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rotations (77.9%, 371), bending (7.8%, 37), and compression (4.8%, 27). For example,
a mechanical iris opened under manual rotation (Figure 3.7-thing:997182), a hinge-based
crossbow bent when the string was loaded (Figure 3.7-thing: 2020668), and the user opened
a clip by compressing a hinge-based handler (Figure 3.7-thing:2988949). Informed from
the designs that perform multiple behaviors or only one single behavior, rotation surpasses
other motion types and becomes the most popular movement people are making kinetic
objects for. It is worthwhile to further explore how these rotations are enabled by kinematic
mechanisms and how they are designed in accompany with other output motion types.

We also examined the relationship between kinetic behaviors and mechanisms. Of the
688 single-mechanism designs, 36.5% (251) produced a single output behavior—e.g., a hinge-
base carabiner resulted in only bending (Figure 3.1a) and an axel-based pin display resulted
in only pin translations (Figure 3.8-thing: 3402410 )—while 63.5% (437) achieved multiple
distinct behaviors—e.g., a ball joint-based solder helper hand performed both articulation
and rotation (Figure 3.6-thing: 2487181) and a linkage-based compliant mechanism could
produce oscillation, rotation, and transformation (Figure 3.5-thing:39872).

For those 586 multi-mechanism designs, 61.6% (361) resulted in multiple kinetic behav-
iors—such as torsion springs and gears in a 3D printable wind-up car (Figure 3.8-thing:
3308710)—while 38.4% (225) used multiple mechanisms to achieve a single behavior, e.g.,
a hand cranking flashlight only included rotation while gears and cranks were used (Figure
3.6-thing: 13820).

In particular, bending is the primary output behavior for those designs that use springs
as the key mechanisms (37.5%, 42) because beam springs and a few helical springs are used
for bending movement. Helical springs are also used for creating compressions, such as the
clamp (thing: 2988949) and the battery holder (thing: 374802). Spiral springs are always

used for winding and therefore, rotary movement.

3.2.4 Use of Elastic Materials

Besides 3D printable kinetic mechanisms, makers also used external hardware (e.g., elastic

string, band, rods, steel springs, or electronics) or purely elastic printing materials (e.g.,
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TPU) to achieve desired output behaviors. Of 415 models that included external hardware,
most (94.5%, 392) still used some form of 3D printable kinetic mechanisms, and others
(5.5%, 23) used the external actuator (e.g., electromotors) or kinetic material (e.g., fishnet,

string, elastic steel wire).

For those 40 designs created with pure elastic printing materials, most (85%, 34) per-
formed bending, such as bracelets and watchbands, followed by stretching (25%, 10), such
as shoelaces or stretchable toys. Since no specific mechanisms were embedded, the created
objects performed freeform deformations. For example, a Ninja doll made with flexible Nin-
jiaFlex material could be stretched, twisted, and bent freely. Additionally, we found that
some kinetic mechanisms were printed using the elastic mechanisms to offer more flexibility
for deformation or produce more frictions. For example, a tank chain used a chain of hinges

printed with elastic materials and produced more friction on the ground.

3.2.5 Actuation Types

To activate kinetic mechanisms for desired behaviors, we examined how makers operate
and control 3D-printed objects. Of the 1337 designs, most (85.3%, 1141) were activated
by human power such as hand cranking or pulling, and 12.3% (164) were triggered by
non-manual power sources such as electromotor or spring, and 2.4% (32) used both ap-
proaches. For those 32 designs, manual operations and non-manual actuators were usually
interchangeable. For example, a set of gyroscopic cube gears could be actuated by hand
cranking or an external electromotor (Figure 3.8-thing: 338808). However, 65.6% of the 32
designs also used external energy-charging components such as springs and rubber bands.
These components charged energy through human operations and then released the stored
energy for an output motion. For example, a 3D-printed boat is powered by a loaded spiral
spring winded manually for energy charging.

We further examined the common actuation method in both manual (87.7%, 1173)
and non-manual (14.7%, 196) actuators. Of 1173 manual actuation, rotating (36.3%, 426)
was most common—perhaps because the most common kinetic mechanisms (i.e., joints and

gears) in the dataset required rotary operations (36.3%, 426) to trigger movement—followed
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Figure 3.8: Examples of actuation methods.

by freehand operating (24.6%, 288) and bending (19%, 223). For example, the user rotated
the roaster for fishing (Figure 3.8-thing:2973469), a chainmail-based fabric sheet deformed
under freehand operations (Figure 3.8-thing: 255924), and bent a flexible SD card holder
to pick the card (Figure 3.8-thing: 245221). Although we categorized manual actuation in
different actions, the control of the output behaviors was unclear and not explicitly described
by the creators. However, detailed instructions were provided for those applications that
required specific operations. For example, to operate a prosthetic properly (Figure 3.8-thing:
3335286), the user needed to wear the device carefully and follow instructions to pull the

string that triggered the finger movement. Compared with manual actuation, non-manual
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actuators were used in a controllable way to start the action. Of 196 non-manually triggered
designs, more than half (57.7%, 113) used electro-motors such as DC motors and servos to
program the output movement. In contrast, other actuators such as springs (13.3%, 26),
weight (7.7%, 15), and airflow (7.7%, 15) were used in specialized ways for behavior control.
For example, a spring-loaded pull-back car (Figure 3.8-thing: 3308710), a 3D-printed clock
used the oscillation of weight to function (Figure 3.8-thing: 1914748), and a fan turned
under wind blowing (Figure 3.8-thing: 1952564).

3.2.6 Design and Making Processes

We also studied how 3D-printed kinetic objects were designed, created, and shared on

Thingiverse.

Documentation of Kinetic Design on Thingiverse. In our dataset, we found
that 92.1% (1231) designs contained some form of documentation—including design tools,
printing-related information, instructions for post-print processes, and iterations, while 7.9%
(106) were undocumented on Thingiverse. Of the 1231 documented models, most (88.5%,
1089) included printing settings (e.g., resolution, infill density, printer brands, or support
need). In addition, nearly half (49.6%, 610) described the instructions for post-processing
(e.g., assembly instructions and crafting methods for polishing the prints), 42.2% (519)
covered the used design tool, and 35% (431) mentioned model iterations in the Summary
filed on the model page. Furthermore, by qualitatively analyzing each design’s description
(if available), we found that Thingiverse users documented the processes for making the
kinetic design for several reasons: (1) for public sharing. For example, “Here, I'm sharing
what I've learned about clock gears” (quote from the summary of the thing: 1282677); (2)
for recording updates. For example, “check back for updates as I revise the files” (quote
from the summary of the thing: 9863); (3) for self-advertisement. For example, “ .. feel
free to take a look at my other designs. ..” (quote from the summary of the thing: 3723618);

“ I did this as an educational

and finally, (4) for educational purposes. For example,
project for kids or people new to 3D printing...” (quote from the summary of the thing:

3164774).
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Design Techniques and Tools. We found a similar trend of remixing and re-making
in both designs from scratch and remixed from others: makers are more likely to re-creating
existing kinetic objects than make new kinetic designs. For those created from scratch,
we found that 66.3% (715) of original models were remixed or re-made by other makers,
while 33.7% (364) were not. The 715 designs presented a breakdown of 48.5% (347) only
re-made by others, 46.2% (330) both remixed and re-made, and 5.3% (38) only remixed. For
those 258 unoriginal designs, more (39.1%, 101) were both remixed and re-made by others
than either re-made only (29.5%, 76) and remixed only (5%, 13), while 26.4% (68) had
no remixing and re-making activities. Amongst all the kinetic designs, the most popular
original kinetic design re-made and remixed by other makers was a customizable, flexible
bracelet (thing: 46735; the sum of makes and remixes was 1172), while a gear bearing (thing:
53451; No. of makes was 843 and No. of remixes was 6228) was the most common for both
makes and remixes. Finally, only 38.7% (517) described the design tools for 3D modeling,
including Autodesk Fusion 360 (19.7%, 102), OpenSCAD (17.2%, 89), TinkerCAD (10.6%,
55), Solidworks (9.3%, 48), and a variety of commercial CAD software (43.1%, 223) such
as Blender (6%, 31), Sketchup (5.8%, 30), Autodesk 123D (4.3%, 22), Rhino3D (3.9%, 20),
and Inventor (3.9%, 20). Most commonly, creators complained about the lack of support

113

to enable them to create the desired mechanism. For example, “ ..[I tried for a long time
to figure out how to create a better-looking box when I stumbled upon a linkage design tool.”
(quote from the summary of the thing: 3006492). To create springs, there is no information
about the design process and tool support but some makers posted suggestions for printing,
such as printing a helical spring (thing: 3870039). Most 3D printable spring examples are
made for demonstrations of 3D printing springs, either created from scratch or existing 3D
models.

Post-Print Processes. Of the 1337 designs, 71% (949) required some forms of post-
print processes such as assembly, gluing, sanding, and lubricating. Amongst various post-
print methods, assembly is applied to nearly all designs (97%, 921), followed by gluing
(15.6%, 148), circuit building (9.5%, 90), sanding or lubricating (10.5%, 100), and cutting

(6.8%, 65). To achieve a specific function, makers also used other creative methods as

part of the post-processing. For example, to convert a segment of a printing filament into



43

a hinge latch, the maker melted down one side of some filament to form a flat head like
a nail (thing: 627077). Besides those (43.7%, 415) used external hardware, 532 (56.1%)
designs that purely used 3D printable kinetic mechanisms still required post-processing.
For example, the maker used flexible clips to snap rigid legs for a printable strandbeest
(thing: 3073375), and another maker applied silicone-based oil to lubricate the cylinder
walls, piston wrist, and crankshaft bearing surfaces in an engine model (thing: 1195361).
For those with embedded springs, the springs are usually printed with support materials

and carefully cleaned by additional manual work post-printing.
3.3 Discussion: Maker Community V.S. Fabrication Research

Our study showed that makers create 3D printable kinetic objects and share their designs
within the community. While these findings reflect the common desire for making kinetic
3D-printed applications within the maker community, there is still room for improvement
in the design space of 3D printable kinetic applications, including the complexity of kinetic
designs, design aids for making such kinetic devices, and novel techniques introduced by
fabrication research. In this section, I discuss the commonalities and differences in making
3D printable kinetic designs between the maker community and fabrication research, as well
as the opportunities for using springs in both communities.

Makers and fabrication researchers used similar approaches to augment 3D-printed with
kinetic behaviors. First, 3D printable kinetic mechanisms were studied and used in both
making practices and research. For example, an articulated hand was created using joints
for expressive finger movements (Figure 3.1c), and an assembly-free articulated forearm
was demonstrated by leveraging the friction in ball joints [16]. Telescoping structures were
used for creating an extendable backscratcher (Figure 3.6-thing: 3125608) and a resizable
character [134]. In Digital Mechanical Metamaterials [44], bistable springs were used to
keep and restore states to control digital information. Bistable springs are also used to
present different shapes in compliant mechanisms in the maker community, such as thing:
3163115. Combining both 3D-printed parts and external hardware was also found in both
communities. For example, fabric and 3D-printed rigid parts were stitched together for

fashion (Figure 3.8-thing ID: 255924) and elastic textiles [90]. Servos were used to actuate a
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mini quadruped robot (Figure 3.1f) and convert 3D models into robotic arms [61]. Second,
kinetic objects were created to achieve similar behaviors. For example, by using embedded
3D-printed hinges, makers created transformable fidgets (e.g., Figure 3.7-2595224) while
researchers converted 3D bodies into transformable characters [136]. Wrapped conductive
coils were powered to produce rotary motions in the maker community (Figure 3.1g) and
research [85]. Finally, we saw similar actuation methods to trigger movements such as SMA
(thing ID: 1917236 vs. [45]) and pressure (thing ID: 277171 vs. [68]). From the collected set
of kinetic designs, springs stand out because they could be used as 3D printable actuators
in many applications, such as a motor for a 3D-printed wind-up boat (thing: 3554489)
and an extremely complex but self-functional gyrotourbillon (thing: 2820444). Besides
above commonalities, a few creations on Thingiverse reused the exact techniques introduced
by fabrication research. For example, the multi-material flexible plier (Figure 3.5-thing:
2433894) reused the metamaterial design from [41]. As some makers have explored making
3D-printed springs, it is timely to study springs for 3D printing and explore how 3D-printed
springs could advance the making of kinetic objects for interactions.

While many commonalities are shared, a gap exists between the maker community and
fabrication research. First, environmental stimuli were rarely used in practice for actuating
kinetic behaviors, except for a few found examples (e.g., Figure 3.1e). We speculate that
such approaches were still at a research stage and not accessible to the public; hence,
makers might seek other alternative methods. Second, novel applications such as fabric
layered soft devices [86] are enabled by specialized fabrication machines and processes in
research; however, due to the lack of access to those techniques, makers’ creations were
primarily limited by commercial 3D printing technologies. Lastly, the most significant
missing part in the maker community was the design support for both parametric design
and behavior control. While custom design tools were developed to allow the end-user to
parameterize the model and preview the output behavior in fabrication research [41, 145], we
saw limited design aids were provided for makers during the design and fabrication of kinetic
objects—perhaps because these features were not integrated into existing CAD software. As
a result, it was hard to tweak the created kinetic designs and control the resulting behavior.

For example, the cellular structures in the metamaterial-based plier were fixed and hard
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to extend to a different design without the support for parameterizing those grids. These
gaps reveal several existing challenges for creating 3D printable kinetic objects: (i) designing
kinematic models is complex and CAD support is missing for designers and makers to create
functional, kinematic 3D designs; (ii) it is hard to achieve desired kinetic behaviors with
appropriate mechanisms or materials without knowing how those components function; and
(iii) it is demanding to print specific parts for kinetic behaviors, e.g., tweaks on printing
settings or specialized fabrication machines are needed, and error-prone post-print manual
assembly is needed. As a fabrication researcher, I am passionate about exploring solutions
to address these open challenges.

This study also introduces design opportunities for making kinetic objects using one of
the less commonly used mechanisms—springs—for 3D printing. Like joints, gears, and mi-
crostructures, it is possible to create 3D printable springs and embed them in applications
for movement and deformation. First, springs have been proved to be 3D printable (e.g.,
thing: 3870039, thing: 171505, and thing: 746542) by makers, it is worthwhile studying
how 3D-printed springs perform and how to control 3D-printed springs for expressive de-
formation behaviors. For example, Figure 3.6-thing:7760 shows that a spring suspension
only extends and compresses with an internal linear guide. Amongst all the 3D printable
functional mechanisms, 3D printable springs were rarely used in kinetic 3D designs due to
the high barriers to designing and 3D printing springs. Most makers could only create basic
spring forms, such as the standard helical or spiral springs, or reuse existing spring models
for printing. Additionally, the substantial use of springs as motors in toys, such as catapults
(e.g., thing: 3662245), cars (e.g., thing: 3308710), boats (e.g., thing: 3554489), and clocks
(e.g., thing: 3061474), indicates that 3D-printed springs have the potential of being used
as self-contained energy sources to trigger the movement of 3D kinetic objects. Hence, it
has value to explore how to design and control 3D printable springs as motors to produce
motion for 3D-printed objects in a broader range of applications. Lastly, since beam springs
are widely used in many applications for expressive deformation behaviors, such as bend-
ing, rotating, and compression, it is possible to combine various beam structures to create
interfaces that deform in a desired way and display controllable haptic feedback, such as

the spring that produces different compliance (thing: 5713) and the ortho-planar spring for
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larger deflections (thing: 3007261).

From this study, I drew the following design requirements for creating spring-based 3D
printed objects that inform and guide the series of works in my dissertation: (i) springs
need to be appropriately embedded in the custom 3D model for the ease of printing; (ii)
spring forms can be customized for controllable deformation behaviors; (iii) springs can be
controlled for the desired amount of energy to store when they are used as energy sources;
And (iv) design aids should be provided for end-users who lack the engineering background

to create spring-based 3D models for printing.
3.4 Chapter Summary

In this chapter, I presented Making Things Move, a large-scale study on how makers create
3D printable kinetic designs on Thingiverse. Through a qualitative analysis, I characterized
the current trends in making 3D printable kinetic objects, including the kinetic mecha-
nisms, output behaviors, actuation methods, and the design and making processes. While
our findings and discussion highlight a set of identified creation patterns on Thingiverse, I
also discussed the commonalities and differences between the maker community and fabri-
cation research for making kinetic objects. The challenges for making 3D printable kinetic
objects were enumerated. Finally, I discussed the opportunities for using springs as a new
fundamental mechanism to create 3D printing kinetic behaviors. I described a set of design

requirements that provide support for my dissertation.
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Chapter 4

ONDULE: CREATING DEFORMATION BEHAVIORS WITH 3D
PRINTABLE SPRINGS

[ Ondulé Design Tool
body selection  spring length change default stiffness updated stiffness add bend+tW|st behavior r !
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Figure 4.1: We introduce Ondulé, an interactive tool that allows designers to create and
control deformable objects with embedded springs and joints. Above, a workflow shows
how to make a solid seahorse body bendable and twistable: (a) select a seahorse body; (b)
change the spring length and regenerate the spring directly on the model; (c) control spring
stiffness; (d) parameterize spring deformation behaviors by adding additional joints; and
(e) print the deformable seahorse with a consumer-grade FDM 3D printer.

To explore how springs can be used to make 3D printable kinetic objects, I started by
studying helical springs for 3D printing and developed Ondulé [32] to lower barriers (RQ2)
for the end-user to embed parameterizable helical springs in 3D models for 3D printable
deformation behaviors (RQ1)!. Compared to other mechanisms such as hinges, joints, or
metamaterials, helical springs offer several benefits. First, they support various deformation
behaviors, including compressing, stretching, bending, and twisting [11]. Second, because
springs can endure large-scale deformations and store energy [11], they are ideal mechanisms
for producing the driving force for motion. Finally, high-density spring structures have
small gaps between each coil, making it possible to create complex deformable surfaces
with a standard FDM 3D printer. While helical springs have compelling potential, two key
challenges prevent them from being widely used in 3D printing. First, due to the anisotropic

characteristic of additive manufacturing, the performance and mechanical properties of 3D-

!The full video demo of Ondulé: https://youtu.be/ZIn1 WirDQ-4
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printed helical springs have not been extensively studied [23]. Second, although helical
springs support a wide range of deformations, designing, customizing, and controlling the
deformation is complex.

This chapter describes how I developed Ondulé to address these challenges. First, I
provided the background on the physics of mechanical helical springs. I then present a
series of controlled mechanical experiments that investigated the mechanical properties of
3D-printed helical springs. The results indicate that 3D-printed springs perform similarly
to theoretical predictions. Next, to control the spring deformation behaviors, I presented
a set of joint designs (prismatic joints, revolute joints, knuckle joints) embedded inside
a 3D-printed spring, which can be used to customize and parameterize spring behaviors.
Based on our experimental findings and custom joint designs, I developed Ondulé—a new
interactive design plugin for Rhino that allows novices and makers to rapidly prototype
3D deformable behaviors with spring structures. With Ondulé, a user can select arbitrary
shapes (Figure 4.1a), convert them to springs (Figure 4.1b), control and customize the de-
sired deformation by parameterizing the spring and its internal joints (Figure 4.1c, 4.1d),
and print the deformable object with a consumer-grade FDM 3D printer (Figure 4.1e). On-
dulé also provides real-time feedback about the spring’s behavior (e.g., its full compression
position); however, a full dynamic simulation remains open work. Finally, to highlight the
potential of Ondulé, I presented a series of 3D-printed applications designed with the tool.

This chapter contributes: (i) a set of novel spring deformation techniques with intrinsic
mechanical joints that allow for spring behavior customization; (ii) an interactive design tool
that allows designers to rapidly convert a static 3D model to a deformable and printable
object by controlling spring stiffness and parameterizing additional joints; and (iii) a series
of example applications created with Ondulé demonstrating the feasibility and initial design

space.
4.1 Helical Spring Theory

Our approach is based on helical springs [11], which have three basic configurations—compression,
extension, and torsion (p. 626 in [17]). Helical spring behaviors (Figure 4.2) are determined

by two interrelated factors: spring parameters and material properties. We use both in our
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tool.

Figure 4.2: Basic helical spring deformation behaviors: (a) compress, (b) extend, (c) twist,
and (d) laterally bend.

There are two primary factors that influence the mechanical performance of helical
springs. Spring parameters. The compression and extension behaviors of helical springs
can be modeled using Hooke’s Law (Eq. 4.1) and Castigliano’s theorem (p. 502 in [11]),
where a spring’s stiffness k is determined by wire thickness d, diameter D, number of coil
turns N, and shear modulus G. Similarly, to model the torsion (i.e., twisting) behavior of
helical springs, we use the angular form of Hooke’s Law (Eq. 4.2) and Castigliano’s theorem
(p. 534-535 in [11]), where a spring’s torsion rate k’ is determined by spring parameters
and Young’s modulus E. Given that a material’s properties are constant, we can manipulate
d, D, and N in our design tool to parameterize spring behaviors. Material properties.
There are two relevant material properties to control a helical spring’s behavior: Young’s
modulus (F) and shear modulus (G). (See Appendix B for the formal definitions of E and
G and how we derived G). While E is typically listed in filament datasheets, this E is for
a single, unextruded portion of filament, and G is not listed. Thus, to obtain these values,
we need to measure them experimentally for each filament type (e.g., ABS, PLA). We do

so for one filament type below.

F 4G
k= T SDN (4.1)
, T d*E
- = 4.2
0 64DN (4.2)
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4.2 DMechanical Experiments

The mechanical experiments have two primary goals: first, to study the effect of 3D printing
on the material properties F and G for our selected filament type; and second, to explore
whether 3D-printed helical springs perform similarly to theoretical predictions. Towards
the first goal, I conducted material property tests (Experiment 1) using a load frame to
empirically measure £ and G (Figure 4.3a), based on American Society for Testing and
Materials (ASTM) standards. For the second goal, I evaluated the tensile (Experiment 2)
and twisting (Experiment 3) performance of 3D-printed helical springs using a load frame
and a torque sensor, respectively (Figure 4.3b and 4.3c). Experimental results are used to
inform Ondulé’s parameter space and for the spring preview. The experiments focus solely

on the performance of 3D-printed helical springs and do not include joints.

/T ety

Stepper Mator

‘ . -[Load Frame Grip

~~|Extensometers = |

Figure 4.3: Mechanical experiment setups: (a) the load frame stretches a 3D-printed rod;
(b) the load frame stretches a 3D-printed helical; and (c) the motor rotates a helical spring
and torque is measured.

All test samples were printed with tough PLA (TPLA) and dissolvable PVA using an
Ultimaker 3 printer. PVA was used for support material and fully removed before the
experiments. [ used Ultimaker Cura 3.6.0 with default print settings and varied infill density,
infill pattern, and printing orientation (depending on the experiment). Our experiments

were run under the supervision of and consultation with a mechanical testing lab engineer.
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4.2.1  Experiment 1: 3D-Printed Rod Material Property Tests

To derive E and G for 3D-printed TPLA and explore the effect of 3D printing on these
properties, we directly measured E and the Poisson ratio v for different 3D printer settings

(Figure 4.4). The experiment setup is shown in Figure 4.3a and detailed in Appendix B.
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Figure 4.4: The 3D-printed solid rods in Experiment 1 and three varied test conditions:
infill density, infill pattern, and print orientation.

The experimental results show that (i) stiffness increases as infill density increases, (ii)
tensile strength orthogonal to the printing direction is highest, and (iii) shear stress is highest

at a 45° angle (Figure 4.5). See explanations of the results in Figure 4.5 in Appendix B.
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Figure 4.5: Experiment 1 results showing that £ and G increase with infill density as well as
more robust infill patterns. Tensile strength increases as printing angle increases; however,
shear stress is highest at 45°.
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Table 4.1: The conditions of spring parameters used in Experiment 2 and Experiment 3.

Condition | Wire Thickness (mm) | Diameter (mm) | Length (mm) | Turn Number
Wire Thickness 2,3.4,4.8,6.2,7.6 25, 30, 50, 60 50 5
Diameter 4 32 25, 45, 65, 85 5
Spring Length 4 32 50 5
Turn Number 4 32 50 4,6, 8, 10

4.2.2  Experiment 2: 3D-Printed Spring Tensile Tests

To empirically explore how the tensile performance of 3D-printed springs compares to the-
oretical predictions, I conducted controlled stretching experiments again using the load
frame. I varied four spring parameters: wire thickness d, diameter D, the number of coil
turns N, and spring length L (Table 4.1). While spring theory [11] suggests that length L
has no effect on tensile performance, I also varied this parameter for verification. In all, I
created and tested 17 helical springs with the same FDM specifications: 100% infill, lines
infill pattern, and 90° printing angle. For the experiments, I followed a similar procedure
to Experiment 1 (see the setup in Figure 4.3b and Appendix B). If our experimental re-
sults find that 3D-printed helical springs behave similarly to theoretical predictions, I can
then operationalize spring theory in the Ondulé tool (e.g., by allowing the user to control
thickness d, diameter D, and the number of coil turns N).

To investigate how a 3D-printed spring behaves, I compared the empirically measured
spring stiffness k of each spring to a &k derived from Eq. 4.2. For d, D, and N, I simply use the
experimental conditions (Table 4.1) as input values. For G, I used the value derived from
Experiment 1 for 100% infill, lines infill pattern, and 90° printing angle. Using a paired
(two-tailed) t-test, I found no significant difference (Figure 4.6) between the empirically
measured k and the theoretical prediction (t32 = 0.0097,p = 0.99).

4.2.8  FExperiment 3: 3D-Printed Spring Torsion Tests

Finally, I investigated the torsion (twisting) performance of 3D-printed springs for the last

experiment. We reprinted the same springs used in Experiment 2 (Table 4.1) with the same
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Figure 4.6: Experiment 2 results showing that 3D-printed helical springs perform similarly
to theoretical predictions as measured by a load frame with different d, D, N, and L values.

FDM specifications (100% infill, lines infill pattern, and 90° printing angle); however, we
used a different experimental setup (see Figure 4.3c and Appendix B).

Similar to Experiment 2, I compared our empirical results—in this case, the measured
torsion rate k' for each spring—to theoretical predictions (Eq. 4.2). As before, I can input
the experimental condition values for d, D, and N into Eq.4.2 as well as the material property
E from Experiment 1 to derive the theoretical prediction k&’ for each spring. Figure 4.7 shows
our measurement for &’ closely mirrors the theoretical prediction based on a paired t-test

(32 = 0.0236,p = 0.98).
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Figure 4.7: Experiment 3 results showing that 3D-printed helical springs have similar twist-
ing performance to theoretical predictions with varied d, D, N, and L values.
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4.3 Spring Deformation Techniques

The experiments derived £ and G for 3D-printed TPLA demonstrated the feasibility of
3D printing helical springs using FDM 3D printers and showed that 3D-printed helical
springs perform similarly to theoretical predictions. Informed by spring theory, the above
experiments, and our own extensive testing of 3D-printed helical springs, I created cus-
tom spring deformation techniques, which use mechanical joints as constraints for enabling
our approach. To enable users to create parameterizable springs, this set of deformation
techniques combines auto-generated helical springs with embedded mechanical joints. The
combination of springs and joints is also seen in our MTM study, for example, spring-loaded
suspensions use internal linear guides to limit the spring to compress and extend only?. In
our designs, for some deformations, I also enable users to auto-generate a lock mechanism
that allows the spring to be locked/unlocked in a fixed position (currently supported by

linear-only and twist-only deformations).

4.3.1 Controlling Linear Deformations Using a Prismatic Joint

To create a spring that can only compress or extend, I embed a prismatic joint consisting of
a shaft, a rail guide, and an embedded slider (Figure 4.8). When the spring is compressed
or stretched, the slider can only move along the predefined rail, preventing the spring from
being bent or twisted. The user can specify the amount of compression and/or extension,
which I control by positioning the default location of the slider. Consequently, this joint
design can be used to support compression-only, extension-only, or both. The user can also
auto-generate a locking mechanism, which can be used to lock a spring at its maximum
compression and/or extension states. I do this by generating a ‘latching’ groove at the

endpoints of the guide rail (Figure 4.8).

4.8.2  Controlling Twisting Deformations Using a Revolute Joint

To create a spring with the twist-only behavior and to control the maximum angle of

rotation, I embed a revolute joint using a bearing socket and a circular disc (Figure 4.9).

2Spring suspensions: https://www.thingiverse.com/thing:3551 and https://www.thingiverse.com/thing:7760


https://www.thingiverse.com/thing:7760
https://www.thingiverse.com/thing:3551
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Figure 4.8: A prismatic joint is used for a linear-only deformation.

This revolute structure allows the circular disc to revolve concentrically to the bearing socket
while preventing the bending of linear deformations. For controlling the angle of rotation, I
embed a custom arc sliding rail in the socket, which confines the rotation of the disc within
the maximum twisting angle. Again, I generate a ‘latching’ groove at the position where

the disc rotates to the maximum twisting angle to lock a spring at its maximum angle.

Bearing I‘—~~l
Socket N

Figure 4.9: A revolute joint is used for a twist-only deformation.

4.3.8 Controlling Bending Deformations Using a Knuckle Joint

To support bend-only behaviors, I use a chain of knuckle joints. A single knuckle joint
contains a cylindrical rod located inside a cylindrical socket (Figure 4.10). The cylindrical

rod revolves concentric to the axis of a cylindrical socket. Multiple knuckle joints can be
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chained nose to tail, with the first and the last one fixed to the two ends of the helical
spring. This structure prevents linear and twisting deformations and offers flexible bending.
However, knuckle joints confine the bending deformation to one plane. Therefore, an omni

bend-only deformation is also possible, which I describe below.

Cylindrical
Socket ‘[-

&/ Rod

Figure 4.10: A chain of knuckle joints used for bend-only deformations.

4.8.4  Supporting Compound Behaviors

While the above techniques support individual deformation behaviors, compound behaviors
are also supported in three ways: first, via traditional freeform springs (unconstrained by
internal joints), second, via additional joint designs, and finally, by combining multiple
springs in serial or parallel.

Free-form springs. Users can select geometries and convert them to free-form springs
(without embedded joints). These springs can inherently compress, extend, bend, and twist.
Here, users can only control spring stiffness (via parameters d, D, N, and L) and shape.

Additional joint designs. Using custom joint designs, I support two compound be-
haviors: linear+twist and twist+bend. For linear+twist, I adapt the linear-only design by
replacing the slider with a circular disc in the shaft, which is a cylindrical joint (Figure
4.11a). This enables the disc to glide and twist along the rail guide. For twist+bend, rather
than embedding a chain of knuckle joints, I embed a chain of ball joints. This allows the
spring to twist and bend at any angle (Figure 4.11b).

Serial /parallel combinations. Multiple springs can be combined in serial or parallel
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Figure 4.11: (a) A cylindrical joint is used for linear+twist deformations and (b) a chain of
ball joints is used for twist+bend deformations.

to further produce more complex deformations. For example, the snake design in Figure 4.21
combines different spring types serially; the hand exerciser (Figure 4.19) uses linear-only

springs in parallel.
4.4 Interactive Spring Design Tool

The above techniques are integrated into our custom interactive design tool, Ondulé, via
a plugin for Rhino 5. Ondulé enables novices to rapidly create deformable 3D-printed
objects using embedded springs. To use Ondulé, the user (1) models geometries (i.e., 3D
bodies) in the traditional Rhino CAD environment; (2) selects specific bodies and converts
them to springs using Ondulé; (3) then parameterizes spring stiffness; (4) and specifies the
spring deformation behavior (e.g., linear-only or twist). Stages 2-4 are supported via a side
panel in Rhino (Figure 4.12). Below, I describe stages 2-4 before providing details on the

implementation and underlying algorithms.

4.4.1 Generating Springs

After creating a 3D model in Rhino, the user can use our tool to generate spring structures.
To generate a spring, the user selects a 3D body in Rhino and then clicks on the ‘Convert to
spring’ button. If the selected body is cylindrical with a consistent diameter, the 3D shape
is automatically converted into a deformation spring. If the selected body is determined to

be a non-cylinder geometry, our tool will convert it into two springs: an internal deformation
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Figure 4.12: The Ondulé spring design tool interface (left) has four parts: Rhino modeling
environment, a spring generation panel, a spring stiffness control panel, and a spring be-
havior design panel. The workflow for each design panel is shown on the right.

spring that follows the medial axis of the selected geometry (Figure 4.12) as in the cylindrical
case and an extra outer decorative spring that follows the body’s geometric form and is
created with dense and thin layers of coils (d=1.6mm), which has a minimal effect on the
overall stiffness. The decorative spring maintains the complex topology of the selected
geometry, while the internal spring serves as the functional spring for deformations. The
decorative spring (if generated) is default hidden to reduce visual clutter, though it can be

turned on via a checkbox.

4.4.2  Controlling Spring Stiffness

The system automatically generates the spring diameter D and its length by default, but
these parameters can be adjusted. The users can change the spring stiffness either using a
simple slider or by directly modifying the spring wire thickness d and the number of turns

N (Figure 4.12).

4.4.8 Specifying Deformation Behavior

Finally, the user can specify the spring’s deformation behavior: linear-only, twist-only, bend-

only, linear+twist, or twist+bend. For each deformation, we provide a custom Ul panel. For
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the compound behaviors, we combine the Ul from their respective individual panels.

Linear-only. For linear-only, the user specifies the maximum compression and exten-
sion points of the spring. We provide real-time feedback about the spring’s displacement
(shown in millimeters and percentage of L) as well as the estimated force (in Newtons)
required for that displacement. The user can also click on the ‘Lock’ checkbox to auto-
generate a lock mechanism at the maximum compression and extension points.

Twist-only. For twist-only, the user can control the mazimum twisting angle up to 90°,
which we found is a safe maximum angle preventing the spring from buckling in our torsion
test. As the user drags the angle selector, the UI shows the selected angle (in degrees) as
well as the estimated force (in Newtons) required to reach that angle. Like the linear-only
UI panel, the user can add a lock mechanism at the maximum twisting point by clicking on
the ‘Lock’ checkbox.

Bend-only. For bend-only, the user first specifies the bending direction via an angle
selector, which overlays a 3D direction indicator on top of the model in Rhino, and then
specifies the maximum bending angle using a second angle selector (shown in degrees).
Unlike the other Ul panels, the tool does not show force estimates. As noted in the Theory,

modeling bending behavior is an open area of research.
4.5 Implementation

Ondulé was implemented in C# using Rhino 5’s plugin architecture (RhinoCommon API?).
Below, we describe how we computationally generate the springs, the embedded joints, and

the locking mechanism.

4.5.1 Springs Generation

To generate deformation springs, the tool first computes the medial axis of the selected
3D shape using a mean curvature flow (MCF) algorithm. The medial axis is a skeletal
curve at the center of the selected 3D body. It is used to evaluate if a spring structure can

be successfully converted and if a decorative spring is needed to preserve the 3D shape’s

3RhinoCommon API: https://developer.rhino3d.com/api/


https://developer.rhino3d.com/api
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appearance.

To determine printability, the tool computes the average minimal distance disqq, from
the medial axis curve to the 3D shape surface using fixed sampling (Figure 4.13). If the
distance is larger than the minimum diameter of a printable spring (3.6mm for D based on
our mechanical experiments) the selected shape can be converted to the spring structure.
Using disc, the tool also evaluates if the selected shape has a complex surface topology that
is worth preserving with a decorative spring. This is done by comparing the actual variance
of the samples with respect to the mean. If the variance is above a certain threshold, the

tool generates the decorative spring.
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Figure 4.13: Generating the medial axis, calculating the size of the selected body, and
evaluating the printability of an embedded spring.

To generate the deformation spring (Figure 4.14), the tool uses the RhinoCommon spiral
function. This function produces a spiral curve following the medial axis. The spiral curve
is then used as a parameter for the sweep function to create the final springs. Finally, all
spiral solids are concatenated to construct a spring (highlighted in yellow in Figure 4.14).

Finally, if needed, the tool generates a decorative spring to preserve the original 3D
shape appearance. Note that the spiral function cannot be used directly for the decorative
spring generation, as it can only produce a helix with a consistent radius. Instead, the
tool first reuses the spiral curve generated for the deformation spring described above and

projects it onto the 3D shape surface using a 300-sampling point (Figure 4.15). The tool
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Figure 4.14: Generating the deformation spring using the generated medial axis and
RhinoCommon functions.

then generates a new set of points by retracing all intersecting points toward the median
axis curve by a fixed decorative spring wire thickness (i.e., 1.6mm) and creates a new curve

object by interpolating these points. Finally, using this curve, the sweep function is applied

to create the final decorative spring.
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Figure 4.15: Generating the decorative spring.
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4.5.2  Generating Embedded Joints

The tool computes the embedded joints using the medial axis generated from the previous
steps. For linear-only joint, the tool first decides the slider’s starting position on the medial
axis and calculates its possible extension and compression distances based on the user’s
input. The tool then extrudes the slider rod, the shaft, and the rail guide sweeping along
the medial axis (Figure 4.16a). Twist-only and linear+twist joints share a similar procedure,
except that the slider position varies in joint design.

Bend-only and twist+bend behaviors use chained joints design. To generate these joints,
the tool first calculates the number of joints needed in the selected body. Then, for each
joint (i.e., a knuckle joint or a ball joint), the tool determines the position and the length
of the inner bearing stud on the medial axis. Next, the tool extrudes the solid stud along
the medial axis and generates a cylinder (for bend-only) or a sphere (for twist+bend) at the
endpoint of the stud. Finally, the tool generates the outer bearing socket for each joint and
then connects it to one end of the next joint’s bearing stud, resulting in a chain structure.

Figure 4.16b shows an exploded view of the construction of the ball joint chain.

Cylindrical Rod
Sphere in Ball Joint

Medial Axis

b ] Socket

Figure 4.16: An exploded view of (a) a prismatic joint and (b) a chain of ball joints, which
are used for linear-only and twist-+bend respectively.

4.5.8 Generating Locks

The tool uses latching grooves as the locking mechanisms for linear-only and twist-only
deformation behaviors. For the locking mechanism in linear-only design, the tool first

locates the endpoints of the shaft and then generates a groove next to the rail guide by



63

executing a Boolean difference operation from the shaft with a cubic object. To avoid the
slider from slipping out of the groove, the tool also generates a fence on the edge of the
groove (Figure 4.8). Similarly, for the revolute joint in twist-only design, the tool generates
the groove at the position where the disc rotates at the maximum twisting angle (Figure

4.9).
4.6 Validation through Applications

To evaluate Ondulé and highlight an initial design space, I created five examples, each

emphasizing one or more features of Ondulé.

4.6.1  Jack-in-the-box

The jack-in-the-box is one of the most well-known helical spring-based toys. Here, I show-
case how conventional spring-based mechanisms can be enhanced using the Ondulé design
tool. Figure 4.17 showcases the jack-in-the-box design, where instead of using an uncon-
strained helical spring, the center spring is built to follow a predefined curve and with a
compress+twist deformation behavior, which is achieved by using a freeform spring and
a spring with a cylindrical joint. After cranking, a cat figure pops out of the box with a
turning motion. The spring and the cranking components were 3D printed, and the box

was made by laser cutting.

Freeform

Spring with a
Cylindrical Joint

Figure 4.17: A jack-in-the-box spring mechanism generated by Ondulé: (a) two spring
designs are embedded; (b) the cat can be fully compressed and locked inside a laser-cut
box; and (c) the cat pops out following a path as a surprise.
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4.6.2  Launching Rocket

Another set of spring-based applications uses the deformation to produce the driving force
for mechanical motion, such as the proper shooting motion in our launching rocket example
(Figure 4.18). 1 first select the smoke shape and convert it into a compress-only spring
by adding a prismatic joint. I then created an additional latch structure, which when
released will push the rocket to fly straight up. Note that though a simple example, such an
application will be difficult to create without Ondulé. First, by adding a prismatic joint, we
can ensure that the rocket will be pushed in the right direction without twisting or bending
during the launching. Second, the prismatic joint resides inside the conical smoke shape,

serving the linear constraint function with minimal effect on the 3D shape appearance.

Spring with a
Prismatic Joint

Figure 4.18: A launching rocket application: (a) a rocket sits on top of a compressed
“smoke” spring, which is locked by an external latch; (b) the user can launch the rocket by
pulling the latch; and (c) the smoke is in its full extension.

4.6.3 Hand Exerciser

The previous two examples showcase how I can use Ondulé for single spring deformation
behavior. Here, I demonstrate how multiple springs can be created and customized through
a set of hand exercisers (Figure 4.19). Commercial hand exercisers are widely used for hand
rehabilitation or Arthritis therapy. Figure 4.19a is a commercial design with multiple springs
in parallel for finger exercises. Figure 4.19b is our Ondulé replication using four freeform
springs in parallel for each finger and three extra springs for the palm. One limitation of

the commercial hand exercisers is that springs for all the fingers have the same stiffness. As
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such, it would be impossible for a user to exercise different fingers with different strengths.
To address this limitation, I designed a custom hand exerciser (Figure 4.19¢) in which, for
each finger, the user can customize the spring stiffness by adjusting the spring parameters d
and N. Finally, users can also create their own designs in arbitrary geometries, for example,

a blowfish shape (Figure 4.19d).

Figure 4.19: Replicated and custom hand exercisers: (a) an off-the-shelf hand exerciser (b)
a replication with 3D-printed springs, (¢) a custom design that includes springs with differ-
ent stiffnesses and custom prismatic joints for compress-only behavior, and (d) a blowfish
version.

4.6.4 Tangible Prop for Storytelling Authoring

Custom 3D-printed deformable springs can be further combined with external electrical
components to create expressive interactions. In this example, I created a digital storytelling
authoring tool with a tangible prop made with a 3D-printed animal and low-cost sensors
(Figure 4.20).

The 3D-printed prop comprises a stretchable neck (with a prismatic joint design and a
lock mechanism), a bendable body (with a knuckle joint design), and four freely deformable
legs. With only one physical design, two animal characters (i.e., horse and giraffe) with two
separate actions (i.e., talking and walking) can be mapped to the prop due to the spring
design. For example, a digital horse will appear in our authoring tool when the prop’s neck
part stays unstretched (Figure 4.20b). When extended, the physical prop has a longer neck
thus a giraffe will show up on the screen accordingly (Figure 4.20c). To detect the length

change of the neck, a linear hall effect sensor is used and attached to the bottom of the neck
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Tangible Prop

Figure 4.20: The setup of a tangible storytelling prop.

with a magnet fixed above it (Figure 4.20a). The sensor is connected to an Arduino, which
communicates to the authoring tool developed with Processing. While either character is
activated, moving the head up and down can trigger the character’s talking action (Figure
4.20e). I can also attach a piezo sensor to the prop body to detect vibration, which can
be used as a walking action trigger (Figure 4.20d). The sensor can robustly detect the
repetitive tap due to the converted bendable body and springy legs.

4.6.5 Other Applications

Here I showcase other applications designed using Ondulé. I collaborated with a mechanical
engineering team and created an accessible cutting device for people with muscle weakness
(Figure 4.21a). With the Ondulé design tool, we could rapidly make custom springs that
could fit in the cutting device and offered the exact amount of stiffness needed for the
patient. Figure 4.21b shows a Halloween mask as an example of wearable fashion. The
elephant’s trunk was designed with a chain of ball joints so that it was flexible, bendable,
and lightweight to wear. Finally, various joints could be incorporated into a snake body in
a serial arrangement (Figure 4.21c). I envision a robotic snake controlled by an external

control system and actuators.
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Figure 4.21: Other applications that Ondulé can support: (a) an accessible cutting device,
(b) an elephant mask with a bendable trunk, and (c) a snake body with multiple spring
deformation behaviors.

4.7 Limitations

The main objective of Ondulé is to support deformation customization with 3D-printed
springs. I achieve this by inserting custom joints inside helical springs, so spring behaviors
become modular without requiring external supporting structures. However, this approach
also has several limitations.

Geometry Printability. The size of an object is limited to the minimum joint size
that we can print (currently a minimum 0.4mm tolerance is needed between the moving
and the stationary parts of the joint) and the minimal spring wire thickness (1.6mm in
our current setup) that is printable. As a result, it is difficult to convert geometries with
smaller diameters (i.e., smaller than 3.6mm) with our current tool. However, joint size
and spring wire thickness could be further reduced with a higher resolution printer or
alternative printing process (e.g., SLA). Further, the current approach may affect the degree
of deformation. For instance, compression with our current prismatic joint design cannot
surpass half the length of the original spring. Similarly, a stretching behavior with the
prismatic joint cannot exceed two times its original length, even though the helical spring
solely could be further extended. Ome solution to this is to consider an alternative joint

design. For instance, we can replace the rail with a prismatic telescoping structure [134].
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Influence of Friction Force and Decorative Spring. The mechanical experiments
focused solely on the behavior of 3D printed helical springs. With the embedded mechanical
joints, I further understand its persistent friction force with an additional experiment. Here,
I compared the oscillating behavior of two springs printed with and without a prismatic
joint (S1 and S2, respectively). We observed the relaxation behavior of these springs when
stretched to the same length in three orientations (vertical—0°, 45°, and horizontal—90°).
The results show that S1 comes to rest 48%, 50%, and 70% faster, respectively. As expected,
the horizontal setting has the most friction. These preliminary results indicate that friction
force exists in 3D-printed joints, which impede normal spring behavior. Future work should
explore methods to reduce friction. For example, we found that joint-based friction can be
diminished by using a filament material with a lower friction coefficient (e.g., ABS) or adding
grease. We confirmed that an ABS spring reduces friction by 24% in the oscillation test
setting. For some 3D models, Ondulé generates both a deformation spring and a decorative
spring—the latter enables us to approximate organic surface topology while maintaining
form. The decorative spring is not intended to influence overall spring behavior, only the
aesthetic. To examine the effect of the decorative spring on spring performance, I compared
the overall stiffness k of springs with and without an added decorative spring. As desired,
we found a minimal impact: an increase of 0.02% in the jack-in-the-box application and
0.21% in the rocket application. When analyzing the current Ondulé parameter space,
the expected impact could be up to 4.42%. These preliminary results indicate that the

decorative spring has minimal effects on the overall deformation of a 3D-printed object.

Simulation for the Combined Behavior. Ondulé allows a user to design the
spring+joint deformation with a preview of its starting and end positions. However, the tool
cannot currently simulate combined deformation motions. In the future, I plan to provide
a more realistic validation for the spring+joint behaviors by simulating the effect of the in-
trinsic spring weight (with specific printing settings), the friction force of the internal joints,
and external forces (e.g., the applied user interaction force). One approachable solution is

to use a physical engine such as Kangaroo *, which can be integrated into Rhino to build an

4Kangaroo Physics: https://www.food4rhino.com/en/app/kangaroo-physics
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interactive simulation environment that offers designers a realistic motion and mechanical
preview.

Spring Robustness. As discussed in Mechanical Experiments, printing orientation
will affect the spring’s £ and G, where 45° results in minimum values for both and 90°
yields the highest. As such, all models presented in this paper are printed with the spring
perpendicular to the 3D printer’s Z-direction for robust printing results. However, when
multiple springs with varied orientations need to be printed at once, finding an ideal printing
orientation that works for all springs would be challenging. As the simplest solution to this
problem, we can take a print-and-assembly approach, where certain springs can be printed
separately with the optimal printing angle and then affixed to the original model. Another
approach is to involve an alternative 3D printing method. The 5-DOF 3D printing method
can be used in this case to always repose the 3D model to ensure the spring can be aligned
with the Z-axis. Since the impact of orientations on strength can be characterized, a constant

overall stiffness can be achieved.
4.8 Chapter Summary

In this chapter, I presented Ondulé, an interactive design tool that allows the user to rapidly
design and build deformable plastic objects with parameterizable springs and mechanical
joints. First, I provided the background about the physics of mechanical helical springs. To
develop Ondulé, I started with a series of controlled mechanical experiments that studied the
feasibility of 3D-printed springs. The results of these mechanical experiments confirmed that
3D-printed helical springs compress, extend, and twist as the theory predicts. I then describe
a set of spring and joint designs informed by the results of the mechanical experiments.
Those deformation design techniques enable the customization of a spring’s deformable
behaviors. Next, to allow the end-users to use these spring and joint-based design techniques,
I developed the design tool—Ondulé where novices can quickly add a wide range of spring
structures and deformation behaviors to an existing model. Finally, I showcase a series of
example applications to demonstrate the potential and breadth of this approach and discuss
the limitations of the current approach as well.

S
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Chapter 5

KINERGY: ENABLING 3D-PRINTED OBJECTS WITH
SELF-PROPELLED MOTION USING SPRINGS

spring + gears

3D-printed pull-back car in motion

Figure 5.1: We introduce Kinergy, an interactive design tool to rapidly create 3D-printable
energy-powered motion. Above, we show a 3D-printed pull-back car created with Kinergy:
the static car model is converted into a motion-enabled model with an auto-generated and
embedded spring, a spring lock, and a set of gears (left). All the parts in the converted 3D
car model are printed in place with a commercial 3D printer and the printed car is ready
to move without post-print part assembly (right).

While Ondulé investigates helical springs as the key elements to support 3D printable
deformation behaviors, I further explored how to leverage the energy stored in springs for
actuation. In the second project, I developed Kinergy [33]—an interactive design tool (RQ2)
to enable designers to create 3D models with self-propelled motion (RQ1) by harnessing the
energy stored in the embedded 3D printable springs '. 3D-printable kinematics opens new
exciting opportunities for 3D printing: designers can create and control printable movement

enabling a wide variety of applications from 3D-printable rotational solar system models ? to

'The open-source code repository for Kinergy: https://github.com/EdigaHe/Kinergy
https://www.thingiverse.com /thing:3928677
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robotic quadrupeds 3. Despite substantial recent work on 3D-printable kinematic elements
[13, 16, 145, 138] and actuation methods [14, 64], designing fully functional, 3D-printable
kinematic objects with controllable movements remains challenging. Expert skills, time, and
labor are needed to create the 3D kinematic models [38, 121}, assemble multiple 3D-printed

parts, and interface components with external power sources for actuation [45, 128, 108].

In this chapter, I describe how Kinergy addresses these challenges. First, my approach
provides the background of motion types for 3D printing. Then I introduce a suite of cus-
tom, 3D printable mechanical structures called kinetic units, which are central to Kinergy’s
approach. These kinetic units encapsulate complex kinematic and parametric mechanisms
as "black box” units, abstracting the design and control of complex 3D motions into a direct
manipulation interface. They integrate 3D printed helical or spiral springs as self-contained
energy sources, convert spring deformations into controllable motion behaviors via mutually
engaged kinematic transmission mechanisms (e.g., gears, rack-n-pinions), and provide trig-
gerable motion via embeddable compliant lock mechanisms. Kinetic units offer three key
benefits: (i) the embedded components are parameterizable—allowing end-users to control
the embedded energy and motion characteristics such as movement speed [32, 108] based
on their design needs; (ii) kinematic mechanisms are auto-generated—end users do not re-
quire advanced mechanical design knowledge; and (iii) all embedded parts are 3D printed

in place—reducing the need for manual assembly [32, 44].

Next, I describe an open-sourced interactive design tool—Kinergy—that allows end-
users to embed the kinetic units into custom 3D models for desired output motions. With
Kinergy, the user selects a target motion from seven supported motion types, customizes the
motion characteristics (e.g., motion direction, energy, movement) through a set of graphical
user controls, adds a lock mechanism for motion actuation control, previews the action of
the 3D model, and prepares the converted model for 3D printing on commodity 3D printers.
For example, Figure 5.1 shows a pull-back car model that uses a continuous rotation kinetic
unit for self-propelled motion. Next, we demonstrate the potential of our approach with

a series of kinematic applications created with Kinergy, such as a self-opening umbrella

3https://www.thingiverse.com/thing:38159
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(Figure 5.11), a custom pull-back car (Figure 5.14), and a self-lifting trash can (Figure
5.13). Finally, I validate Kinergy through a series of example applications created with the
tool.

This chapter contributes (i) custom kinetic units for the parametric design and control
of seven self-propelled motion behaviors with 3D printable springs, locks, and transmission
mechanisms; (ii) an interactive design tool called Kinergy that lowers the barrier to creating
highly custom motion-enabled models for 3D printing; and (iii) a variety of applications that

show the potential of Kinergy to create motion-enabled devices.
5.1 Motion Types for 3D Printing

Traditional mechanical assemblies that interconnect kinematic elements include gears, cams,
cranks, and levers—all of which support specialized movements such as translation, rotation,
reciprocation, and oscillation. Amongst these motion types, translation describes motion
along a fixed path, such as a sliding door; rotational motion is circular movement around
an axis like a wheel on an axle; reciprocating motion describes an object repeatedly moves
back and forth like a piston, and oscillation combines rotational and reciprocating motion
like a pendulum.

In the 3D printing literature, past work has explored creating kinematic objects with
3D-printable motion behaviors, including translation [32, 108], rotation [121, 138], recip-
rocation [117, 56], and oscillation [108, 145]. However, these approaches support only one
or a few motion types. In contrast, my approach explores three non-periodic 3D printable
motions by producing a one-time, ephemeral movement following a line (instant and contin-
uous translation) and an arc path (instant rotation). Additionally, Kinergy supports four
repeated motion types by making the 3D-printed object rotate around an axis (continuous
rotation), move back and forth following a linear trajectory (reciprocation), and move along

an arc repeatedly (intermittent rotation and oscillation).
5.2 Kinetic Units

Kinetic units contain seven controllable output motions that are 3D-printable: instant trans-

lation, instant rotation, continuous translation, continuous rotation, reciprocation, intermit-
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tent oscillation, and intermittent rotation. Each kinetic unit consists of an embedded energy
source—either a helical or spiral spring, a compliant lock mechanism, and a transmission
mechanism. Figure 5.2 shows all the kinetic unit compositions (rendered 3D models and

cutaways) for target output motion types.
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Figure 5.2: Motion types and Kinergy kinetic unit examples.

5.2.1 Spring Energy Sources

To enable self-propelled and controllable motion output, I use 3D printable and embeddable
mechanical springs. As described in Ondulé, springs are attractive yet often overlooked
energy sources for 3D printing. Inborn spring parameters such as coil diameter and the
number of coils can be used to control the energy stored in deformed springs (Figure 2.1).
In addition, the springs themselves can be 3D printed within an object, eliminating the need
for other external actuators. As in prior work [108, 138], I use embedded helical and spiral

springs, which can be customized based on spring parameters (Figure 2.1). To store the
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potential energy in the spring, the user needs to either manually press on a helical spring
or wind up a spiral spring. I demonstrate the capability of supporting these two energy-
charging methods in two example applications: a pull-back car is activated by a winding
spiral spring (Figure 5.14), and a handheld flashlight lights up by hand pressing (Figure
5.15).

5.2.2 Lock Mechanisms

To store the potential energy in the spring, kinetic units include unique in-place compliant

structures are used as locks (Figure 5.3). The locks differ depending on the spring type.

For a helical spring energy source, there are two different designs in kinetic units. For
the kinetic unit that supports the instant motion, two protruded guiding bars with notches
are attached to the moving end of the spring, which snaps to two latch hooks situated in the
stationary part when the spring is compressed (Figure 5.3a). The latch hooks are controlled
via a compliant two-bar mechanism—pressing the button makes the two hooks move apart,
releasing the two bars and unleashing the stored spring energy. For the kinetic units that
enable non-instant motion, the helical spring has a central rack that acts as a moving hook
and contacts and locks with a sliding latch when the spring is at its maximum compression

(Figure 5.3b).

For a spiral spring, the spring can be locked at a rotation angle with a ratchet mechanism,
which consists of one gear with asymmetrical teeth in parallel with the spring. A sliding
compliant latch—working as the ”pawl”—is mounted on the stationary part (Figure 5.3c).
The latch uses an identical compliant two-bar design—two-sided hooks retract and move
under button pressing and pulling and stop the sliding lock at positions when engaging
grooves in the guided wall. Spring rotation is prevented by engaging one gear tooth with
the inserted latch. The spiral spring turns and releases the stored potential energy by pulling

the latch and freeing the ratchet gear.
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Figure 5.3: Compliant lock mechanisms used in kinetic units: (a) guided bars and compliant
latch designs for the locking control of the helical spring and (b) ratchet gear and compliant
latch design for the locking control of the spiral spring.

5.2.3 Transmission Mechanisms

To transform the driving force created from the spring into an output motion, we combine
the spring energy source with specialized transmission mechanisms made of kinematic pairs.
These pairs are joints between two contacting rigid mechanical components under the rela-
tive motion [2], including geartrain, rack-and-pinion, Scotch yoke, crank-and-slotted lever,
and Geneva drive (Figure 5.4a-e). The specific mechanism is based on the desired movement
enabled and the spring type used by the kinetic unit. For those non-instant motion types, a
geartrain constructed with a series of two paralleled gears (a bigger bull gear and a smaller
spur gear) is the crucial component to transmit the motion from the spring energy source

to the end-effector.

To engage the spring with the geartrain, I use two approaches. For a helical spring, I
attach a central rack to the helical spring and engage the rack with the first gear in the
geartrain, which commits a rack-and-pinion mechanism (Figure 5.4f and Figure 5.2-helical
spring-based continuous translation kinetic unit). For a spiral spring, the first gear in the
geartrain and the spiral spring are coaxial, and the gear rotates when the spring is turned

(Figure 5.4g and 5.2-spiral spring-based continuous translation kinetic units).

By combining the geartrain with different kinematic mechanisms, the end-effector can
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achieve desired output motions (Figure 5.4a-e and 5.2): a rack that connects to the end-
effector engages with the final gear in the geartrain to commit a rack-and-pinion for the
output translation; a revolute joint or an axel rotates together with the final gear in the
geartrain to drive the connected end-effector to rotate; the end-effector equipped with a
Scotch yoke moves back and forth on a linear path; a crank and slotted lever design can
transfer the rotary movement of the last gear in the geartrain into repeatedly oscillating
movement, where the end-effector moves along an arc path; and finally, inserting a Geneva
drive between the final gear in the geartrain and the end-effector leads to intermittent rotary

movements of the end-effector.

Figure 5.4: For non-instant motion types, kinetic units combine geartrains (pairs of bull
and spur gears) and kinematic transmission mechanisms: (a) rack-and-pinions, (b) axels
or revolute joints, (c) Scotch yokes, (d) crank-and-slotted-levers, and (e) Geneva drives.
Helical springs engage with gears through (f) rack-and-pinions and (g) spiral springs are
co-axial with gears for driving the geartrain.

5.2.4  Unit Types

The energy sources, locks, and transmission mechanisms described above are combined to
create seven kinetic units (Figure 5.2). Each kinetic unit allows customization by parameter-
izing both the spring energy source and the transmission mechanism. Below, we enumerate
the kinetic unit compositions and how they support distinct motion types.

Instant Translation. To enable an object to extend its body, the kinetic unit auto-

replaces a portion of a selected 3D shape with a helical spring. The spring connects to
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an end-effector and a stationary body segment (Figure 5.2-1). The converted spring is
controlled by a compliant lock shown in Figure 5.3a. For example, a self-popping Halloween
pumpkin décor has one instant translation kinetic unit embedded, and the sectional view
is shown in Figure 5.2-1. Because the body directly executes the motion with a spring, no
transmission mechanism is needed in this kinetic unit.

Instant Rotation. To enable an object to rotate, the kinetic unit auto-embeds a spiral
spring in a selected object body, separating into two parts: an end-effector and a stationary
segment (Figure 5.2-2). The spring center connects to the end-effector via a central shaft
and the spring coil end connects to the stationary segment of the body via a solid rod. The
central shaft extends toward the stationary part and connects via a revolute joint consisting
of a bearing socket and a circular disc, avoiding extraneous shaft movement caused by
turning. The converted spiral spring is controlled by a compliant lock shown in Figure 5.3c.
Similar to instant translation, no transmission mechanism is needed.

Continuous Translation. To prolong the output translation motion, the kinetic unit
uses a geartrain that joins with the spring energy source for motion transmission. A rack
that connects to the end-effector mated with the last gear in the geartrain is used to perform
as a rack-and-pinion for the output translation (Figure 5.2-3&4). This kinetic unit works
with both helical and spiral spring energy sources. For helical spring control, the compliant
lock uses the central rack as the guided bar rather than the original two-bar design in Figure
5.3b. For the spiral spring control, the first gear shaft extends and drills through the 3D
body to provide a handler for spiral winding. The other end of the shaft is connected to
the body via a revolute joint so that the shaft rotates in place. The placement of the spring
energy source and lock mechanism are reused in other non-instant kinetic units.

Continuous Rotation. To support a continuous rotation output, the last gear in the
geartrain and the end-effector are coaxial on a shaft, which drives the end-effector to rotate.
If multiple end-effectors reside on the opposite sides of the 3D body, the last gear shaft
extends and drills through the body as an axel to connect end-effectors; otherwise, the shaft
only extends in one direction, and the other end connects to the body via a revolute joint
(Figure 5.2-5).

Reciprocation. To create a reciprocating motion, a Scotch yoke (a.k.a., slotted link
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mechanism) is used to connect the last gear in the geartrain and the end-effector (Figure
5.2-6). The Scotch yoke comprises a circular disk, a roller, a yoke, and a connecting rod.
The circular disk resides coaxially with the final gear and the connecting rod connects to
the end-effector. The linear motion guides are fixed to the 3D body. When the circular
disk rotates with the gear, the roller slides inside the yoke, making the connecting rod and
end-effector move repeatedly.

Intermittent Oscillation. To enable an intermittent oscillation, a crank-and-slotted
lever (one type of quick-return mechanism) is driven by the final gear in the geartrain to
actuate the end-effector to oscillate along an arc path (Figure 5.2-7). The crank-and-slotted
lever consists of a pivot that is fixed inside the 3D body, a bull gear that resides coaxially
with the final gear in the geartrain, a crank pin, and a slotted bar that connects to the
end-effector. When the bull gear turns, the crank pin slides back and forth in the slotted
bar and swings the end-effector around the pivot for intermittent oscillating motion.

Intermittent Rotation. To create an intermittent rotation, a Geneva drive, which
translates a continuous rotational motion into an intermittent rotational motion, resides
coaxially with the final gear in the gear train (Figure 5.2-8). The Geneva drive consists of
two parts: a driving and driven wheels. When the driving wheel rotates, the protruded roller
on the driving wheel goes in and out of the slot on the driven wheel repeatedly, resulting
in an intermittent rotational motion. The end-effector also rotates intermittently because

it shares the same shaft with the driven wheel.

5.3 Kinergy Design Tool

Kinetic units are the foundations to lower design barriers for complex mechanical motions.
However, to integrate these motions into 3D models, kinetic units need to be customizable
with a front-end interactive design tool, Kinergy. Kinergy is an open-source plugin for
Rhino 6 (Figure 5.5), with the front-end user interface built with Grasshopper® and Human
UI®, and the backend written in C# using the RhinoCommon API.

“Grasshopper: https://www.rhino3d.com/6/new/grasshopper

SHuman UT: https://www.food4rhino.com /app/human-ui


https://www.food4rhino.com/app/human-ui
https://www.rhino3d.com/6/new/grasshopper
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Figure 5.5: The user interface of Kinergy design tool.

Kinergy consists of three parts (Figure 5.5): a Kinetic Unit Selection panel, Kinetic Unit
Control panel, and Lock Control and Motion Preview panel. The Kinetic Unit Selection
panel (Figure 5.5) provides seven buttons, each indicating the supported motion type and
kinetic unit. The Kinetic Control panel (Figure 5.5) displays a series of steps to complete
the embedding of the selected kinetic unit and to parameterize motion behaviors, such as
energy strength and motion displacement adjustment. Finally, the Lock Control and Motion
Preview (Figure 5.5) panel allow the user to add a lock to the spring for motion control and
preview the generated motion behavior via a simulated animation in a separate window.
Below, I describe the workflow of the design tool through a pull-back car, which uses a
continuous rotation kinetic unit. I also describe three key parts of the tool: the auto-

generation of kinetic units, the parameterization of kinetic unit mechanisms, and motion

previews.
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5.8.1 Design Walkthrough: Creating a 3D Printable Pull-Back Car

To create a pull-back car model that uses spring energy to self-propel, the user needs
to embed a continuous rotation kinetic unit into a 3D car model. See our video, which

complements the following description.

1. In the Rhino 3D editing environment, the user first creates a 3D pull-back car model
that includes a car body and four wheels (Figure 5.6a). The four wheels are positioned
in parallel with the car body. The user aligns the facing direction of the car body

with the X-axis in the 3D environment.

2. The user clicks on the Continuous Rotation Kinetic Unit button from the Kinetic
Unit Selection panel and Kinetic Unit Control panel, then displays the instructional

user controls (see the buttons and sliders in Figure 5.6a).

3. Then, the user selects the target car body in the Rhino 3D editing environment and
confirms the selection by clicking on Select the target body for embedding the unit

button (Figure 5.6b).

4. The user selects the motion control method—turn (supported by a spiral spring energy

source).

5. After the control method is confirmed, the user clicks on the Select the segment and
motion control position button, and three colored axes appear for the user to select
the car’s body orientation, which is the X-axis (Figure 6b). Upon selecting the body
orientation, two adjustable paralleled planes perpendicular to the body orientation
appear. The user can select the target body region for embedding the kinetic unit by
dragging these two planes separately, and the planes move along the X-axis (Figure
5.6b). Once the portion is confirmed, the 3D body is split into three parts: two end
parts and the middle body that contains the embedded kinetic unit. The user needs
to select one end part to indicate which side the spring of the kinetic unit will be

placed on (Figure 5.6b).
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6. Then, the user selects the two wheels next to the other end part (not the spring
side) as the end-effectors after clicking on the Select the position of the end-effector
button (Figure 5.6¢). Upon the selection of the end-effector, the continuous rotation
kinetic unit, including the spring energy source, the geartrain, and the revolute joint,

is generated automatically inside the 3D body.

7. After the kinetic unit is generated, the user can adjust the needed energy, speed, and
rotating revolutions by dragging the sliders on the user interface (Figure 5.6d). The
spring design changes are based on the energy adjustments and the geartrain updates
with user changes on the speed and revolution sliders in real-time in the 3D editing

environment.

8. Optionally, the user can add a spring lock by checking the Add a lock checkbox on
the interface (Figure 5.6e). Once the checkbox is checked, a ratchet gear and the

compliant lock mechanism are auto-generated in place.

9. Finally, the user examines how the pull-back model moves and the wheels rotate
through an animation of the motion in a separately popped window after clicking on
the Preview button (Figure 6f). In this window, the user views the converted pull-
back car model in interactive ways: rotating, panning, and zooming. To trigger the
motion preview, the user first clicks on the Load Motion button to charge the energy
in the spring. Then, the user releases the energy by clicking on the Release button
and the simulated animation begins. All the generated 3D parts can be exported for

3D printing by hitting the Finish button (Figure 5.6g).

5.3.2  Generating Kinetic Units

Generating kinetic units contains three processing steps: determine the position and orien-
tation of the embedded kinetic unit, generate the kinetic unit components (spring energy

source, transmission mechanism, and lock), and interface the kinetic unit with the 3D body.
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Below, I describe these steps by starting with a set of terms that we use in our implemen-
tation: Dir, denotes the pose direction of the embedded kinetic unit, Azissqqns denotes
the axis that a part translates along, Axis,,; denotes the axis that a part rotates around,
Partg denotes the stationary part that connects to the kinetic unit, and Part.. denotes

the end-effector that connects to the kinetic unit (Figure 5.7).
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Figure 5.7: The unit orientation, translation axis and rotation axis in each kinetic unit. The
end-effectors are highlighted in light orange and the stationary parts are marked in grey.

The tool first decides the position and orientation of the embedded kinetic unit based on

the user selection of the Parte. and user input directions. All the kinetic units are embedded
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in a user-selected segment of the 3D body (see Design Walkthrough step 4). For kinetic
units with no geartrain, the selected body portion is converted with an embedded spring,.
The Diry, of the kinetic unit is aligned with either the helical spring’s translation axis or
the spiral spring’s rotation axis (Figure 5.7a-b). Once the Dir, is determined, the kinetic
unit is generated in place regardless of which direction the unit is oriented in. For kinetic
units that use geartrain and transmission mechanisms, Dir), is aligned with the propagating
direction of the gears in the geartrain (Figure 5.7c-g). For those non-instant kinetic units,
the unit orientation also depends on the rotary angle along with the Dir,, which is input
by the user in the tool.

After the position and orientation of the embedded kinetic unit are determined, Kinergy
computes and generates the spring, transmission mechanism, and lock. For instant kinetic
units, the spring resides close to the center of the selected segment. Then, by computing the
user input energy and motion attributes (e.g., translation displacement, rotation angle), the
tool uses the RhinoCommon spiral function to create a spiral curve and the sweep function to
create a solid spring. Upon selecting the lock positions by the user, Kinergy auto-generates
the lock structures in place.

For those non-instant kinetic units, Kinergy also generates transmission mechanisms in
addition to springs and locks. To create the geartrain, the tool first determines the number
of gear sets and gear positions based on the body segment volume and Dir,. All the bull
and spur gears in the geartrain share the same gear module, which is the unit of size that
indicates how big and small gear is, in our implementation. Then, Kinergy generates all the
gear models using gear parameters such as gear diameter and the number of teeth, which
are determined by the input motion speed, and the approach of calculating an involute spur
gear®. All the gears automatically self-rotate to engage with each other. While the tool
generates a spiral spring that co-axially resides with the input gear (the first gear) in the
geartrain for a Turn control, a helical spring is generated and mated with the input gear of
the geartrain via an auto-generated teethed rack for a Press control. Lastly, to generate the

specialized kinematic elements for specific motion purposes, the design tool generates the

SCalculation of involute gears: https://www.tec-science.com/mechanical-power-transmission/involute-
gear/calculation-of-involute-gears/


https://www.tec-science.com/mechanical-power-transmission/involute
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parametric 3D models of those specialized elements in place to engage with the output gear
(the last gear) in the geartrain. The Part,, is connected to a kinematic element that moves
by strictly following either a translation axis or a rotary axis. For example, the Parte. is
attached to a teethed rack that mates with the output gear and travels along a linear path
in a continuous translation kinetic unit. The Part..it resides on the central shaft for the
driven wheel in an intermittent rotation kinetic unit. Hence, the Part.. rotates repeatedly
along with the Geneva drive.

Finally, the design tool also generates additional structures to secure the kinetic unit in
the 3D model and to ease loading the energy in the springs. For example, the gear shafts
in the geartrain are auto-extended to connect both ends to the solid Parts. A solid pole is
auto-generated to fixate the outer end of the spiral spring to the Partg in the kinetic units.
A pair of spacers are auto-generated on both sides of the gear to prevent the movable gears
from sliding on the shafts. For non-instant kinetic units, the tool creates a thin cylinder as
the button to compress the helical spring and graspable knobs as the key to wind the spiral

spring.

5.8.83 Parameterizing Embedded Energy and Motion Properties

Kinergy design tool allows the user to control stored energy in 3D models by adjusting
the spring parameters and characterize desired motions by changing the parameters in the
geartrain and the specialized kinematic elements. Table 5.1 shows all the parameters used
for energy control and motion characterization in the design tool.

Informed by spring theory (p. 156 and p. 537 in [11]), the potential energy stored in the
deformed springs are impacted by spring parameters and the amount of spring deformation.
For the helical spring, the potential energy that the spring can achieve is proportional to the
fourth power of coil thickness d and the square of the compression/extension displacement
X, while inversely proportional to the third power of spring diameter D and the number
of coils N (Eq. 5.1). For the spiral spring, the potential energy that the spiral spring can
achieve is proportional to the spring width b, the third power of the thickness ¢, and the

square of rotary angle 6, while inversely proportional to the number of coils N (Eq. 5.2).



Table 5.1: Parameters for energy control and

Kinetic Unit Type

Adjustable Parameters
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motion characterization in the kinetic units.

Controllable Output

Relationship

Instant translation

Spring diameter D, coil thickness d,
the number of coils N, compression/

extension displacement X

Helical spring energy P., spring

displacement X

Instant rotation

Spring width b, thickness ¢, rotary

angle 0, the number of coils N

Spiral spring energy P, rotating

revolutions Rev

392
P, oc L8 (5.2)
Rev x 0(5.3)

Gear ratio of the geartrain Gqtio

(bull gear radius R, spur gear radius

Spring energy P., motion speed

S o Gratio = (£)N(5.4)

Continuous translation ) X Gratio
r, number of bull and spur gear sets S, translating distance Dis Dis oc { (5.5)
. 6 x Gratio
N), spring parameters (see above)
. X Gear ratio of the geartrain Gyatio, Spring energy P., motion speed X Gratio
Continuous rotation R, x { (5.6)
spring parameters S, rotating revolution R, 0 X Gratio
Gear ratio of the geartrain Gratio, Spring energy P., motion speed X Gratio
) ) Str oc { (5.7)
Reciprocation spring parameters, Scotch yoke crank | S, stroke Str, reciprocating 0 X Gratio

length r

distance DiSyec

Dispee x 7(5.8)

Intermittent Oscillation

Gear ratio of the geartrain Gyqtio,
spring parameters, quick-return

crank length 7

Spring energy P., motion speed
S, stroke Str, oscillating amplitude

Amp

Amp o r(5.9)

Intermittent Rotation

Gear ratio of the geartrain Gatio,
spring parameters, number of

opening slots on the driven wheel n

Spring energy P., motion speed S,

stroke Str, interval angle 6;,,;

gin,t X %(510)

m
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These parameters inform the customization of energy applied in 3D models in Kinergy.

Besides energy control, the design tool allows the user to customize motion characteristics
through sliders in the user interface (Figure 5.5). For instant translation kinetic unit, the
user can specify spring compression by directly controlling the displacement values through
a slider. Similarly, the user can edit the rotating revolutions of the spiral spring, which
is proportional to the rotary angle 6 (Eq. 5.3), for an instant rotation kinetic unit. For
non-instant motions, the user can control the motion speed, which relates to the gear ratio
of the geartrain. As the speed slider moves, the tool recalculates and updates the gears in
the geartrain, including the bull gear radius R, spur gear radius 7, and the number of bull
and spur gear set N in the geartrain (Eq. 5.4). For example, when the speed increases,
the tool updates the geartrain by creating more gear sets with a bigger radius discrepancy
between the bull and spur gears. In addition to speed control, the design tool also supports
specialized motion characterizations for those non-instant kinetic units via user-controllable
sliders. For the continuous translation and rotation, the translating distance and rotation
revolutions are proportional to the spring deformation amount and the gear ratio of the
geartrain (Eq. 5.5&5.6). For reciprocation and oscillation, the reciprocating distance and
oscillating amplitude are also proportional to the crank length in their Scotch yoke and
crank-n-slotted-lever designs (Eq. 5.8&5.9). Finally, for intermittent rotation, the rotary
angle at each rotation step is inversely proportional to the number of opening slots in the
driven wheel of the Geneva drive (Eq. 5.10). For example, the driven wheel generates more
slots as the user drags the interval angle slider toward the left side, indicating a smaller

rotary angle at intervals.

5.83.4 Previewing Generated Motion

Kinergy design tool provides the motion preview by encoding all the part types and inter-
actions between parts in a graph, which is similar to [75, 145]. In the graph, each node
stores the part type (e.g., spring, gear, rack-and-pinion, non-kinematic connectors), part
parameters (e.g., spring wire diameter, number of coils), and its motion attributes (e.g.,

rotation axis). In addition, each edge encodes one of the three interaction types between
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two mechanical parts: fixation (e.g., a gear shaft is fixed to the solid 3D body), engagement
(e.g., two gears mate with each other), and locking (e.g., a compliant latch stays in the lock
groove). The kinetic unit created with our tool is represented using a graph; for example,
Figure 5.8 shows a graph representation of a pull-back car with a continuous rotation kinetic

unit embedded.

Car Model
(car body)

[PuII-Back Model ]

End-Effector

(wheels)

End-Effector

m— Fixation

Locking Engagement

Figure 5.8: The pull-back car 3D model is represented by a graph for motion preview.

With the graph-based representations, the design tool creates an animated simulation
for the motion under three assumptions: (i) the driving force solely originates from the
spring deformations; (ii) external forces such as frictions and object weight are negligible in
the simulated animation; and (iii) the springs deform realistically and strictly, e.g., helical
springs only compress/extend along a linear path and spiral springs only rotate around
their central axes. The animation is rendered at a 20 FPS frame rate and displayed in a
separate window. In each frame, the tool begins with the spring node by calculating the
spring movement using Hooke’s Law—capturing the amount of spring deformation, which
derives motion acceleration and speed. Then, spring deformation changes are propagated to
all the graph nodes through edges using depth-first searching (DFS). During the search, the
part position and speed stored in each node are updated based on its part type, interaction
with a neighbor node, and position changes from the neighbor. Finally, the transmissions

terminate when the spring returns to its equilibrium or a new locking is applied, i.e., the
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user clicks the Load Motion button and the spring is locked again.

5.4 Fabrication

Kinergy aims to add self-propelled motion behaviors that can be 3D printed without post-
print manual assembly. To achieve this goal, I provided calibrated tolerances for the print-
ability of kinetic units and guidance for slicing. The calibration data is based on a dual-
extruder Ultimaker 3D printer, which uses PLA as the printing material and PVA as the
support material. First, I identified three types of mechanical gaps in a kinetic unit design
that may be problematic for consumer-grade 3D printing (Figure 5.9a-c): the gap between
two engaged gears (Typel), between the gear and its nearby spacer on the shaft (Type2),
and between the gear and its residing shaft (Type3). To ensure that robust and functional
gears and spacers are printed on the shafts in one shot, I took a trial-and-error approach
and found that the printing orientation, as shown in Figure 5.9d, is superior to the other
directions due to anisotropic 3D printing. For example, with a printer that uses a 0.4mm-
sized printing nozzle and 0.15mm printing layer height, I found that a 0.3mm Typel gap
makes sufficient room for the gear backslash, which is the distance between the involutes
of the mating gear teeth, and a 0.25mm Type2 gap and a 0.35mm Type3 gap appropriate
as minimal distances. Further, the 3D model is sliced with an Exclusive slicing tolerance
and a minimal negative 0.05mm horizontal expansion in a slicer software (e.g., Cura) to
avoid over-fused gaps and create a clean profile contour for the inter-engaged parts such as
gears(Figure 5.9d).

To examine if our approach applies to other 3D printers and printing methods, I also
printed pull-back car models created with Kinergy on 3D printers that offer different printing
capabilities (Figure 5.10): an industrial FDM 3D printer (Stratasys F170; printing material:
ABS; support material: water-soluble QSR), an industrial PolyJet 3D printer (Stratasys
J750; printing material: ABS; support material: SUP705), and a desktop SLA-based 3D
printer (Form 3; printing and support material: Resin). As a result, the printed cars are
functional except for the one printed with the single material-based approach (Figure 5.10c),
which has support residuals in the car body and with some imperfect printing finishes. I

also found that printing tolerance varies across all these methods. For example, the same set
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Figure 5.9: Three types of tolerance identified as problematic for one-shot printing: (a) the
gap between two mating gears, (b) the gap between a gear and its nearby spacer, and (c)
the gap between a gear and its residing shaft. The 3D model is sliced in (d) an optimized
orientation and the slicing settings are curated to create clean part contours for intermating
elements.

of Typel-3 tolerances works perfectly on the PolyJet-based print (Figure 5.10b), while the
gears and joints are wiggly in the car printed with the industrial FDM 3D printer (Figure
5.10a). Based on these preliminary explorations, I anecdotally conclude that our approach

is feasible with various multi-material 3D printing technologies with appropriate printing

tolerances.
Printing method: FDM Printing method: PolyJet Printing method: SLA
Printer: Stratasys F170 Printer: Stratasys J750 Printer: Form 3

Material: ABS + QSR (support) Material: ABS + SUP705 (support) Material: Resin (printing + support)

I
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Figure 5.10: The pull-back cars created with Kinergy are printed with various 3D printers
and printing technologies: (a) industrial-level FDM 3D printing, (b) PolyJet 3D printing,
and (c¢) SLA 3D printing.
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5.5 Applications

To demonstrate the potential of Kinergy, I created eight functional models with Kinergy and
showcased how each kinetic unit is used to support a specialized motion in these applications:
an instant translation kinetic unit is used in a self-opening umbrella, an instant rotation
kinetic unit is used in a game controller, a continuous translation kinetic unit is used in a
trash bin, a continuous rotation kinetic unit controlled by a turning input is used in a pull-
back car, a continuous rotation kinetic unit is used in a handheld flashlight, a reciprocation
kinetic unit is used in a lucky cat model, an oscillation kinetic unit is used in a cutter,
and an intermittent rotation kinetic unit is used in a zoetrope sculpture. All the models
are printed in one shot, and the dissolvable PVA support is entirely removed before the

demonstration.

5.5.1 Auto-Opening Umbrella

A spring-loaded umbrella or parasol includes a folding canopy supported by jointed ribs
mounted to a pole, which automatically opens at the press of a button. To create an auto-
opening umbrella prototype with Kinergy, I can use the instant translation kinetic unit.
The prototype consists of a spring-loaded runner and a slider that moves along the pole
and connects to the jointed ribs (Figure 5.11a). The runner and the slider with jointed
ribs were printed separately, and the runner was mounted on the pole beneath the slider.
With Kinergy, I created the runner by converting a cylinder into a compressible helical
spring with an embedded lock. The spring is locked at its maximum compression and the
slider stays on top of the spring when the umbrella is closed (Figure 5.11b). The user
presses the built-in lock button to open the umbrella, and immediately, the spring in the
runner extends, pushing the slider forward and unfolding the umbrella ribs (Figure 5.11c).

A canopy cloth could be added but is not included to avoid occlusion.

5.5.2  Angle Adjustable Game Controller

I created a catapult-like launcher for an Angry Birds game to demonstrate the instant

rotation kinetic unit and the ability to use Kinergy to design custom game controllers
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Figure 5.11: An auto-opening umbrella prototype created with the instant translation ki-
netic unit: (a) the rendered 3D model of the umbrella, (b) the printed and assembled
umbrella in the locked stat, and (c) the opened umbrella after the runner is unlocked.

quickly. First, I embedded a spiral spring in the launcher body to create a stationary base
and a twistable shooting arm (Figure 5.12a). The arm can be rotated and locked at different
positions for desired shooting angle. Next, I mounted an accelerometer on the controller’s
arm to calculate the shooting angle, which was used to simulate the bird flying trajectory in
a game built with Processing (Figure 5.12b-d). To play the game, the player first turns the
shooter’s arm to a certain angle based on how far the shooter is from the target and then
locks the arm at the angle, waiting for a bird to fly into the launching area (Figure 5.12d).
When a bird is in the launching area, the player releases the locked arm and projectiles the

virtual bird toward the target.

Shooting Arm - bedded Instant Rotation

T N Kinetic Unit
Stationary Body
Lock

Game Interface Launching Area

[ €

(=2

Figure 5.12: A catapult-like game controller is made to virtually projectile birds in an
Angry Birds game: (a) the rendered 3D model of the game controller, (b) the printed game
controller with external sensor and circuitry embedded, (c) flying the bird at a small angle,
and (d) flying the bird at a bigger angle.
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5.5.8  Self-Actuated Trash Can

For the last non-periodic motion—continuous translation, I built a self-actuated trash can by
attaching a continuous translation kinetic unit-embedded switch on one side of a cardboard
trash can (Figure 5.13). The switch has a helical spring-based button and the rear end of
the switch is connected to the lid of the trash can (Figure 5.13a-b). To close the can, the
user presses the switch button and locks the switch by inserting the built-in latch (Figure
5.13c). When the user pulls the latch, the compressed switch button extends immediately
to drive the link arm to translate upward, lifting the can’s lid and opening the trash can

(Figure 5.13d).

Continuous Translation
4‘/ Kinetic Unit

Figure 5.13: A continuous translation kinetic unit embedded switch is attached to a card-
board trash bin: (a) the rendered 3D model of the switch and the trash bin, (b) the printed
switch, (c) the closed trash bin with the switch attached and locked, and (d) opening the
bin’s lid by unlocking the switch.

5.5.4  Motion Parameterizable Pull-Back Cars

To demonstrate how to control energy and motion with Kinergy, I created four pull-back cars
by varying the embedded energy, motion speed, and travel distance in separate continuous
rotation kinetic units (Figure 5.14). First, I added a continuous rotation kinetic unit with
low energy, low speed, and fewer achievable rotary revolutions to the 3D car model as a
baseline (see the 3D model and the printed car in yellow in Figure 5.14a). Then, to show
how Kinergy allows the user to achieve motion with various embedded energy, I compare

how far the baseline model can hit a paper cup with a printed car in green, which has



93

double energy embedded in the kinetic units through the design tool (Figure 5.14b). As a
result, the comparison model hits the paper cup double farther than the baseline model.
For the speed comparison, I built another car (in blue) that travels faster than the baseline
model (Figure 5.14¢). Finally, I also compared the baseline model with another car model
(in orange) that had a kinetic unit embedded for achieving more than three times rotary
revolutions (Figure 5.14d). As predicted, the orange car travels a longer distance than
the baseline model. These pull-back car examples validate that Kinergy allows users to

parameterize embedded energy and motion characteristics for 3D printing.

NS AN N , .
2ed s ‘

Figure 5.14: Four 3D-printed pull-back cars with different embedded energy, speed, and
traveling distance: (a) the rendered car models and the corresponding printed cars (yellow:
baseline; green: more stored energy; blue: faster; orange: longer travel distance), (b) the
comparison of cars with different embedded energy, (c) the comparison of cars with different
motion speed, and (d) the comparison of cars with different traveling distance.

5.5.5 Human-Operated Handheld Flashlight

Unlike the pull-back cars driven by winding springs, I created a human-operated handheld
flashlight to demonstrate pressing as the energy charging method in the continuous rotation
kinetic unit (Figure 5.15). T used a helical spring motor in this example that stores potential
energy under compression. An electromotor wired to a LED is mounted and fixed in the
flashlight head, and the motor’s axle is inserted into a socket that is driven by the gears in
the kinetic unit (Figure 5.15b). When the user presses the spring, the motor rotates its axel
and generates current to light up the LED light (Figure 5.15c). Since the lock and release
mechanism was not added to this device, the user can repeatedly produce lasting light by

pressing the flashlight.



94

/14 .J Body Head ‘

Continuous Rotation
Kinetic Unit

Figure 5.15: A human-operated handheld flashlight created with Kinergy and external
electronics: (a) the rendered model of the handheld flashlight, (b) the flashlight head and
body, and (c) the functioning flashlight with the embedded kinetic unit.

5.5.6 Battery-Free Maneki Neko Sculpture

To demonstrate the oscillating movement in a 3D printable device, I created a waving arm
actuated by an embedded oscillation kinetic unit for a Maneki Neko sculpture (Figure
5.16). The embedded kinetic unit is designed with the maximum oscillation amplitude and
the number of strokes to provide expressive arm movements. After the arm is inserted into
the cat’s body, the user winds the spiral spring from the side handler to load the energy.
Then, without a lock, the arm begins to swing as the user releases the winded spring and

stops swinging when the loaded energy dissipates.

./ Cat Arm

Cat Body
o

Oscillation
/M Kinetic Unit
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Figure 5.16: A battery-free Maneki Neko sculpture with an embedded oscillation kinetic
unit: (a) the rendered model of the cat sculpture, (b) the printed sculpture, and (c) the
waving arm driven by the embedded kinetic unit.
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5.5.7 Semi-Automated Cutter

I created an assistive cutter that uses an embedded reciprocation kinetic unit to relieve
people from the fatigue of the repeated back-and-forth cutting actions (Figure 17). The
cutter embeds the kinetic unit into an organic, easy-to-hold shape and has a blade attached
to the head (Figure 5.17a-b). The user first loads energy by turning the unit’s spiral spring
and then releases the lock at the top to execute the cutting job—the blade moves back and
forth repetitively (Figure 5.17c-d). Like the other applications, since the sole power source
is the embedded spring, the user needs to re-charge the energy in the spring for repetitive

cutting tasks.

Reciprocation
Kinetic Unit

Figure 5.17: The user holds a 3D-printed cutter that uses an embedded reciprocation kinetic
unit to move the blade back and forth repeatedly and cut the bread: (a) the rendered model
of the cutter, (b) the printed cutter, and (c) the functioning cutter.

5.5.8 3D-Printed Zoetrope

Finally, I used an intermittent rotation kinetic unit in a box that connects and spins a circu-
lar scaffolding of six 3D-printed cat models to present a physical zoetrope installation—an
animation of a walking cat (Figure 5.18). To create the physical animation, I first used a
Geneva drive with six opening slots to drive the scaffolding that also has six cat models
on the circumference (Figure 5.18a-b). I then mounted the zoetrope model on a helping
hand soldering station and installed four bright LED lights around the model that were
programmed through Arduino to provide interval light as the zoetrope spun (Figure 5.18c).
Before the spinning, I loaded the energy in the base box by winding the spiral spring and

started the LED control program. After the lock was released, the zoetrope model spun
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and created the illusion of a walking cat (Figure 5.18d).

Figure 5.18: A 3D-printed zoetrope installation that is driven by an intermittent rotation
kinetic unit embedded base box and animates a 3D walking cat: (a) the rendered model of
the zoetrope, (b) the printed setup with programmable LED flashlights, and (c) the rotating
zoetrope in motion.

5.6 Limitations

Kinergy customizes 3D-printable motion by embedding springs and kinematic mechanical
components in a 3D-printed object. However, there are several limitations to this approach.

Geometry Complexity. The size of an object is limited to the minimum spring size
and the minimal room for hosting printable kinematic parts in the transmission mechanism.
This problem results in two limitations with our current tool: geometries with smaller sizes
are not converted, and large gear ratios are not supported (currently, the gear ratio range is
1/5-5). As we have validated the feasibility of Kinergy with other multi-material 3D printing
technologies such as PolyJet 3D printing, we plan to explore higher resolution printers as
alternatives to mitigate both concerns. For example, smaller gears with finer gear teeth
can be created for objects with smaller body volume. Another limitation of our approach
is that the component engagements in the embedded kinetic unit require a compatible
object topology. For example, in the continuous rotation kinetic unit with pressing as the
energy-charging method, the rack-and-pinion mechanism that couples the helical spring
and the geartrain must follow a strict moving path, which leads to an unchangeable spatial
configuration. This problem could be further addressed by introducing an alternative yet
complex transmission design. For example, we can use bevel gears, which have conically

shaped tooth-bearing faces and rotate around non-paralleled axes, in the geartrain to provide
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more arrangement options for engaging gear teeth in a compact shape.

Printibility and Robustness of Mechanical Parts. Kinergy benefits from the in-
place printing and the predictable movements of kinematic components (e.g., springs, gears,
axles, joints); however, compared to industrial manufacturing methods such as casting and
forging, 3D-printed mechanical kinematic parts are limited to the anisotropy and resolution
of 3D printing. For example, 3D-printed springs are more robust and less brittle when
printed perpendicular to the 3D printer’s Z-direction. With the current setup, a printable
gear has a minimum 1 module, which measures gear size by dividing the gear diameter by
the number of teeth, and a minimal 0.3mm backslash. From our fabrication exploration, I
found that tolerance gaps may be varied to applying Kienrgy to different 3D printers and
materials. I also found that objects printed with higher infill density (e.g., 60% or above)
are less brittle and more reliable. One solution is to use alternative material, and printing
processes that produce parts with high tensile and endurance strength against loads but are
less impacted by the anisotropicity of 3D printing. For example, 3D printing metal, a rising
3D printing industry, could be used to create more durable and sophisticated kinematic
parts. The main goal of Kinergy is to convert the potential energy stored in the embedded
spring into the output motion. However, energy reduces due to the friction caused by the
relative movement between mating kinematic parts. To minimize friction, I used kinematic
components that have point or curve contacts between moving parts and thus caused less
friction [2] in the kinetic units. Additionally, I also explored methods to reduce friction.
For example, friction was greatly diminished by adding lubricant such as grease or oil to
the engaging points in the kinematic parts.

Energy-Releasing Triggers. The current lock mechanism in a kinetic unit allows only
one way to release the stored energy in the spring, which prevents the customization of the
interaction with the energy source and may result in onerous human operations to trigger
the action. For example, to launch the pull-back car, the user must pull the latch, which
may interfere with the car’s movement. Additional sophisticated mechanical structures
could offer a design space for customizing human-operated energy-releasing triggers. For
example, a pressable bistable button may be more practical in the pull-back car example.

Besides human-operated triggers for releasing energy, custom triggers can also be devised
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to connect multiple kinetic units and thus execute a series of motions in a controllable
sequence. In the future, I plan to investigate feasible mechanical designs that allow the
user to control when and how the energy can be passed from one kinetic unit to the next.
One promising solution is to use the tourbillion mechanism as a mechanical timer to bridge
two kinetic units. For example, to create an automated door opener, a button with an
embedded continuous translation kinetic unit receives the pressing from the user and passes
the translation to a tourbillon-based timer, which extends a crank to rotate a concatenating
door hinge with an embedded instant rotation kinetic unit after a few seconds.

User Interface Improvements. The current user interface of Kinergy provides a set
of interactive controls for the end-user to add kinetic units to 3D models and parameterize
added components for desired motion. Most controls ask the user to interact with abstract
concepts such as speed and energy strength. One improvement for the user interface is to
provide iconographical and easy-to-understand components for the end-user. For example,
using the graphics of weight with labels to indicate the energy strength or providing a series
of on-boarding tutorials to help the user understand and familiar with all the controls in the
user interface. Furthermore, as Kinergy is applicable to other 3D printing approaches, I plan
to incorporate the compatible tolerances and printing-related metadata such as material
types and infill density for specialized printers and approaches in the tool. Furthermore,
Kinergy can be extended with intelligent algorithms to optimize the generation of kinetic

units for various 3D printing processes and materials.
5.7 Chapter Summary

In this chapter, I presented Kinergy, an interactive design tool that allows the user to create
self-propelled motion for 3D printing with a set of parameterizable kinematic designs. First,
I provided the background about the motion types for 3D printing. Then I introduced 3D
printable kinetic units, which consist of embedded energy sources (either a helical or spiral
spring), compliant locks, and transmission mechanisms, to enable the customization of 3D
printable non-periodic and periodic motion. To embed these kinetic units into custom
3D models, T presented a design tool where the user, who is a 3D modeler but lacks an

engineering background to create functional kinematic 3D models, parameterizes embedded
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kinetic units to control the energy and motion characteristics. I then detailed the user
interface of the design tool and the parameterization of energy and motion through custom
user controls. Finally, I showcased how Kinergy supported the design and fabrication of
3D printable movements via a series of examples and discussed the improvements to our

approach.
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Chapter 6

FLEXHAPTICS: CREATING CUSTOM HAPTIC INTERFACES
USING VARIOUS PLANAR COMPLIANT STRUCTURES

Figure 6.1: Example applications made with FlexHaptics method: (a) a piano keyboard
interface for touchscreen musical applications, (b) a VR controller attachment for bow
shooting games, and (c¢) a joystick with a two-step button on the stick end.

This chapter describes the last project, FlexHaptics [65], highlighting how to leverage
flat planar compliant structures (e.g., spiral and zigzag beam structures) to create custom
haptic input interfaces (RQ1) and how to control the force-deformation relationship in these
structures by designing the structure geometries in a design editor (RQ2)!. This project
was led by Dr. Hongnan Lin from Georgia Institute of Technology, with assistance of

2 as well as feedback from Dr. Hyunjoo Oh, Dr.

tool developing from Yifan Li and me
Wei Wang, and Dr. Clement Zheng. FlexHaptics extends spring-based 3D printable kinetic
objects to support user input, which is different from the two 3D printable output behaviors
enabled by Ondulé and Kinergy—deformation and motion.

Haptic feedback in tangible input interfaces is critical to enhancing user performance and
engagement [140]. However, off-the-shelf components with predetermined and fixed haptic

profiles are insufficient to satisfy an increasing need for sophisticated interaction design for

various user scenarios. Customizing passive haptic inputs with fixed force-movement profiles

'The full video demo of FlexHaptics: https://youtu.be/ GWEFYzo-zAYM
2The code repository for FlexHaptics design editor: https://github.com/hlin0101/FlexHaptics


https://github.com/hlin0101/FlexHaptics
https://youtu.be/GWFYzo-zAYM

101

determined by mechanical mechanisms expands design opportunities for multiple interfaces.
FlexHaptics aims to forward the computer-aided design and fabrication of haptic inputs
with predictable force feedback by introducing a new method that leverages beam structures
superior in their simple geometries and predictable haptic properties. This method supports
inputs with eight mechanical module designs that provide predictable force feedback with
embedded beam structures. Each unit generates a distinct haptic effect, including resistance,
detent, or bounce, while traveling along a linear, rotary, ortho-planar linear movement path.
The modules are planar and compact, therefore are easy to fabricate by 3D printing PLA,
laser-cutting an acetal plastic (POM) sheet, or laser-cutting an acrylic sheet. The form
factor also aligns with the construction of modern products, such as touchscreen devices,
gamepads, and keyboards. Moreover, it satisfies the common need to arrange multiple
inputs within a small space. To use these modules, we proposed two mixing operators to
guide designers in composing the modules: parallel mixing generates an input with multiple
haptic effects along a primitive path, and series mixing generates an input with a compound
path.

To allow designers to use these modules to create custom haptic input interfaces, Flex-
Haptics also comprises an editor as a plug-in within Rhinoceros and Grasshopper to let
designers explore module design according to desired force feedback. To implement the edi-
tor, first, we developed mathematical models quantifying the haptics-geometries relationship
of each module. The models are in the format of linear regression analysis equations with an
explanatory variable of a composite geometric component, informed by existing theories and
models. Then we computed the coefficients and validated the models through finite element
analysis (FEA) and experiments with modules fabricated with the three methods. Next, we
adjusted the generation algorithms to address fabrication issues based on the experiment
results. Finally, based on the experiment results, we developed the back-end of the editor
with Grasshopper and Rhinocommon in C# and the front-end interface with Human UL
With the design editor and modules, we built six example applications that demonstrate
a broad spectrum of use cases applying the proposed techniques and the tool, including
two on-touchscreen interfaces of a slider control and a piano keyboard, a tactile low vision

timer, VR game controllers, and a joystick combining with a two-step button (see some
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applications in 6.1). In particular, highly conductive copper tapes can be attached to the
deformable compliant structures to enable capacitive sensing for interactions.

My primary contributions to this project include providing FEA simulation support for
validating FlexHaptics modules, developing the user interface for the design editor, and
ideating the module designs and applications. In this chapter, I briefly describe the Flex-
Haptics modules and mixing operations, the design editor and the editor’s implementation,

and the six applications created with FlerHaptics.

6.1 FlexHaptics Modules and Mixing Operators

FlexHaptics approaches haptic input design by parameterizing two attributes: the move-
ment path and the haptic effect. The movement path includes linear and rotary motions,
and the haptic effect comprises resistance, detent, and bounce feedback patterns. As shown
in Figure 6.2, resistance refers to a force with a steady magnitude and direction opposite
to movement; detent refers to a force-displacement pattern where resistance increases and
decreases within a short displacement; And bounce refers to a resisting force that decreases
or increases as displacement decreases or increases.

By crossing the movement paths and haptic effects, FlexHaptics provides eight primitive
modules, each of which supports a haptic effect along a movement path. The modules
include linear resistance, linear detent, linear bounce, rotary resistance, rotary detent, and
rotary bounce modules (Figure 6.2), and additionally, an ortho-planar linear bounce module
that generates a bounce effect along an out-of-plane linear movement path and a planar

bounce module whose mobile part moves free on the plane and exerts bounce effect.

6.1.1 Resistance Feedback

To achieve resistance feedback, two resistance modules were developed: a linear resistance
module and a rotary resistance module. A resistance module consists of a deformable mobile
part squeezed into and moving along a linear or rotary track. The raised-end cantilever
embedded in the mobile part deflects and exerts a reaction force, which transfers to sliding

or rotating resistance between the two parts with a specific friction coefficient.
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Figure 6.2: (a) A FlexHaptics module supports a haptic effect among resistance, detent,
and bounce, along a linear or rotary path. The left six modules afford within-plane path,
the two additional modules are designed for bounce effect along an out-of-plane linear path.
Gray parts are rigid; colored parts are compliant, and color changing from blue to green,
and to red indicates increasing stress levels. (b) All the moduels can be mixed for complex
haptic feedback and moving paths.

Linear resistance modules. A linear resistance module provides a constant force
resistance to sliding (Figure 6.3). The deformed beam yields a reaction force Frr_, pre-
dictable with [, b, h, and free end displacement when displacement is small according to
Euler-Bernoulli theory, and displacement equals r; (Eq. 6.1). Normal force N between the
two parts can be calculated from the reaction force, according to the mechanical equilib-
rium equations of the tip and slider (Eq. 6.2). Force feedback of a linear resistant module
Frr equals the sum of sliding resistance, which is the product of normal force and friction

coefficient p decided by material property (Eq. 6.3). In summary, force feedback from a
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linear resistance module of a specific material is predictable from the module geometry, as

shown by substituting Eq. 6.1 and 6.2 into 6.3.

bh3
Frp_, :A”T+B (6.1)
N =2Frp_, (6.2)
Frr =uN (6.3)
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Figure 6.3: Linear resistance module. It comprises a flexure slidable along a linear track.
Its force feedback is adjusted with beam length [, thickness h, and width b.

Rotary resistance modules. A rotary resistance module provides a constant torque
resistance to rotating (Figure 6.4). The deformed beam exerts a reaction force predictable
with 7, a, b, h, and displacement according to Castigliano’s theorem, and displacement
equals r; (Eq. 6.4). The normal force between the two parts can be calculated from the

reaction force, according to the mechanical equilibrium equations of the tip and rotor (Eq.
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6.5). The feedback torque of a rotary resistant module Trpr equals the sum of resistant
torque, which is the product of normal force, friction coefficient, and R (Eq. 6.5). In sum-
mary, the feedback torque from a rotary resistance module on certain material is predictable

from the module geometry and material, as shown by substituting Eq. 6.4 and 6.5 into 6.6.

Ttbh3
Frpr=A—————+B A4
R r3(2a — sin2a) + (64)

N =2Fip_, (6.5)

Trr = pNR (6.6)

@
- @
O

b FRONT VIEW

&

Figure 6.4: Rotary resistance module. It consists of a flexure rotatable within a ring. Its
force feedback is adjusted with beam radian a, radius r, thickness h, and width b.
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6.1.2 Detent Feedback

To achieve detent feedback, we also developed two detent modules. A detent module consists
of a mobile part moving along a linear or rotary track with notches (Figure 6.5). The
mobile parts employ the same beam structure of linear resistance modules, with a raised
tip conforming to the notches. Friction between a mobile part and track is removed by
adding lubricant, and force feedback of sliding or rotating equals the tangential component

of normal force between the two parts.

Figure 6.5: Detent modules. A linear or rotary detent module employs the same beam
geometries as linear resistance module and adapts notches to contact surface. (a) As the
beam moving across a notch, force feedback is determined by the notch and beam geometry.
(b) We present four symmetrical notch signatures and force-displacement curves. Mixing a
left and a right side of them generates another 12 detent profiles. Force feedback from a
notch can be adjusted by scaling it along its width or depth direction.

Given the geometry of a detent module, what is known is the notch profile y = f(z),
where x and y are the horizontal and vertical position of a point on the notch, the notch
slope is f/(z), and the beam stiffness k predictable from b, [, and h (Eq.6.1 ), and tip radius
r¢. What can be calculated is beam deflection ¢ (Eq.6.7 or 6.8) and reaction force (Eq.6.9)
when the beam moves along the notch. And the force feedback during the movement is the

horizontal component of the reaction force (Eq.6.10 ).

When the contact point is derivable (Figure 6.5a right),

§=/if? — 22 (6.7)
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When the contact point is not derivable (Figure 6.5a left),

1
d=tr 1-— —l—f’($)2> ef(x) (6.8)

Fp_, = kb (6.9)

Fp = Fp_f'(x) (6.10)

Various detent effects can be designed by adjusting notch profiles, beam geometries, and
notch distributions. A notch profile can be created by selecting a left side and a right side
from the four preset notch profiles: 1) constant slope, 2) increasing slope, 3) increasing
then decreasing slope, and 4) locking. A notch can be scaled along or perpendicular to the
movement direction, influencing the detent effect scope and sharpness. Adjusting the beam

increase or decrease force feedback along with the notch consistently.

6.1.3 Bounce Feedback

Finally, to achieve bounce feedback, we developed four modules: linear bounce module,
rotary bounce module, ortho-planar linear bounce module, and ortho-planar rotary module.
Bounce modules exert a restoring force (F') toward the equilibrium and are proportional to
displacement when the mobile part is moved away from the neutral position within a range.
Furthermore, bounce coefficients can be adjusted by altering geometric parameters.
Linear bounce module. A linear bounce module provides a resistance force propor-
tional to displacement when stretched or squeezed within a range (Figure 6.6a). A linear
bounce module is constructed with a series of beams. The bounce coefficient krg_ynit of
each unit can be predicted with I, b, and h (Eq.6.10 ), and that of the whole module k7 can
be further calculated with the number of units based on series spring formulas (Eq.6.11).

bh3
kLp—unit = A5~ + B (6.11)

kLB _ kLB;um‘t (612)
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Figure 6.6: Bounce modules. (a) A linear bounce module can be stretched or compressed,
its stiffness can be adjusted by beam length [, thickness h, and width b, and unit number
n. (b) A rotary bounce module can be rotated clockwise or counterclockwise, its stiffness
can be adjusted by spiral radian a and wire thickness A and width.

Rotary bounce module. A rotary bounce module allows the arbor to rotate and
exerts reaction torque proportional to the rotating angle (Figure 6.6b). The design of the
spring was based on the standard Archimedean spiral defined by da, h, p, and a, from which
its effective length [ can be calculated (Eq.6.13, 6.14, and 6.15). And the bounce coefficient

can be calculated with b, h, and [ according to spiral spring theory (Eq.6.16).

l:—i{x 2—|—y2+y2ln<m+ m2—|—y2)<

2y
— (x + ya) \/(2 + y? 4 2zya + y2a? (6.13)
—y%1In (( + yX + 2zya + b2a2)}
da + h
_dot ,whered = 10 (6.14)
_Pp _
y = —,wherep = 2h (6.15)
27
bh3
krp=A—+ B (616)

l

Ortho-planar bounce modules. Ortho-planar linear bounce modules provide the
mobile platform moving out of the base plane with a resistance force proportional to dis-

placement (Figure 6.7). They are constructed with a straight (Figure 6.7a) or round (Figure
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6.7b) beam following the mobile platform shape. Bounce coefficients of straight beams can

be calculated with I, b, h. Bounce coefficient of round beams can be predicted with [ (i.e.,

a and 1), b, h.
bh?
bh?
k =A——+1B 6.18
OLBR (ra)? + (6.18)
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Figure 6.7: Bounce ortho-planar modules. (a) A straight-beam ortho-planar bounce module
can be adjusted with beam length [, thickness h and width b. (b) A curve-beam ortho-planar
bounce module can be adjusted with beam radius r, radian a, and beam thickness h and
width b.

6.1.4 Mixing Operations

Multiple modules can be combined into composite inputs through two mixing strategies:
mixing in parallel and mixing in series (Figure 6.8). Mixing in parallel aligns and respectively
bonds the mobile and static parts of two or more modules with the same movement path,
producing a compound input with multiple haptic effects along the single path, and mixing
in series bonds the base of one module or composite input to the mobile part of another,
and so on and so forth. The resulted inputs have a complex movement path and maintain

the component haptic effect(s) along each component path.



110

—r—r——

Displacement

Force

Force

Displacement

!

Force

— A

Displacement

b

Figure 6.8: Two mixing operators for FlexHaptics modules. (a) Mixing in parallel aligns
modules with the same movement path and bonds the mobile and static parts together
respectively, resulting in an interface with the same movement path and a compound haptic
effect. (b) Mixing in series uses multiple modules with different movement paths, and bonds
the static part of one module to the mobile part of another module, producing an interface
with a complex movement path.

6.2 Technical Evaluation

To identify effects from fabrications and inform adjustments to FlexHaptics techniques,
we evaluated how well the mathematical models predict modules of FEA simulations and
modules fabricated with the three methods (laser cutting with acrylic and POM and 3D
printing with PLA). FEA simulation allowed for investigating ideal modules where the sizes
are precise, and the material properties are the same as those provided by the manufacturers.
In the technical evaluation, we simulated and measured the reaction force of resistance
modules and stiffness of detent and bounce modules with varying geometric parameters.
The prediction method predicted the reaction force or stiffness of FEA modules with high
goodness-of-fit (averaged R? = 0.99836), and fabricated modules with less goodness-of-
fit (averaged R2Delrin = 0.95341, averaged RchliC = 0.79088, averaged R%;LA = 0.97723).
Different fabrication methods introduce dimensional errors and change material properties.
Besides the beams’ reaction, the force feedback of a module was affected by other factors like

friction and track stiffness. We identified four approaches to avoid or mitigate the errors.

The first is to avoid setting small values of h and b. The second is to prioritize adjusting [
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values instead of b or h to meet haptic values. The third is to fabricate a series of models
with [ values varying around the value calculated for a desired force or stiffness value so
that one of the prototypes can provide the desired haptics. Lastly, we noted avoiding using

acrylic for linear bounce modules because of the high fracture risk.
6.3 FlexHaptics Design Editor

Informed by the module design and technical evaluation, we developed an open-source design
editor to make the FlexHaptics technique available to designers. To generate a module in

FlexHaptics editor (Figure 6.9), designers need to go through the following steps:

1. Choose a module type.

2. Select a fabrication method and material.

3. Set desired haptic values. The editor generates geometry in the 3D viewport and

calculates its force feedback with error range.

4. Explore other possible geometries. Because different parameter combinations can
produce the same force feedback, this step allows designers to adjust a module freely

while comparing its force feedback to that set in Step 3.

5. Export a final design in STL or SVG format.

6.3.1 Implementation

The backend of FlexHaptics editor is implemented with Grasshopper and Rhinocommon in
C+#, and the frontend interface is developed using Human UL

For Step 1, the user interface provides a list of buttons for the user to select the de-
sired FlexHaptics module. For Step 2, the editor uses pre-defined parameters for different
fabrication techniques—for example, the printing tolerance for 3D printing with PLA.

For Step 3, the editor takes in the parameter values input by the user in the user

interface and generates the compliant structure geometries based on the equations shown
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Step 2: Choose fabrication method and material
Fabrication method:  3p printing -

Material: PLA -
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(%) STEP 3: SET HAPTICS

FLEXHAPTICS TOOL <pi
piral
Step 1: Choose a FlexHaptics module
Spring constant | 1 N/deg
Linew Linear Linear i Rotary range | 1 deg
Resisitance Detent Bounce Bounce
Straight
Ortho-planar
Ih--'—- foeeid I-u-'n E— Spiral angle (a) 1080 deg(>1C
Coil width (b) | 4 v mm
Step 2: Choose fabrication method and material
Coil thickness (h) 4 v 'mm
Fabrication method:  3p printing -
Material: PLA - Bake

Figure 6.9: FlexHaptics user interface consists of a FlexHaptics tool panel and module
preview in Rhinoceros environment.

above. The 3D model of the compliant structure is created in real-time in the 3D editing
Rhino scene. For Step 4, given geometric parameters, haptic values are calculated using
the above equations. For instance, linear resistance module, on receiving user input haptic
value in Step 3, the algorithm first calculates the reaction force with corresponding equations
(Eq 6.2 and 6.3). Then to calculate geometries from reaction force with Equation6.1, the
algorithm starts by setting b and h at the smallest value to calculate [, then examine if
[ is at least ten times as long as r; (to meet small deformation condition). If not, the

algorithm will increase h and b step by step and repeat calculating and evaluating [. If yes,
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the algorithm will use the values to generate geometry. A similar process applies to the
other modules. Once deciding on the compliant part geometry, the algorithm will adjust
the other component for the two-part modules to maintain a fit clearance and can offset the
geometries for laser cutting and chamfered for 3D printing. All the updates are rendered in

real-time.

6.4 Haptic Interface Examples Created with FlexHaptics

We developed six example applications to validate the proposed technique that covers dif-
ferent modules, mixing operators, fabrication methods, and materials. These applications
were created in three categories according to application environments: haptic layers above
graphics on touchscreens, passive haptic proxies in VR, and haptic controls with microcon-

trollers.

6.4.1 Haptic Layers above Graphics on Touchscreens

We demonstrate two examples made by laser-cutting acrylic sheets and attaching copper

tapes to align with graphics and transit user touches on touchscreens.

Haptic control panel for a painting application. The haptic control panel for
a painting application, Procreate, is proposed to reduce divided attention caused between
canvas and toolbar (Figure 6.10a). The transparent haptic layer overlaid on the graphical
interface employs a linear resistance module for changing brush size, and a linear detent
module notched at preferred values for adjusting opacity. Knobs inserted into the sliders

are wrapped by copper tapes to transmit user touches to a touchscreen.

Piano keyboard. We built a piano keyboard interface for a touchscreen music app
(Figure 6.10b) to improve user performance. Similarly, the keyboard is made from an acrylic
sheet and copper tapes around each key. In addition, we highlighted that ortho-planar linear

bounce modules could resemble such keyboards by being shaped and collocated.
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0.4.2 Passive Haptic Proxies in VR

When using passive props for VR interaction, a key could be to use less physical materials
to simulate more virtual objects. FlexHaptics could be a solution because its compactness
increases the number of proxies containable within a reasonable space.

VR controller attachment for bow-shooting games. This VR controller attach-
ment system for bow-shooting games (Figure 6.10c). Players choose a proxy at the preferred
level of resistance to use a virtual bow, simply plug its base end into the socket on one con-
troller, and draw or release the free end with the other controller. A bow proxy consisting
of a laser-cut POM linear bounce module sandwiched by acrylic faces simulates increasing
resistance while opening a bow and retracting effects while releasing an arrow. The position
and orientation of a proxy can be drawn from those of the associated controller.

String-based wearable haptic device. We demonstrate a haptic device worn between
the wrist and fingertips, which provided haptic feedback to different gesture interactions in
VR (Figure 6.10d). Our device comprised multiple stackable string-retracting units, each of
which leverages a rotary bounce module for retracting and another rotary module for more
haptic effects. We made the modules by PLA, as it is easier to integrate other extruded
structures, like bobbins and tongue joints. Thanks to the compact form factors of the

FlexHaptics modules, a stack of three units is as tiny as a smartwatch.

6.4.3 Haptic Controls with Microcontrollers

Drawing on research and projects on paper circuits, we built most circuits with copper tapes
and conductive ink, manually or using a cutting machine.

Tactile timer input. We presented a tactile timer input for low-vision people (Figure
6.10e). Each dial consists of a rotary resistance and detent module. The hour, minute,
and second dials present diminishing resistances and different detent densities. Starting
and canceling buttons were made with ortho-planar modules. This prototype highlighted a
compact design enabled by nesting the three dials in the same layer.

Haptic controls with complex movement paths. The joystick designed for a

shooting game can control shooting direction and switch between single or scattering shots
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(Figure 6.10f). It allowed rotation in horizontal and vertical planes by serial-mixing two
mutually perpendicular rotary bounce modules. The button on the handle could activate
single or scattering shooting mode under light or hard press. It employed in-series mixing of
two ortho-planar bounce modules with different bounce constants. The modules are made
by laser-cutting POM sheets. This example demonstrates a complex 3D movement path by

mixing modules in different planes.

Figure 6.10: Application examples: (a) a slider input interface for touchscreen painting
applications, (b) a piano keyboard interface for touchscreen musical applications, (¢) a VR
controller attachment for bow shooting games, (d) a string-based wearable haptic device,
(e) a tactile low vision timer, and (f) a joystick with a two-step button on the stick end.
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6.5 Limitations

As FlexHaptics provides a set of enabling techniques and a design tool for designers to

create custom haptic input interfaces, limitations are enumerated as follows:

Fabrication error, material fatigue and creep, external friction. The current
mathematical models are limited due to three causes of differences between actual and
predicted haptic effects of the FlexHapitcs interface. The first is fabrication errors, as
indicated by the less goodness of fit for the fabricated modules. Designers can make up by
making a range of models containing a desired one. The second is material fatigue and creep,
as with most techniques. The detent and bounce modules in interaction are under cyclic
loading and thus will get weaker after extensive use. The resistance and detent modules
are influenced by persistent mechanical stresses even not in usage, thus will exhibit dimmer
haptic effects after a long term of preservation. Designers need to replace exceedingly
used or old ones to maintain haptic preciseness. These two factors can be addressed by
exploring more fabrication methods and materials. Lastly, the actual haptic effects of an
interface come from the modules and friction between the modules and external objects
(e.g., circuit layers, housing structures, or touchscreens), which is unpredictable by the
FlexHaptics editor. Designers can iterate modules to counteract the external friction for
satisfying results. There are many ways to avoid external frictions, for example, minimizing
surface areas in contact with external objects or maintaining gaps between the modules and

external objects via housing structures.

Supplementary structures. The method does not assist in designing two types of
supplementary structures often necessary for FlexHaptics-enabled interfaces. The first type
helps constrain mobile parts to designed movement paths, e.g., preventing those in resis-
tance, detent, and linear and rotary bounce modules from moving out of tracks and guiding
that in a rotary bounce module to rotary instead of translational movements. The sec-
ond is bonding parts in mixing modules or bonding a module to other structures. Among
tested techniques, like 3D printing different parts as one and gluing, tongue-and-hole joint-
ing stands out as it is strong for connection and flexible for replacement. The design of

supplementary structures varied to adapt to different applications. It was not very diffi-
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cult but certainly complicated the overall design process. In the future, these additional
structures can be automatically incorporated into the design editor and generated by the
tool.

Broadening materials. FlexHaptics editor currently supports limited material choices.
In future work, we plan to widen the available material selections based on the mathematical
models—for instance, SLA resins and metals for stronger, compacter, and more accurate
modules. We also plan to adapt elastic materials (e.g., TPU) and even programmable
filaments to expand the design and fabrication space of haptic input interfaces. Taking
resistance modules as an example, applying multiple materials with different friction coef-
ficients to the track boundary produces a module with varying resistance along the path.
Finally, stimuli-responsive material could enable FlexHaptics modules with adaptive haptic
feedback. For instance, applying stiffness-changing material to the flexures could produce
modules with adaptive resistance, bounce coefficient, and detent magnitude. Likewise, ap-
plying shape-changing material to the notches could create detent modules with adaptive
feedback profiles and distribution.

Active force feedback and vibration feedback. This method is limited to passive
force feedback generated by the module design. Due to the passive nature, FlexHaptic-
enabled interfaces cannot automatically perform tasks (like the timing task in the timer
example), proactively initiate touches, or spontaneously adjust profiles. Future work could
investigate ways to actuate FlexHaptics modules while maintaining their compactness, like
using smart materials. Besides, force feedback, vibration is also essential as they widely
exist in natural and artificial interactions. We excel at perceiving with numerous receptors
embedded in our skin and other haptic organs. Interaction with resistance and detent mod-
ules involves vibration, which can simulate human sensitivity by adjusting beam stiffness
and track texture. It is possible to introduce texture by laser-cutting a smooth line with
low-power settings on extruded acrylic sheets and designing notch profiles and distributions.
In addition, supplement vibration modules will be added to FlexHaptics.

User-centered evaluation. While we ran a thorough technical evaluation with the
modules, a formal user evaluation of the FlexHapitcs techniques and editor is needed to

improve the system’s usability. In the future, we will investigate whether designers can
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adapt and find the proposed modules and mixing operators useful in their design processes

and identify areas to improve further.
6.6 Chapter Summary

In this chapter, I presented FlexHaptics, a computational design method to create haptic
input interfaces with custom feedback using a low-cost 3d printer or a laser cutter. Flex-
Haptics editor comprises eight primitive modules that exert a haptic effect, i.e., resistance,
detent, and bounce, along a movement path, i.e., linear, rotary, ortho-planar linear, and
planar. Each FlexHaptics module supports adjustable haptic effects via module geometries.
With FlezHaptics, designers can create haptic interfaces that provide custom force feed-
back. This approach also worked with externally added conductive tapes to enable sensing.

Finally, I also discussed the limitations of this work and future improvements.
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Chapter 7
CONCLUSIONS AND FUTURE WORK

The goal of this dissertation has been to design, develop, and evaluate 3D printable
spring-based mechanisms to promote the fabrication of kinetic objects for interactivity. My
approach was threefold: (i) to draw upon mechanical engineering, physics, trends of making
kinetic 3D designs in the maker community, and past fabrication research to inform the use of
mechanical springs in creating kinetic objects and supporting interaction; (ii) to design and
evaluate parametric spring-based mechanisms that utilize mechanical springs and kinematic
elements for desired kinetic behaviors including deformation, actuation, and sensing through
structural form changes; and (iii) to develop and evaluate interactive parametric design tools
for end-users to create custom 3D printable kinetic models with embedded spring-based
mechanisms for a variety of applications.

In this chapter, I would like to summarize the major contributions of this dissertation

and discuss the directions I would like to explore in my future research.

7.1 Contributions

In this section, I restate the four contributions listed in the introduction chapter and sum-
marize how each of the contributions was achieved. These contributions provide cohesive
support for the dissertation statement:

We can design 3D modeling and printing techniques to embed and control
parametric spring-based mechanisms into 3D-printable objects, which enables

a new suite of applications for 3D printing.

7.1.1 Making Practices of 3D Printable Kinetic Designs

This dissertation first contributes a large-scale analysis that studies how to make 3D print-

able kinetic objects within the maker community and uncovers challenges and opportunities
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for using springs in 3D printable movable objects (Chapter 3). This study examined what 3D
printable kinetic things (3D printable mechanisms and behaviors) were created by makers,
what design techniques and tools were used for creating kinetic 3D designs, and what chal-
lenges and opportunities for making kinetic 3D models? This study’s findings showed that
most kinetic 3D designs were made with 3D printable mechanisms, including the two most
commonly used kinematic elements—joints and hinges. Combining 3D-printed parts with
external hardware and using elastic printing materials generate kinetic 3D models. Most 3D
objects were created to achieve rotating, bending, articulation, translating, twisting, and
compressing movements. Different mechanisms could be used to achieve the same output
kinetic behavior, and various mechanisms were sometimes combined for a more complex
output behavior. These behaviors were primarily found in toys and gaming gadgets. The
study also revealed that most makers were likely to reuse or remake existing models for new
applications, which indicated a high barrier to designing kinematic and functional 3D parts.
Finally, printing kinematic mechanisms in place is challenging because the printing resolu-
tion and tolerance depend primarily on the 3D printer and printing settings. This challenge
also leads to a lot of manual post-print assembly, which is troublesome and error-prone.
The findings of this study not only provide the status quo of making 3D printable kinetic
objects within the maker community. I also related those results with fabrication research
and identified commonalities and differences. While this dissertation pursued one direction
informed by this study, I believe the results of this study have more value in inspiring
other design and fabrication techniques for creating kinetic 3D-printed objects for I/O. For
example, alternative prototyping techniques such as silicone casting are used for making
interactive 3D-printed objects [31]. Therefore, the contribution of this study is beyond this
dissertation and can provoke many interesting implications and ideas to promote the field

of kinetic fabrication.

7.1.2  Spring-Based Mechanisms for 1/O Behaviors

In this dissertation, I developed these design techniques to answer what kinetic 3D printable

objects can be created using spring-based mechanisms. 1 explored (i) creating 3D-printed ob-
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jects with controllable deformation behaviors by embedding parameterizable helical springs
and joints, (ii) enabling 3D-printed models to perform controllable movements with em-
bedded self-contained energy sources using helical or spiral springs together with other
kinematic elements like gears, and (iii) creating custom haptic input interfaces with flat
planar compliant structures. To use the springs as the core components, I promoted spring
principles and theories from physics and mechanical engineering. I validated the feasibility
of mechanical springs for 3D printing. These spring-based mechanisms were developed to
showcase that 3D printable springs could help create expressive kinetic devices for interac-
tion. As aresult, this dissertation pushed the boundaries of personal fabrication applications
with these spring-based mechanisms.

Combining helical springs and joints for controllable deformation behaviors.
Ondulé, described in Chapter 4, presented a set of novel spring and joint-based design
techniques to control spring deformation behaviors. This contribution was achieved by
controlling the geometric parameters of 3D printable helical springs and combining heli-
cal springs with various joint constraints. Furthermore, since the springs and joints were
constructed for in-place printing with a dual-material 3D printer, the end-users can easily
create and fabricate desired deformation behaviors without troubles caused by the manual
assembly.

Regulating potential energy stored in springs for desired output motion. Kin-
ergy, described in Chapter 5, used 3D printable helical and spiral springs as energy motors
and translated stored energy into custom output motion behaviors via various kinematic
components such as geartrain. This contribution was achieved by combining springs with
different kinematic elements for specific motion behavior while parameterizing all these
kinematic parts for custom motion characteristics such as speed. Again, to reduce hu-
man work for assembling mechanical components, all parts could be printed in place with
multi-material 3D printers.

Creating haptic interfaces enabled by deformable planar compliant struc-
tures. FlexHaptics, described in Chapter 6, presented how to use planar compliant struc-
tures to simulate force feedback for various custom haptic interfaces. This contribution was

achieved by customizing a set of haptic modules, which were made of parameterizable flat
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beam structures (e.g., spiral and zigzag beam structures). These FlexHaptics modules can
be used as an individual element to provide haptic feedback along with a specific path or
combined to offer richer force feedback following compound movement paths. Furthermore,
the haptic interfaces created with FlexHaptics can be fabricated with home 3D printers or
laser cutters.

Although these spring-based mechanisms were created for different interactions and pur-
poses, I think the approach can be potentially generalized to other mechanism-based fabri-
cation research. For example, we can explore the parametric design space of the mechanism
of interest and exploit these parameters to control the mechanical properties of different
behaviors. Therefore, I proposed and developed spring-based mechanisms to answer my

research questions above and took a mechanical approach to address HCI problems.

7.1.3 Design Tools for Spring-Based Kinetic Fabrication

This dissertation also contributes a set of design tools that allow the end-user to utilize
spring-based mechanisms in 3D models for desired kinetic behaviors. These tools share the
following commonalities: (i) supporting the design of desired 3D printable behaviors using
in-place kinetic spring-based mechanisms; (ii) allowing the end-user to customize desired
behaviors by parameterizing embedded mechanisms in the model; and finally, (iii) showing
the resulting behaviors through a preview for the end-user to validate. This contribution
was achieved by abstracting the underlying parametric design of spring-based mechanisms
from the end-user in those tools and providing user-friendly interfaces for the end-user to
design, control, and preview the spring-based mechanisms embedded in 3D models. I believe
these characteristics stay valid and are essential for other types of interactive design tools

for 3D modeling and fabrication.

7.1.4 Applications Enabled by Kinetic 3D Printable Objects

The last contribution of this dissertation is the applications enabled by the developed 3D
printable spring-based mechanisms and design tools. These applications, created with the

proposed mechanisms and tools, captured different aspects of the spring-based mechanisms,
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e.g., different spring and joint designs for a variety range of deformation behaviors in On-
dulé, and application domains as many as possible such as accessibility and interactive
I/0O devices. While most of the created applications were still within the context of rapid
prototyping, I envision that more robust, reliable, and even scalable applications can be
made using the same set of these spring-based mechanisms and tools but with advanced 3D

printers, e.g., metal 3D printers or high-resolution PolyJet printers.

7.2 Directions for Future Research

In this section, I would like to enumerate the limitations of the approaches presented in this
dissertation in three categories: fabrication, design and control, and application. Further, I

also discuss the following steps to address these issues in the future.

7.2.1 Fabrication Limitations and Future Work

While this dissertation presents spring-based mechanisms that are 3D printable in place on
consumer-grade FDM 3D printers, the performance of the kinetic behaviors that can be
achieved is still limited by 3D modeling and fabrication constraints.

First, unlike metamaterials or microstructures with minimal basic unit designs, springs,
the crucial part of my approach, usually come in a bigger size, especially when printed on
desktop 3D printers. As a result, when a spring-based mechanism is embedded into 3D
objects, the 3D model should be large enough to house the mechanism. For example, the
minimal printable spring wire thickness supported by Ondulé was 1.6mm, and the printing
tolerance was 0.4mm, which meant the minimum size of a printable helical spring was 4.0mm
wide. Similarly, Kinergy needed more room if other kinematic elements were also printed to
engage with the spring. The size of the printed spring-based mechanisms could be further
reduced with a higher resolution printer or alternative printing method (e.g., SLA with
resin). The tradeoff is the cost and accessibility of those alternative 3D printers).

Second, since many parts were printed in place to ease the post-print process and sup-
port the movement, printing tolerance was challenging to determine case by case, and the
friction between inter-engaged parts would influence the kinematic movement. The printing

tolerance is primarily determined by the printing resolution and printing orientation. For
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example, if printing with 0.2mm layer height on an Ultimaker 3D printer, the minimum
printing tolerance is 0.6mm horizontally but decreases to 0.4mm in the vertical direction
(along the Z-axis). The mechanical experiments for Ondulé also showed how printing set-
tings such as infill density and printing orientation influenced the mechanical performance
of the printed helical spring. While the effect of friction could be neglected in the joints for
Ondulé, the friction caused between the engaged kinematic components in Kinergy, such
as the crank and slotted levers and Scotch yoke, greatly affected the motion behaviors and
dissipated the energy quickly. To determine the best printing tolerance for a specific model,
we can collect a large number of experiment sample data that record most of the printing
tolerance values for a 3D part to be printed with various printing conditions. This way, the
recorded data list can be provided when the 3D model is sliced, and the printing tolerance
will be decided during the slicing process. To diminish the influence of friction, we can
apply lubricant to the movable printed parts or use an alternative 3D printing method such

as SLA or PolyJet.

Finally, all the parts were printed on desktop 3D printers with plastics and used FDM
3D printing methods (except for the last two projects that used advanced 3D printers for
sensing applications). As a result, the robustness of the printed spring-based mechanisms
was determined by the printing settings, including infill density, infill patterns, layer height,
and printing orientation. For example, in Ondulé, printing orientation will affect the spring’s
E and G, where 45° results in minimum values for both and 90° yields the highest. When
multiple springs with varied orientations need to be printed at once, finding an ideal printing
orientation that works for all springs would be challenging. If the printing conditions were
not suitable for the spring, the printed spring became brittle and easy to break. One possible
solution to produce robust and reliable prints is to use alternative materials and printing
processes that produce parts with high tensile and endurance strength against loads but
are less impacted by the anisotropicity of 3D printing. Alternatively, a 5-DOF 3D printing
method can always repose the 3D model to ensure the spring can be aligned appropriately

for the best result.
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7.2.2  Design and Control Limitations and Future Work

The design tools presented in this dissertation did three primary things: (i) abstracting
the underlying construction of complex spring-based mechanisms from the end-user, (ii)
converting high-level user input (e.g., parameter controls) into geometric models, and (iii)
displaying the resulting 3D models to provide user awareness of the model updates. However,
many parts of the tools could be improved to advance user design and control of the kinetic
model with embedded spring-based mechanisms. First, these tools lack a mechanism to
notify the end-user what would fail and where errors could occur during the user operations
with the tool. As a result, the user might not be aware of the wrong inputs, and the
tool might not function as the user expected. Second, although most of the parameter
inputs were provided with interactive user controls such as sliders and buttons, it was
not straightforward to understand for the end-user, especially when a series of strict steps
must be followed to achieve a successful result. Finally, these tools cannot simulate the
output kinetic behaviors rather than currently simple previews. In the future, I plan to add
error reporting and warning mechanisms to the tool and provide instructional onboarding
tutorials for the end-user to follow and learn about the user interface. Using a physics engine
and library, I will implement interactive environments to simulate the resulting kinetic
behaviors such as deformation and motion. Various intrinsic and extrinsic factors, such as
applied external force, weight, and frictions, will also be considered and integrated into the

simulation module.

7.2.8 Application Limitations and Future Work

In this dissertation, I demonstrated the potential of proposed spring-based mechanisms and
tools through example applications that showcased how springs were deformed to support
toys, tangible props, assistive tools, and custom I/O devices. These contribute to a broach
research topic—fabricating kinetic objects for I/O. With a similar research approach, I
will expand on my research work and contribute to a wider variety of personal fabrication
applications beyond those only enabled by the spring-based mechanisms. In the future, I

will explore novel design techniques and sort out software and hardware solutions (i) to
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facilitate learning by combining AR/MR and actuated fabricated objects, (ii) to augment
the communication and interaction between people and the physical environment, (iii) to
create assistive mediums for people with impairments to interact with digital elements, (iv)
to enhance the tangibility of virtual objects for immersive XR experience, and (v) to embed
computation and intelligence into kinetic objects using machine learning.

Facilitating learning by combining MR and kinetic objects. Tangible, physical
devices are great tools for people, especially children, to learn about new concepts and
explore the surrounding world. For example, I developed a set of tangible props that
helped children learn an old language by associating physical objects used in a forest in
Malaysia with digital elements on a touchscreen [87] 7.1a. Another example is Maker Wear
[51], a modular tangible toolkit for children to create custom wearable devices 7.1b. I
will continue exploring novel fabrication techniques and AR/MR technology to facilitate
learning, especially when the fabricated objects are movable and reconfigurable using spring-

based mechanisms or other kinetic structures.

Figure 7.1: Two past projects on interactive tangible interfaces for children to (a) learn
about an old language and (b) build custom wearable devices.

Augmenting human-environment communication and interaction through
dynamically controllable agents. One exciting application area is converting the sur-

rounding environment into accessible space. I envision two ways: first, providing assistive
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aids on the human body with fabricated devices. For example, we developed a pneumatically
controlled armband that guided blind and low vision users to fetch target nearby objects
via soft haptic clues on the skin [35, 37] 7.2. Second, retrofitting the existing environment
with uniquely fabricated layers to augment human communication and interaction with the
surroundings. For example, the ongoing project explores a novel digital fabrication pipeline
that enables the user to design, review, and deploy in-situ 3D printable tactile surface pat-
terns on demand. Our environments are filled with surfaces such as walls and curved poles,

which can be utilized and augmented as potential interactive interfaces.

Figure 7.2: Two wearable devices that provide tactile feedback on body for blind and low
vision users to (a) navigate and (b) fetch objects.

Creating assistive and dynamic mediums for accessibility. I believe that acces-
sible and personalized interfaces and tools that leverage emerging kinetic fabrication tech-
niques will boost the ways to access and manage pervasive yet constantly changing digital
information. For example, I explored 3D-printed overlays for blind users to access graphical
content on touchscreens and investigated how people perceive and react to digital content
through 3D printing [34] 7.3a. With kinetic fabrication, I will develop kinetically-enabled
assistive I/0O devices to address real-world problems with a focus on accessibility issues and
to facilitate user interactions with digital data on various platforms, such as leveraging a
multi-model approach.

Enhancing tangibility in XR. As the boundaries between virtual and physical envi-
ronments have blurred thanks to the rise of technologies for XR (i.e., VR, AR, and MR), I

plan to expand kinetic fabrication to enhance virtual objects’ tangibility and support social
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interactions in XR. For example, I explored how to provide dynamic tactile feedback on the
forearm via a tangible puppet agent in a VR game [19] 7.3b and how to simulate accurate
force feedback for various activities in a VR environment [65]. In this category, creating
responsive and always-on interfaces to establish and facilitate interpersonal communications
and collaborations in XR is still an open research area. For example, designers and engineers
could co-design a 3D car model on a VR-based platform with the digital model updating
and providing tangible feedback for all the users in real-time. Yet, another challenge is
that, in a VR environment, the user cannot touch, feel, and physically manipulate virtual
objects. With more custom on-demand devices enabled by kinetic fabrication techniques,
I believe that users will have a more immersive experience in VR environments with both

visual and tactile sensations.

Tactile
texture |
|

Figure 7.3: Two past projects that focused on (a) tactile overlays for making graphics
accessible on touchscreens and (b) tactile wearable controller for a VR game.

Embedding computation and intelligence into kinetic objects using machine
learning. The last direction I want to explore is to imbue machine learning into 3D-printed
kinetic objects to create intelligent devices that interpret user input as commands, augment-
ing human-object interaction and communication. For example, in project SqueezaPulse

[31], T used a single microphone to distinguish different air pulses generated by the user
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squeezing soft and squeezable parts, which had silicone-casting cavities and were attached
to 3D models. The air pulse traveled through flexible tubing, which connected the cav-
ity and the microphone, and was then recognized as an interactive input by a pre-trained
machine learning model 7.4a. In a recent project, I built a machine learning classifier to
recognize different deformation behaviors of a 3D-printed metal helical spring, printed on
the advanced Desktop Metal printer!, through inductive sensing. The resulting metal heli-
cal spring was connected to a Texas Instruments LDC1614 evaluation board via two jumper
wires and paralleled with a capacitor 7.4b. By feeding the received inductance signals into
a machine learning model, I could classify six different spring deformation behaviors in ad-
dition to the default spring’s equilibrium state: twisting, bending, short compressing, long
compressing, soft compressing, and hard compressing. The trained shape-based classifier
achieved an overall 91.43% accuracy. I believe that combining machine learning and kinetic

objects will inspire new applications in the intersection of fabrication and sensing.

@ 3D-Printed " ..
- m Metal Spring
=]

Figure 7.4: Two past projects that used machine learning to add interactivity to fabricated
objects: (a) converting squeezing gestures into interactive user input using acoustic sensing
and (b) classifying spring’s deformation behaviors using inductive sensing.

'Desktop Metal: https://www.desktopmetal.com/
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7.3 Final Remarks

As 3D printing has become increasingly accessible and inexpensive, we have the opportunity
to take advantage of the emerging personal fabrication technology to create demanding,
personalized, and highly custom objects. However, 3D-printed objects are usually static,
and it is difficult for casual users to create movable and functional kinetic 3D objects with
3D printing. This dissertation aims to offer a solution by creating a series of spring-based
mechanisms to support the design, control, and fabrication of 3D printable kinetic objects
for interaction. My hope is that the presented approaches in this dissertation will inspire
more fabrication researchers, not only from the HCI community but also from other areas
such as mechanical engineering, to pursue the research field of kinetic fabrication. I firmly
believe that fabricating objects that can dynamically adapt to humans, objects, and the
environment will be the future of personal fabrication. This dissertation is just the first

step toward achieving such a bold vision.
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Appendix A
THE QUALITATIVE CODEBOOK AND ANALYSIS SOURCE

A.1 Category 1: Model Category/Purpose

Thingiverse Category: A Thingiverse-defined, mutually exclusive category code selected
by makers upon uploading their model. This was collected from the Thingiverse field. The
codes include ”Art”, ”"Fashion”, ”Gadgets”, "Hobby”, ”Household”, ”Learning”, "Models”,
"Tools”, "Toys Games”, 78D Printing”, ”Other”.

Making Purpose: A qualitative code applied by our team based on how the maker
describes the purpose of their design. This was collected from the Summary field. The codes
include “sculpture”, “re-make”, 7qift”, accessory”, “decoration”, ”fabric”, ”experiment”,

Zattachment”, “others”.

A.2 Category 2: Kinetic Component Design

Mechanism: Type of 3D-printable kinetic mechanism. This was collected from 3D model
files, the Summary filed, uploaded images, and videos. The codes include hinge”, ”slider”,
7joint”, “gear”, 7telescoping structure”, “bearing”, "spring”, “linkage”, “crank”, "inter-
locking structure”, ”lever”, "microstructure”, "cam”, "slider”, ”azxel”, "others”.

Material: Type of 3D-printable material. This was collected from the Summary field
and videos. The codes include "PLA”, 7ABS”, "PETG”, "TPE”, ”NinjaFlex”, "TPU”,
etc.

External Hardware: Type of external hardware components (if any). This was col-
lected from the Summary field, uploaded images, and videos. The codes include ”screw”,
“rod”, "bearing”, "spring”, "electronics”, "band”, "string”, “fabric”, etc.

Actuator: How is the kinetic mechanism activated? This was collected from the Sum-

mary field, uploaded images, and videos. The codes include “human power”, ”electromotor”,

“weight”, 7air pressure”, “spring”, etc.
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A.3 Category 3: Kinetic Behavior

Deformation: Type of deformation behavior (if any). This was collected from the Sum-
mary field, uploaded images, and videos. The codes include ”bend”, “twist”, ”articulate”,
"fold”, 7stretch/extend”, ”compress/squeeze”, “transform”.

Motion: Type of motion behavior (if any). This was collected from the Sum-

mary field, uploaded images, and wvideos. The codes include “translate”, “rotate”, ”os-

cillate /reciprocate”.
A.4 Category 4: Design Fabrication

Design Tool: The design tool used to create the model. This was collected from the
Summary field and the Print Settings field. The codes include Fusion360, Rhino, Solidworks,
etc.

3D Printer: The 3D printer used by the original uploader. This was collected from
the Summary field and the print settings field. The codes include ”Prusa”, ”MakerBot”,
?Creality Ender”, etc.

Resolution: Print resolution used by the original uploader. This was collected from
the Summary field and the Print Settings field. The codes include 70.1mm”, ”0.15mm”,
70.2mm”, etc.

Infill Density: Infill density used by the original uploader. This was collected from the
Summary field and the Print Settings field. The codes include "solid”, "10%”, "20%”, etc.

Supports: Whether supports are needed for the print. This was collected from the
Summary field and the uploaded 3D models. The codes include “yes”, "no”, ”doesn’t
matter”.

Post-Print Process: Whether the model requires post-processing. This was collected
from the Summary field, uploaded images, and videos. The codes include ”assembly”, ”sand-
ing/filing”, ”cutting”, “lubricating”, "gluing”, ”circuit integration”, “no post-processing”,

7others”.
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A.5 Category 5: Social Interaction

Likes: Number of acquired ’likes’ on the model. This was collected from the Thingiverse
field. The code was the numerical count.

Makes: Number of users who clicked on the 'I made this’ button. This was collected
from the Thingiverse field. The code was the numerical count.

Collects: Number of collections this model was added to. This was collected from the
Thingiverse field. The code was the numerical count.

Remixes: Number of times this model was ’‘remixed’. This was collected from the
Thingiverse field. The code was the numerical count.

Popularity: The sum of ’likes’, ’collects’, 'makes’, and 'remixes’. This was derived from

the above four. The code was the numerical count.
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Appendix B

HELICAL SPRING THEORY AND MECHANICAL EXPERIMENTS
FOR Ondulé

B.1 Terminology and Concepts in Helical Spring Theory

Young’s modulus (E) is a measure of an object’s resistance to being deformed elastically
(i.e., non-permanently) with applied stress. E is defined as the ratio of tensile stress o
(the stress state leading to expansion) to tensile strain e (the relative length of deformation
under tensile force)—see Figure B.1a and Eq. 3.

Shear modulus (G) measures an object’s tendency to shear when acted upon by opposing
forces. G is defined as the ratio of shear stress (the stress state leading to shear parallel to
the cross-section of the material) to shear strain (the relative length of deformation under
shear force)—see Figure B.1b and Eq. 4.

Poisson ratio (v) measures how much a material expands perpendicular to the direction
of compression or extension. The relationship between £ and G can be derived using v—see

Figure B.1c and Eq. 5.

Axial Force r Shear strain (Yxy)
e Shear Force

Uniaxial stress(§)

5 E
=2 @ ; 6= ‘= ©
€ I }’xy
A Strain (€) b i Shear stress (Txy) C

Figure B.1: Material properties (a) Young’s modulus £ and (b) shear modulus G. G can
be derived using £ and Poisson ratio (c).
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B.2 Mechanical Experiment 1 Setup and Results

Following ASTM guidelines, I printed 60 solid test rods (Figure 4.3). I created two speci-
mens for each combination and varied infill density, infill pattern, and printing orientation.
Although varying infill patterns do not significantly impact material properties, I included
this condition for completeness and compared line vs. triangle infills with 20% densities.

For the experiment itself, we used an Instron 5585H 250kN electro-mechanical load frame
(Figure 4.3a), which works by gripping a test specimen and performing computer-controlled
mechanical operations like stretching and compressing. In our case, we loaded individual test
rods and performed a controlled tensile (stretching) operation, which separated the grips at
30mm/minute. The load frame’s data logger recorded the applied load, grip displacement,
tensile stress o, and tensile strain ¢ at 10Hz. Using these measurements, the load frame
automatically calculates E (from Eq. 3). To measure v, each test rod was also instrumented
with two additional digital sensors: an Instron 2630-106 axial extensometer and an Instron
2640-008 transverse extensometer. Under tensile stress, the axial extensometer measured
changes in rod length (axial elongation), and the transverse extensometer measured changes
in rod diameter (transverse elongation). Both were also logged at 10Hz.

For infill density, we expect that as density increases, Young’s modulus £ and the shear
modulus G will also increase. That is, as the 3D-printed object becomes more solid, the
force required to stretch or shear increases. Indeed, this is what I found: Figure 4.5shows
that regardless of printing orientation, £ and G grow large as the infill density increases.
In terms of infill pattern, because the triangle is a more robust fill than lines, I expect the
triangle pattern to have a comparatively higher £ and G at all printing orientations. Our
results (Figure 4.5) confirm this prediction: £ and G are higher for all printing orientations
with triangle infills vs. lines. Finally, for the printing orientation tests, it is well known that
FDM printers create 3D models with anisotropic properties—models are stronger in the X
and Y direction compared to the Z direction (i.e., a tensile load orthogonal to the FDM
layers is the weakest). As expected, Figure 4.5 shows that as the printing orientation shifts
from 0° (rod is printed vertically) to 90° (rod is printed horizontally), the tensile strength

increases. In terms of the printing orientation’s effect on £ and G, we found that 45° results
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in minimum values for both Figure 4.5.
B.3 Mechanical Experiment 2 Setup

I followed a similar procedure to Experiment 1 but without extensometers: springs were
placed into the load frame grips and stretched at 30mm/minute. To fit the springs into
the grips, we added two flat grip plates to the ends of our spring models (Figure 4.3b).
As a spring is stretched, it begins to elastically deform—a state which is reversible. This
continues until an elastic limit is reached—the yield point—a threshold where the spring is
permanently deformed or can even break apart. As before, the load frame software recorded
the applied load and the grip displacement at 10Hz. In addition, the software automatically
marked the yield point. From this data, for each spring, we can calculate k£ using Hooke’s

Law and derive G from Eq. 4.1.
B.4 Mechanical Experiment 3 Setup

In this experiment, to twist the 3D-printed spring and measure torque, we added a base
plate and a socket to the spring, which was connected to a NEMA 23 stepper motor and a
FUTEK Model TFF400 torque sensor (max 1130 N-mm)—see Figure 4.3c. We incremented
the stepper motor angle by 2.8125° at 1Hz and recorded the torque sensor at 10Hz. Tests
concluded when either the spring buckled due to overtwisting or slipping occurred. For
analysis, we used readings from the stepper motor, the torque sensor, and a protractor to

measure rotation angles (Figure 4.3c).
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	Chapter 1 
	INTRODUCTION 
	3D printing, as an emerging prototyping technology, promises to enable designers and makers to rapidly create physical objects [7], from a rigid Stanford bunny to complexly textured decors. The past decades have seen an increase in sales for the 3D printer market (Figure 1.1). As a result, people have easier access to affordable desktop 3D printers at home, and traditional large-scale manufacturing has shifted toward personal-scale digital fabrication [7]. Meanwhile, home 3D printers have been developed to 
	1 
	2 
	-

	Converting static 3D models into non-static and interactive objects, however, is inherently difficult and introduces unique challenges in Human-Computer Interaction (HCI) [21, 18]. First, there are high barriers to making kinetic objects. For example, to make a functional watch, the designer needs to have knowledge of the underlying mechanical principles. Prior experience with fabrication, such as 3D printing or laser cutting, can also help with the design decisions. When the making involves manual assembli
	-

	Master Yoda sculpture: 
	1
	https://www.thingiverse.com/thing:4038181 

	3D printing dental splints: guards/guide/ 
	2
	https://dental.formlabs.com/uk/indications/splints-and-occlusal
	-

	Figure
	Figure 1.1: There is an increase on the sale of 3D printers from 2007 to 2019 before the pandemic (left). The common 3D printing methods include FDM, SLA, SLS, etc. and 3D printing applications benefit from the advances of 3D printing technology and 3D printable materials (right). 
	Figure 1.1: There is an increase on the sale of 3D printers from 2007 to 2019 before the pandemic (left). The common 3D printing methods include FDM, SLA, SLS, etc. and 3D printing applications benefit from the advances of 3D printing technology and 3D printable materials (right). 


	crafting skills are also needed. Second, 3D models of kinetic objects are not straightforward with existing Computer-Aided Design (CAD) tools. CAD tools are made for 3D modelers to create custom rigid components, such as individual machinery parts (e.g., Solidworks) and organic 3D shapes (e.g., Rhinoceros 3D ). There is a high learning curve for end-users, especially novices, to master advanced operations with the complex CAD interface in order to design and parameterize kinetic structures precisely (not al
	3
	4
	-
	-

	Recent work has explored making movable 3D printable objects by embedding 3D printable mechanically functional components, such as joints [16], hinges [89], and metamaterials [41]; these components are traditionally used in machinery and material sciences. With the capabilities of 3D printers, these mechanical components can be modeled, printed, and em
	-
	-

	Solidworks: / Rhinoceros 3D: / 
	3
	https://www.solidworks.com
	4
	https://www.rhino3d.com

	Table 1.1: Commonly used 3D printable kinematic mechanisms and actuation controls to achieve kinetic behaviors. 
	Table 1.1: Commonly used 3D printable kinematic mechanisms and actuation controls to achieve kinetic behaviors. 
	Table 1.1: Commonly used 3D printable kinematic mechanisms and actuation controls to achieve kinetic behaviors. 

	TR
	Primary 3D Printable Kinetic Mechanism 

	Joint & Hinge 
	Joint & Hinge 
	Microstructure 
	Linkage 
	Gear 
	Others (crank, cam, telescoping, etc.) 

	Actuation Type 
	Actuation Type 
	Manual Control 
	Articulate [13, 16], rotate & move [121], transform [79, 91, 136, 142], compress, stretch, & bend [131] 
	Shear [41, 44], controllable deformation [10, 83, 104], articulate [110] 
	Rotate [14, 48] 
	Rotate & oscillate [38, 92, 138, 129] 
	Controllable deformation [134] 

	Environmental Stimuli 
	Environmental Stimuli 
	Bend [73, 89, 94] controllable deformation [45] compress & stretch [68] 
	Transform [4], move & rotate [82], controllable deformation [26, 27, 29, 54, 124, 125] 

	External Actuator 
	External Actuator 
	Controllable movement [71], bend [90] 
	Controllable deformation [20], controllable movement [55] 
	Controllable movement [61, 64, 128], move [62], rotate [72] 
	Controllable movement [77] 
	Rotate [108, 109] 


	bedded into 3D objects to achieve kinematic movements, such as articulation [13, 16] and rotation [72], which are otherwise impossible with static 3D models. 
	Another research direction uses environmentally responsive materials such as foams [50] and thermoplastics [124]. Most of these approaches are used for creating shape-changing interfaces under strict control of environmental stimuli [26, 124, 27, 89]. Finally, researchers have also explored novel fabrication machines and methods to enable fabricated devices with kinematic properties [40, 86, 85]. These approaches require sophisticated fabrication processes or custom fabrication machines to achieve desired b
	Table 1.1 summarizes a few commonly used 3D printable kinematic mechanisms and actuation controls for kinetic behaviors. Building upon prior work, I found that 3D printable springs have not been extensively studied for 3D printing but present interesting potential to make 3D printable kinetic objects [23]. Therefore, my dissertation aims to answer two research questions: What kinetic objects can be created using 3D printable springs for new interactive applications? and How can we enable end-users to design
	To answer these questions, I first investigate how makers create kinetic 3D models in 
	general, focusing on how springs are used in 3D printing through a large-scale study on 
	Thingiverse. Then, I identify three behaviors that 3D printable springs can support for interactions: deformation, actuation, and I/O functions, such as haptic feedback and sensing. I propose spring-based kinetic mechanisms that are parametric and can be embedded in fabricated objects for desired kinetic behaviors. Finally, by controlling the mechanical and material properties of these spring-based mechanisms, I demonstrate the potential of this approach for adding deformation, actuation, and sensing capabi
	-

	1.1 Mechanical Springs for 3D Printing 
	In contrast to other kinetic mechanisms explored for 3D printing, mechanical springs offer a variety of unique benefits as the primary mechanisms studied and used in my dissertation. First, they support various parameterizable deformation behaviors (e.g., compress, stretch, bend, and twist) [11]. Second, they are ideal to store energy when deformed and produce the driving force by releasing the stored energy [11]. Finally, they offer versatile functions when combined with other mechanical components, such a
	While researchers have reviewed some spring forms for 3D printing and laser cutting, such as leaf springs [9], planar flexures [59, 140], and spiral springs [46, 113, 117], three key challenges prevent them from being widely used in FDM 3D printing. First, due to the anisotropic characteristics of FDM 3D printing, the performance and mechanical properties of 3D-printed springs are primarily influenced by the printing orientation. Second, since the mainstream material supported by consumer-grade 3D printers 
	In my dissertation, I first investigate how spring performance is affected by varied print
	-

	ing settings (e.g., printing orientation, infill density) and explore application scenarios where plastic 3D-printed springs are appropriate for desired functions. Further, I develop custom interactive design tools that enable 3D modelers, who have 3D modeling experience but not necessarily mechanical background, to design, create, and control 3D printable kinetic objects using parametric in-place spring-based mechanisms, which can be fabricated on consumer-grade 3D printers and reduce human work for manual
	1.2 Research Approach 
	In my dissertation, I take a cross-disciplinary approach to develop design techniques and tools that increase the expressivity of consumer-grade 3D printing beyond static and rigid shapes. 
	First, I reviewed literature and theories to understand the principles of mechanical springs, identifying parameters that influence the spring’s mechanical performance, such as tension and torsion behaviors. These exposed me to a substantial amount of concepts, terminologies, and principles in mechanical engineering. In addition to spring theories, I also studied the principles for the functioning of commonly used kinematic components, such as gears and joints. Those components play an essential role in wor
	Then, I followed an iterative design and prototyping process to create unique spring-based mechanisms suited to achieve desired kinetic behaviors in various 3D printing applications. Informed by the standard spring designs from the theory, I devised unique spring-based mechanism designs by combining parametric spring forms and kinematic components if needed for specific behaviors, such as deformation and actuation. To derive these designs, I followed an iterative trial-and-error process, including 3D modeli
	-
	-
	-

	In addition to design techniques, I also built interactive design tools for end-users using 
	principles and skills in HCI. These tools, made as plugins to Rhinoceros 3D, prepare the proposed spring-based mechanisms as templates, which are parameterizable by the end-user through graphical user interface controls, and automate the integration of these novel spring-based mechanisms into custom 3D models. In general, the workflow using these tools is for the end-user to (i) create and edit 3D models in the default 3D modeling scene in Rhino, 
	(ii) select and embed a proposed spring-based primitive into the custom 3D model, (iii) customize the embedded behavior enabled by the mechanism via interactive user controls (e.g., buttons and sliders) in the user interface, (iv) preview the auto-generated 3D design that converts high-level behavior characteristics input by the user into underlying geometries of spring-based mechanisms, and (v) export 3D printable files for fabrication with home 3D printers. 
	For evaluation, I demonstrated the potential of the proposed techniques and tools via a series of functional application prototypes. This dissertation presents new design opportunities for developing kinetic 3D objects with spring-based mechanisms. Its results should also benefit researchers working to add interactivity to fabricated objects in the fields of HCI, mechanical engineering, and robotics. 
	-

	1.3 Dissertation Goals and Contributions 
	The research goal of this dissertation has been to design, develop, and evaluate 3D printable spring-based mechanisms to promote the fabrication of kinetic objects for interactivity. My approach was threefold: (i) to draw upon mechanical engineering, physics, and practices of making kinetic 3D designs within the maker community to inform the use of mechanical springs in creating kinetic objects and supporting interaction; (ii) to design and evaluate parametric spring-based mechanisms that utilize mechanical
	-

	Dissertation Statement: We can design 3D modeling and printing techniques 
	to embed and control parametric spring-based mechanisms into 3D-printable 
	objects, which enables a new suite of applications for 3D printing. 
	1.3.1 Understanding the Role of Springs in Creating 3D Printable Kinetic Designs 
	The first goal of this dissertation was to define how springs could be potentially used to support the creation of 3D printable kinetic objects. To achieve this goal, I studied two areas: 
	(i) spring theory to understand how springs are formed and performed in machinery, and (ii) practices in making 3D printable kinetic designs to identify if springs are possible to support in this field. For the former, I wanted to be able to map spring parameters to certain spring behaviors and extend the fundamental principles [11] of making mechanical springs for 3D printing. My research validated the mechanical performance of 3D printable springs through a series of experiments. The results informed the 
	For the second area, I aimed to unveil how makers are making 3D printable kinetic objects, characterize what mechanisms, tools, techniques, and types of kinetic objects are being made, and identify the trends, challenges, and opportunities for making 3D printable kinetic objects. Compared with the past fabrication research, I also wanted to identify the gap between the fabrication research and the maker community and explore how spring-based approaches could bridge this gap. To capture all these aspects, I 
	1.3.2 Developing Spring-Based Mechanisms for Kinetic Behaviors 
	The second goal of this dissertation was to develop novel 3D printable spring-based mech
	-

	anisms to achieve identified interactive functions. These functions should cover both inter
	-

	active input and output behaviors. For example, how could we add sensing capabilities to kinetic 3D models to interpret user input for interaction? How could we create controllable deformation or movement for kinetic 3D objects? My research explores the parametric design space of multiple forms of springs to achieve desired I/O functions. To demonstrate that springs can be used to support diverse input and output behaviors, I developed a set of helical spring and joint based design techniques that are embed
	-
	-
	-

	1.3.3 Building and Evaluating Tools for Creating Spring-Based Kinetic Objects 
	With the spring-based mechanisms described above, the third and final goal was to lower the barrier for end-users to design and control 3D printable kinetic behaviors using the proposed spring-based mechanisms. Informed and motivated by similar design editors [41, 134], I developed a series of interactive parametric design tools for the end-user to embed spring-based mechanisms, parameterize the mechanisms for desired output behaviors, and preview the results in a 3D environment. These tools are targeted at
	While distinct spring-based mechanisms were applied for different purposes, these custom tools share three commonalities. First, the end-user can embed one of the provided in-place kinetic mechanisms in the 3D shape for desired behavior. Second, the user can parameterize the behavior by editing the spring-based mechanism directly in the body. Finally, the user can validate the 3D printable behavior via a preview. To achieve these 
	-

	functionalities, I extracted the underlying mechanism parameters and associated them with 
	high-level user requirements, which could be input and controlled by the end-user through the user interfaces. Geometric constraints and printability of the embedded in-place mechanisms were also considered when the spring-based mechanisms were integrated into the 3D object. As a result, the tools make it easy for the end-user to understand the function of the provided spring-based mechanisms, follow instructional steps for embedding spring-based mechanisms into 3D models, and validate resulting designs via
	-

	To evaluate these enabling tools, I validated the feasibility of the proposed techniques by making 3D printable kinetic, functional objects with the tools. As a result, I created prototypes across different application domains and demonstrated the kinetic functions achieved by these prototypes. Chapters 4-6 present a variety of applications to showcase how different spring-based mechanisms are used to create deformable objects, desired self-propelled motions, custom haptic interfaces, and predictable sensin
	1.4 Summary of Contributions 
	In summary, this dissertation contributes: (i) a large-scale analysis that studies current trends in making 3D printable kinetic objects and informs challenges and opportunities for using springs in 3D printable movable objects through an open-source dataset of representative kinetic designs on Thingiverse; (ii) a set of parametric designs of spring-based mechanisms for desired kinetic behaviors such as deformation, actuation, and sensing; (iii) custom interactive design tools that allow 3D modelers to desi
	-
	-

	My dissertation unveils the potential of 3D printable springs for creating kinetic 3Dprinted objects. While prior work has explored converting static 3D-printed objects into deformable shapes, actuators, and sensors via different approaches, this body of work focuses 
	-

	on using 3D printable spring-based mechanisms to enable all three behaviors (Figure 1.2). 
	Figure
	Figure 1.2: This dissertation focuses on how to use 3D printable spring-based mechanisms to enable deformation, actuation, and sensing behaviors. 
	Figure 1.2: This dissertation focuses on how to use 3D printable spring-based mechanisms to enable deformation, actuation, and sensing behaviors. 


	1.5 Dissertation Organization 
	The rest of this dissertation is structured as follows. Chapter 2 briefly reviews related work and background, and Chapter 3 presents a study analysis—Making Things Move (MTM)— on how makers create 3D kinetic designs. Chapter 4 describes project Ondul´e, which embeds 3D printable helical springs into 3D models for controllable deformation behaviors; Chapter 5 presents project Kinergy, which enables 3D printable objects to move by translating the energy stored in the embedded spring into desired output motio
	components; and Chapter 6 discusses FlexHaptics, which was led by Dr. Hongnan Lin 
	at Georgia Institute of Technology and explores how to utilize various flat beam spring forms to create interfaces with custom haptic feedback and even add sensing capabilities to structurally deformable fabricated objects. Table 1.2 shows the contributions of each chapter and how each chapter is organized in response to addressing the research questions. Finally, the dissertation concludes in Chapter 7 and describes the future work to be done after this dissertation. 
	Table 1.2: Dissertation organization. 
	Research Questions 
	Research Questions 
	Research Questions 
	Contributions 
	Addressed In 

	RQ1 
	RQ1 
	DC1 
	Chapter 3: Through the study of MTM —a study on how makers create 3D printable kinetic objects 

	RQ1, RQ2 
	RQ1, RQ2 
	DC2, DC3, DC4 
	Chapter 4: Through the implementation and evaluation of Ondul´e—designing and controlling 3D printable deformation behaviors with embedded helical springs 

	RQ1, RQ2 
	RQ1, RQ2 
	DC2, DC3, DC4 
	Chapter 5: Through the implementation and evaluation of Kinergy—creating custom objects with 3D printable self-propelled motion 

	RQ1, RQ2 
	RQ1, RQ2 
	DC2, DC3, DC4 
	Chapter 6: Through the implementation and evaluation of FlexHaptics—creating custom haptic input interfaces with planar compliant structures 


	RQ1: What kinetic objects can be created using 3D printable springs for new interactive applications? 
	RQ2: How can we enable end-users to design and control these spring-based objects? 
	DC1: A large-scale analysis of an open-source dataset of kinetic models on Thingiverse, which investigates and characterizes the current trends on Thingiverse to reveal challenges and opportunities for making 3D printable kinetic objects. 
	-

	DC2: A set of parametric spring-based mechanisms for desired kinetic behaviors such as deformation, actuation, and sensing. 
	DC3: Interactive design tools that allow 3D modelers to design and control 3D printable kinetic behaviors using in-place spring-based mechanisms. 
	DC4: A series of functional applications created with the proposed techniques and tools. 
	Chapter 2 
	BACKGROUND AND RELATED WORK 
	This dissertation presents a suite of parametric spring-based mechanisms and tools that support the design and control of 3D printable kinetic behaviors for interactivity, focusing on controllable deformation, actuated motion, and sensing capabilities. To inform those novel spring-based mechanisms and develop user-friendly user interfaces, I situate my work within the intersection of multiple fields, including mechanical engineering, spring physics, and HCI. This chapter summarizes the status quo fabricatio
	In this chapter, I begin by drawing upon the physics theory of mechanical springs and providing an overview of the parametric design of various spring forms for 3D printing (Section 2.1). I then review related work on three main threads: making 3D printable objects with deformation behaviors (Section 2.2), actuating 3D-printed objects for interaction (Section 2.3), and adding sensing capabilities to 3D printable objects (Section 2.4). In addition, my dissertation also relates to the large group of parametri
	-
	-
	-

	2.1 Spring Physics and Theory 
	Springs are elastic structures that can harness mechanical energy and support a wide range of deformation behaviors. In general, springs are classified as wire springs (e.g., helical springs), flat springs (e.g., cantilever), and special-shaped springs [11]. Regardless of the spring forms, a spring exerts an opposing force approximately proportional to its deflection change when it is deformed from its resting position. The deformed spring stops exerting 
	any energy until it reaches its equilibrium. This unique spring characteristic enables springs 
	to exhibit a diverse range of deformation behaviors and distinct spring forms usually are manufactured for particular dominant deformation purposes [11]. For example, although tension springs and compression springs are all made with a series of coils, the turns in a tension spring usually touch in the unloaded position while not in the unloaded position in a compression spring. A spiral-based flat spring is easier to wind than perform ortho-planar stretching. In addition, deformed springs have potential en
	Besides the benefits offered by springs, spring theory also informs the design and manufacturing of different spring types and how the spring parameters influence the mechanical performance of springs [11, 2]. For example, a helical spring’s compression and extension behaviors are determined by the spring diameter D, wire diameter d, and the number of coils N (Figure 2.1a). As the spring diameter increases with thinner and closer coils, the spring becomes more elastic and soft. In a spiral spring, thicker a
	-

	2.2 Making 3D Printable Objects with Deformation Behaviors 
	Past work introduced techniques to make movable 3D-printed objects with deformation behaviors for different purposes via mechanical elements such as joints [13, 16, 136] and 
	hinges [45, 89] or via responsive materials and structures that react to environmental stimuli 
	Figure
	Figure 2.1: Three common spring types and parameters: (a) helical spring, (b) spiral spring, and (c) beam spring. 
	Figure 2.1: Three common spring types and parameters: (a) helical spring, (b) spiral spring, and (c) beam spring. 


	such as heat [50, 94, 124] and pressure [68, 131, 95], e.g., creating articulated characters [13, 16], transformable objects [135, 142], and shape-changing interfaces [27, 124]. Below, I discuss the relevance of these approaches to the work for my proposal. 
	In traditional mechanical assemblies, mechanical parts such as gears, cams, and cranks are interconnected and move to achieve specific mechanical and kinematic functions such as translating and force transmission. Researchers in HCI’s digital fabrication community have also explored using mechanical elements to create articulated and reconfigurable 3D-printed objects. 
	Joints. Mechanical joints are a class of machines that connect one or more mechanical parts to another and are designed to allow relative movements of those mechanical parts. There are many types of joints, such as prismatic joint, ball joint, revolute joint, and knuckle joint. Prior work investigated how to 3D print functional joints for mechanical behaviors [21, 38, 66]. For example, Cal`ı et al. [16] converted static 3D models into articulated ones using 3D printed ball joints (Figure 2.2a). By controlli
	-

	transforming common object shapes into target character forms by embedding joints (Figure 
	2.2c). The approach follows a set of guides in an iterative process to model the attributes of desired transformable designs and optimizes the embedded joints to approximate the resulting character configuration. 
	Figure
	Figure 2.2: Articulated and transformable objects made with embedded 3D printable joints and hinges. 
	Figure 2.2: Articulated and transformable objects made with embedded 3D printable joints and hinges. 


	Hinges. To make bendable, twistable, and foldable objects, 3D printable hinges are embedded in 3D models [45, 89, 90]. For example, Meltables [94] is a novel fabrication approach to creating complex 3D shapes by embedding a set of planar beams as hinges in 3D-printed objects and deforming those hinges when heated for target shapes (Figure 2.2d). Pop-up Print [79] uses uniquely designed hinge mechanisms to achieve folding/unfolding behaviors for 3D-printed bodies. The object can be printed in a compact “fold
	Metamaterials. Recently, another group of work enables 3D-printed augmented behaviors such as deformation and transformation using mechanical metamaterials [3, 10, 42, 44, 70, 84, 105]. Metamaterials [43, 41] are repeating cell structures embedded in base materials with varied shapes, sizes, orientations, and arrangements for advanced material and mechanical properties. Within HCI, integrating metamaterial designs in 3D-printed objects can produce enhanced object behaviors. For example, Ion et al. [41] intr
	-
	-
	-

	form shearing and bending under manual compression (Figure 2.3c). Finally, Schumacher 
	et al. [104] developed a data-driven method to tile the 3D object’s interior with small-scale microstructures to achieve desired material properties. By controlling the microstructures, objects printed with stiff material can have the effect of a softer material in selective 3D regions (Figure 2.3d). 
	Other Mechanical Elements. To achieve desired functions, other mechanical elements and structures are also used for 3D-printed objects [92, 112, 134]. For example, Yu et al. [134] introduced a tool to convert 3D models into telescoping designs that can resize the object body along with the skeleton (Figure 2.3e). In addition, LineUp [135] converts 3D models into chain-based structures and then transforms the shape between different configurations of the 3D printable chain structures (Figure 2.3f). 
	-

	Figure
	Figure 2.3: Deformable 3D-printed objects created with hinges, metamaterials, and other mechanical elements. 
	Figure 2.3: Deformable 3D-printed objects created with hinges, metamaterials, and other mechanical elements. 


	While the mechanical performance of 3D printable springs has been studied recently [9, 81, 93, 100], 3D printable mechanical springs have the potential to create deformable objects. Furthermore, compared with other mechanisms such as joints and hinges, springs can be parameterized for controllable behaviors such as compressing, bending, and twisting [17]. As part of my dissertation, 3D printable springs are studied and used to support a variety of deformation behaviors that can be easily integrated into 3D-
	Besides mechanical elements, researchers have also explored creating deformable objects with non-plastic materials such as silicone and elastic resin that can modify the material 
	properties of the 3D-printed objects, producing versatile behaviors. For example, Zehn
	-

	der et al. [137] injected spherical inclusions of a liquid dopant material into a silicone matrix material. They controlled the composite silicone rubber’s macroscopic mechanical properties by varying the injected inclusions’ number, size, and locations (Figure 2.4a). In addition, Skouras et al. [106] introduced a method to compute and optimize the locations and distribution of elastic material inside a 3D printable object for target poses (Figure 2.4b). 
	Another large body of research explores creating shape-changing interfaces with embedded material and structure composites sensitive to heat [27, 50, 116]. When these embedded composites are under heating, their intrinsic material and structural properties mutate, resulting in the macro changes in the shape. Desired shape-changing behaviors such as translating, folding, and scaling can be achieved by designing and parameterizing these composites in 3D-printed objects. For example, Geodesy+ [29] is an end-to
	-

	[124] triggers a single straight line to self-fold into target 2D or 3D wireframe structures with unique linear arrangements of thermoplastic material composites in the 3D-printed line structure (Figure 2.4d). By embedding precise heating structures along with moldable and non-modified regions in 3D-printed objects, HotFlex [26] turns the 3D-printed objects into the deformable state under heating and enables the user to customize the shape even after the form is printed (Figure 2.4e). ExpandFab [50] prints 
	-

	environmental configurations. 
	Figure
	Figure 2.4: Deformable 3D printable objects made with elastic material and environmentally responsive materials. 
	Figure 2.4: Deformable 3D printable objects made with elastic material and environmentally responsive materials. 


	2.3 Actuating 3D-Printed Objects for Interaction 
	3D printable kinetic objects can be further converted into interactive devices that perform desired movements [88, 108, 145]. To make actively movable 3D-printed objects, researchers have explored embedding external actuators such as electromotors [18, 61, 77, 63] and springs [56] or 3D printable actuating structures such as springs [23, 113] or pneumatic motors [28, 131]. Below, I describe these approaches and discuss their relevance of these approaches to this dissertation. 
	Figure
	Figure 2.5: Making 3D printable kinetic objects for actuation using external motors and movable 3D-printed structures. 
	Figure 2.5: Making 3D printable kinetic objects for actuation using external motors and movable 3D-printed structures. 


	To actuate 3D-printed objects to move, prior work has coordinated external actuators 
	such as motors [62, 72, 63] and pressure-controlled systems [67, 95, 133] with the 3D-printed 
	parts to control the object movements. Electromotors, one of the most used motor types, are connected to 3D-printed pieces to perform desired movements. For example, Romeo [61] converts 3D models into transformable robots for augmented functionalities with an embedded robotic arm controlled by external electromotors (Figure 2.5a). Bend-it [128] adds kinetic properties to 3D-printed models by connecting different 3D-printed parts with wires and controlling the movement of these parts with external motors (Fi
	-
	-

	[45] heats the shape memory alloy embedded in a hinge-based 3D-printed body and deforms the structure in a controllable way (Figure 2.5d). Megaro et al. [72] introduced a computational pipeline to take as input an articulated compliant design and automatically replace joints with parametrizable linkage flexures. The optimal designs can perform versatile compliant movements when the linkages are driven and controlled by external motors (Figure 2.5e). ReCompFig uses 3D-printed compliant mechanisms and tension
	-
	-
	-

	Besides external motors, researchers have also explored pressure-controlled systems as alternative actuators [131, 28] and embedding 3D printable actuators [121]. For example, MacCurdy et al. [68] introduced a novel technique that simultaneously deposits photopoly
	-

	mers and a non-curing liquid to fabricate complex and pre-filled fluidic channels and create 
	Figure
	Figure 2.6: Making 3D printable kinetic objects for actuation using kinematic pairs and pressure-controlled actuator. 
	Figure 2.6: Making 3D printable kinetic objects for actuation using kinematic pairs and pressure-controlled actuator. 


	hydraulically actuated 3D-printed robots (Figure 2.6d). V´azquez et al. [122] created a series of 3D-printed pneumatic controls such as buttons and knobs that can detect user force actuation with air pressure sensors (Figure 2.6e). In addition, 3D-printed kinematic mechanical structures such as joints can be integrated into 3D objects for desired motion. For example, Ureta et al. [121] used revolute and ball joints to create complex mechanical objects that can execute simple joint-based motions such as hing
	-
	-

	substrate where functional electronics are assembled into interactive and programmed 3D 
	objects triggered by heating (Figure 2.7d). 
	Figure
	Figure 2.7: 3D printable actuators are created for making 3D-printed objects move. 
	Figure 2.7: 3D printable actuators are created for making 3D-printed objects move. 


	2.4 Adding Sensing Capabilities to 3D Printable Objects 
	3D printable kinetic objects can be further converted into interactive devices for sensing. To create 3D-printed objects for sensing, researchers have explored combining external sensors and electronics with deformable 3D-printed forms [20, 40, 90, 101, 123, 126, 130, 143, 22, 49, 76, 80, 97] and applying various sensing techniques to 3D-printed devices, such as acoustic sensing [58, 60], capacitive touch sensing [36, 111, 91, 139, 101, 39, 112, 99, 102], air pressure sensing [107, 118], motion sensing [127
	-
	-

	(Figure 2.8c). For the latter method, Tactlets [25], for example, creates tactile, touchable 
	controls on 3D-printed devices and adds sensing capabilities to those controls using capacitive sensing (Figure 2.8d). Recently, MetaSense [24] combines highly conductive printing material with 3D-printed metamaterial cell structures to sense the deformation based on capacitance changes (Figure 2.8e). Besides capacitive sensing, researchers also integrate other types of sensing techniques into 3D-printed objects for interaction. For example, Lamello 
	-
	-

	[98] integrates comb-like structures into 3D-printed devices and uses a microphone to detect and interpret the passive acoustic signals generated by people striking the structures into interactive input (Figure 2.8f). DefSense [15] embeds piezoresistive sensing elements into flexible 3D printed objects and can continuously sense the deformation of the objects for run-time interactions (Figure 2.8g). 
	Figure
	Figure 2.8: 3D printable objects use external sensors or integrate sensing techniques for interaction. 
	Figure 2.8: 3D printable objects use external sensors or integrate sensing techniques for interaction. 


	Deformable 3D printable structures can also be embedded to produce signals for sensing and data communication. For example, a helical spring (Figure 2.9a) can be embedded in a tablet stylus to render realistic tactile feedback, resulting in different writing pressures on touchscreens [114]. Ou et al. [82] invented a fabrication technique to 3D print hair-like structures on arbitrary geometric surfaces. Swiping on the hair structures produces different inaudible sound frequencies, which can be captured and i
	et al. [47] introduce 3D-printed antennas that enable 3D-printed wireless sensors, input 
	widgets, and objects for communication via Wi-Fi (Figure 2.9d). 
	Figure
	Figure 2.9: 3D printable objects use embedded kinetic structures for sensing. 
	Figure 2.9: 3D printable objects use embedded kinetic structures for sensing. 


	In this dissertation, I investigated 3D printable springs as one of the primary mechanical components for both actuation and sensing. Unlike other kinematic components, springs store potential energy when deformed and are ideal as self-contained energy sources for triggering movements. For example, twisting a spiral spring to gain torsion and restoring the winded spiral spring to produce rotatory motion. Additionally, I also explored how to control the energy and the output movement by customizing spring pa
	changes caused by the spring deformation and interprets them as interactive user input. 
	2.5 Parametric Tools for Designing and Controlling 3D Printable Behaviors 
	As I create design techniques for different applications, another important part of this dissertation is to build interactive design tools, which allow the end-user to design and control desired kinetic 3D printable behaviors. One common type of parametric CAD tool allows users to use predefined modular structures from a template library to create functional 3D-printed objects from scratch [66, 92, 138]. The end-user can use provided designs to modify a 3D model for desired 3D printable deformation behavior
	Figure
	Figure 2.10: Applying predefined units from a template library for augmented behavior design in CAD tools. 
	Figure 2.10: Applying predefined units from a template library for augmented behavior design in CAD tools. 


	Another common approach for 3D model customization is to directly edit an existing 
	model and iterate the embedded designs in-situ for target behaviors [94, 99, 103, 119, 135, 136]. Many intelligent design tools allow the end-user to input high-level specifications without knowing the underlying details and automatically generate the 3D design that meets the end user’s need [53, 71, 78, 103, 142]. For example, in Romeo’s design editor [61], the user can specify which part of the object can be transformed, how it moves in space, and the corresponding action to be taken (Figure 2.11a). In ad
	Inspired by past work, I summarize three key functions that are provided in the tools to embed spring-based mechanisms into 3D models for 3D printable kinetic behaviors: (i) properly situating spring-based mechanisms in custom 3D geometries, (ii) supporting direct edit and parameterization of the embedded spring-based mechanism, and (iii) displaying the updated 3D models in real-time for validation. In these tools, the user adjusts the high-level behavior characteristics, such as how the form changes and ho
	and the user input is converted to the underlying geometric design of the embedded spring
	-

	Figure
	Figure 2.11: Direct editing 3D models for desired behaviors in CAD tools. 
	Figure 2.11: Direct editing 3D models for desired behaviors in CAD tools. 


	based mechanisms automatically. To accomplish all the computation and generation, spring theory and principles are built in these interactive design tools. 
	2.6 Chapter Summary 
	In this chapter, I first provided background on the physics and theory of mechanical springs from the field of physics and mechanical engineering. Then, I recognized the benefits offered by spring structures and highlighted three spring types that are parameterizable and have the potential for achieving various kinetic behaviors for interaction in 3D printing. 
	I then reviewed the literature on making 3D printable kinetic objects for desired deformation behaviors, controllable movements, and sensing user input for interactions. For creating deformable 3D-printed objects, I identified two common approaches—embedding 3D printable kinematic mechanical elements in 3D models and making shape-changing objects with environmental reactive material composites. My dissertation explores springs, which are not widely studied for 3D printing, for making kinetic objects. I also
	-
	-

	forms to achieve user input sensing through spring’s structural deformation, which provokes 
	novel sensing applications for 3D printable spring-based objects. 
	Finally, I also related my work in this dissertation to the literature on the development of custom design tools, which were created to lower barriers for the end-user to design and control parametric 3D models. By categorizing design tools for specific purposes, I drew commonalities and insights from prior work to inform the design and development of such interactive tools, with a focus on how to enable 3D modelers to integrate, customize, and validate novel spring-based mechanisms in 3D models for differe
	Chapter 3 
	MAKING THINGS MOVE: UNDERSTANDING HOW 3D PRINTABLE KINETIC OBJECTS ARE DESIGNED AND CREATED 
	Figure
	Figure 3.1: A set of example 3D-printed kinetic designs found on Thingiverse showcase the usage of integrated 3D-printable kinematic mechanisms such as (a) hinges, (b) gears, and 
	Figure 3.1: A set of example 3D-printed kinetic designs found on Thingiverse showcase the usage of integrated 3D-printable kinematic mechanisms such as (a) hinges, (b) gears, and 


	(c) 
	(c) 
	(c) 
	joints, or (d) elastic material, or external hardware such as (e) strings, (f) servos, and 

	(g) 
	(g) 
	electronics for kinetic behaviors. 


	In the past decades, 3D printers have become cheaper and more accessible to transform rapid prototyping and enable personalized fabrication [7, 6, 69]. And yet, most 3D-printed objects created with consumer-grade 3D printers are static and rigid [8, 141]. Why might this be? Is this a representation of maker’s true creative interests or a limitation of our 3D-printing tools? 
	In our work, we argue that it is the latter. First, we have seen skilled 3D printing enthusiasts create complex kinetic models such as clocks, robots, and prosthetic devices and 
	share them in online CAD repositories like Thingiverse (Figure 3.1). Second, fabrication 
	researchers have identified limitations in current CAD tools and 3D printing workflows and have tried to create 3D printable kinetic designs that bend [45, 89, 94], rotate [72, 138, 145], move [41, 68, 108], or otherwise deform [16, 83, 124] in controllable ways. Motivated by these two emerging trends in the maker community and the fabrication research, I questioned: 
	what kinetic 3D printable designs are makers currently making? How are they creating those kinetic designs? What are the challenges and opportunities for future makers and fabrication researchers? 
	To answer these questions, I looked at the uploaded creations on Thingiverse—the largest and most popular online 3D printing and CAD design repository—and analyzed the collected 3D printable kinetic designs to identify merging standard practices and themes for making kinetic 3D-printed objects. In this chapter, I describe this large-scale study— Making Things Move (MTM) [30]. Using keyword search methods similar to [5, 12], we collected and qualitatively analyzed 1337 kinetic creations uploaded to Thingiver
	-
	-
	-

	This chapter contributes: (i) characterization of current trends in making 3D printable kinetic objects, including the purposes for making, the used mechanisms for movements, actuation methods, design and making processes, and kinetic behavior types that are primarily seen in the creations; (ii) investigation of the creation patterns for making kinetic designs on Thingiverse and the gap between practical making and fabrication research on creating kinetic 3D-printed devices; and (iii) an open-source dataset
	-

	designs on Thingiverse with our applied qualitative codes and metadata, enabling future 
	Table 3.1: Search terms related to kinetic mechanisms and kinetic behaviors and their 
	frequencies in the final complete set. 
	Kinetic Mechanism-Related Term (Frequency) 
	Gear (128), crank (80), hinge (75), spring (69), joint (51), flexi (46), linkage (46), fabric (35), bearing (23), telescoping (7), lattice (7) 
	Kinetic Behavior-Related Term (Frequency) 
	Moving (194), mechanical (103), flexible (102), articulated (84), movable (68), print in place (48), movement (45), kinetic (41), bendable (31), snap (15), compliant (13), action (10), movable design (9), behavior (7) 
	meta-analyses by the fabrication community. 
	3.1 Method 
	To examine 3D printable kinetic designs and the making practice on Thingiverse, we manually searched for models using an iterative keyword list, then qualitatively reviewed and coded search results to create a study dataset, and finally analyzed patterns such as kinetic mechanisms, behavior types, and actuation methods. 
	-

	3.1.1 Data Generation 
	Similar to [5, 12], we first generated a list of search terms related to kinetic mechanisms and behaviors, which were derived from the fabrication literature and colloquial words (Table 3.1). Then, we searched for relevant 3D designs on Thingiverse using individual and combined terms from both lists (multi-word terms were closed in quotation mark pairs). Since all Thingiverse results were sorted by relevance, we stopped examining items when relevant results no longer existed or became sparse (e.g., fewer th
	After initial queries, we refined our term list by adding newly found relevant keywords and removing terms that yielded irrelevant or repeated results. First, we extracted frequent terms that described kinetic models but were not included in our initial list from the textual descriptions on the model page and the name of the collection (if available) to which the 
	model belonged. For example, “Flexi” is typical for a “flexible” 3D design collection. We 
	also added terms that described specialized printing approaches and implied kinetic designs such as “print in place”. Then, we removed terms that yielded irrelevant results. For example, most results yielded by “kinematic” were rigid parts for kinematic devices such as robots and 3D printer accessories. For the plural and singular forms of a kinematic mechanism (e.g., “joints” and “joint”), we merged the results yielded by both terms but used the singular form to represent this mechanism in our final datase
	Figure
	Figure 3.2: The iterative process for refining the search term list. 
	Finally, we generate a complete set of 2139 3D printable results with the refined search terms3.2. However, the generated dataset contained redundant kinetic designs due to overlapping results generated by different search queries. Consequently, we cleaned our dataset using the following exclusion criteria: (i) if two results are the same design (i.e., sharing the same URL), exclude one; (ii) if two designs have a direct remixing relationship through the Thingiverse remixing mechanism and the remixer does n
	-

	one regardless of their different appearances (Figure 3.3b). 
	Figure
	Figure 3.3: Examples of identical 3D designs in our dataset: (a) a set of remixed bearing designs without additional new designs and (b) different flexible animal figurines with the hinge-based design. The check marks mean the creations are selected to store in our dataset, while the X marks indicate those are not included. 
	3.1.2 Qualitative Analysis of 3D Kinetic Designs 
	We qualitatively analyzed our Thingiverse dataset using an iterative coding process (similar to [5]). Appendix A shows the final codebook with 18 codes across five high-level categories: (1) Model Category/Purpose; (2) Kinetic Component Design; (2) Kinetic Behavior; (3) Design and Fabrication Process; (4) and Social Interaction. For analysis, we examined Thingiverse model pages for each design, which includes open-ended description fields, images/videos, closed-form data on the printing process (e.g., 3D pr
	-
	-

	To assess the model itself and the underlying kinetic mechanisms and behaviors, we reviewed uploaded images and/or videos (if available), the uploader’s textual descriptions, and by examining the CAD model in Customizer—a built-in web app on Thingiverse. In a small number of cases, we also downloaded CAD models and analyzed them in the slicing software—Cura. For the Kinetic Component Design and Kinetic Behavior codes, we began with an initial list drawn from literature [2, 6], which was iteratively expanded
	For the iterative coding process, two researchers began by independently coding two sets of 30 randomly selected designs using an initial codebook (with 12 dimensions) and then met to discuss and resolve disagreements through consensus and updated the codebook as necessary. This process was repeated for five rounds (241 designs, 18% of our dataset) until the codebook solidified and inter-rater reliability was reached—a Cohen’s Kappa average of 
	0.83 (SD=0.14) across all the 18 dimensions. Finally, one researcher completed coding the 
	remaining dataset using the finalized codebook. 
	3.2 Findings 
	3.2.1 Overall Trends 
	Our final dataset contains 1337 3D printable kinetic designs uploaded by 1056 unique creators. Across the 11 mutually-exclusive application categories defined by Thingiverse, the most common designs included Toys & Games (26.1%, N=349), followed by Hobby (10.2%, 136), Learning (9.2%, 123), and Models (9%, 120)—see Table 3.2 and Figure 3.5. To achieve kinetic behaviors, most designs (66%, 882) used purely 3D printable mechanisms such as joints or hinges, and 29.3% (392) combined both 3D printable mechanisms 
	-

	(40) relied solely on elastic printing materials such as NinjaFlex or TPU, and 1.7% (23) exclusively used external hardware. Figure 3.4 shows a decomposition of the dataset based on used components and materials. For the kinematics themselves, motion behaviors were most common such as rotating and translating (79.8%, 1067), then deformations like bending and folding (60.5%, 809). In addition, we found that 949 models (71%) required some form of post-processing, such as manual assembly, sanding, or gluing. 
	-

	Table 3.2: Frequencies of 3D-printable kinetic designs across 11 Thingiverse-defined categories. 
	-

	Category Count % Description 
	Toys & Games 349 26.1 Mechanical toys, toy & game accessories, chess, construction toys, dice, games, playsets, puzzles. Hobby 136 10.2 DIY, robotics, sport & outdoors, R/C vehicles, music, electronics, automotive. Learning 123 9.2 Engineering, math, biology, physics & astronomy. Models 108 8.1 Animals, buildings & structures, creatures, food & drink, model furniture, model robots, people, props, vehicles. Fashion 96 7.2 Accessories, costume, bracelets, earrings, glasses, jewelry, keychains, rings. 3D Print
	Total 1337 100 
	Figure
	Figure 3.4: The final dataset consists of designs that use 3D-printable mechanisms, external hardware, and purely elastic materials. 
	Figure 3.4: The final dataset consists of designs that use 3D-printable mechanisms, external hardware, and purely elastic materials. 


	Thingiverse operates not just as a repository but as a social platform; we also studied likes, collections, makes, and remixes amongst users. Of the 1337 models, over 76.1% (1017) received some social interaction, 63.9% (854) were marked as downloaded and printed by another user, and 36.1% (482) were remixed. Relatedly, 1079 models (80.7%) were started “from scratch” while 258 (19.3%) were marked as remixing other Thingiverse models. 
	Figure
	Figure 3.5: Examples of 3D kinetic designs across 11 application categories defined by Thingiverse. 
	Figure 3.5: Examples of 3D kinetic designs across 11 application categories defined by Thingiverse. 


	3.2.2 3D Printable Kinetic Mechanisms To understand how makers create 3D printable kinetic objects, we examined which 3D 
	printable kinetic mechanisms and how often they are used. Of the 1337 designs, nearly all 
	(97%, N=1297) included either 3D printable kinetic mechanisms designed for rigid plastic such as PLA or PETG or external kinematic hardware, while some models (3%, 40) relied solely on elastic material to achieve movements (e.g., Ninjaflex or TPU). Of those 1297 designs, 98.2% (1274) used 3D printable kinetic mechanisms, and 32% (415) used external components (Figure 3.4). Of the 1274 designs, joints (36.5%, 465) were most common—perhaps because joints are relatively easy to model and different types of joi
	-
	-

	Figure
	Figure 3.6: Examples of 3D printable kinetic mechanisms. 
	Figure 3.6: Examples of 3D printable kinetic mechanisms. 


	We also examined co-occurrence patterns across kinetic mechanisms: how often are mechanisms combined and with what other structures? We found that single-mechanism designs(54.1%, 689) were more common than multi-mechanism designs (45.9%, 585). Of 
	1

	The same design can be used once or multiple times in a single-mechanism design. 
	1

	those 689 single-mechanism designs, hinges were most prevalent (33.7%, 232), followed by joints (25.8%, 178), gears (10.4%, 72), and springs (6.1%, 42). For multi-mechanism designs, most commonly, makers combined joints and gears (25.3%, 148), followed by gears and cranks (16.6%, 97), joints and linkages (14.7%, 86), and hinges and linkages (9.6%, 56). These combinations of kinematic components not only show the frequency of elements used for making kinetic objects but also inform what and how kinematic ele
	Finally, we also examined how different kinematic mechanisms support kinetic applications in varying domains. When examining the usage of mechanisms as a function of the Thingiverse category, we found that joints were the dominant mechanism used in 4 categories (i.e., Toys & Game, Models, 3D Printing, and Tools), while hinges surpassed joints in 3 categories (i.e., Hobby, Fashion, and Household) and gears became the most used mechanism in 3 categories (Learning, Art, and Gadgets). Across all the categories,
	-

	For those kinetic designs that use springs, beam-based springs are most prevalent (50.9%, 57), followed by spiral springs and helical springs. Most beam-based springs are embedded into toys and gadgets to provide shape-changing abilities, while helical springs are created as decorations, such as a spring ball (thing: 3162270) and a Christmas tree (thing: 3135231), and spiral springs are found in many applications where continuous turning occurs, such as a clock (thing: 3364860) and a pull-back car (thing: 3
	3.2.3 3D Printable Kinetic Behaviors 
	In addition to kinetic mechanisms, we also examined kinetic behaviors such as rotations and 
	bending. While related, similar output behaviors can be achieved with different mechanical 
	designs and/or materials; thus, they are worth examining independently. For example, a rotary catapult arm can be made of a spring (Figure 3.7-thing:3662245) or a lever (Figure 3.7-thing:1860072) and interlocking chainmail (Figure 3.6-thing:3096598), which simulates the elasticity of fabric. Of the 1274 models that used 3D printable kinetic mechanisms, rotations were most common (79.4%, N =1012), followed by bending (27%, 344), articulating (24.9%, 317), translating (18.7%, 238), and twisting (17.8%, 227). 
	-

	Figure
	Figure 3.7: Examples of 3D printable kinetic behaviors. 
	Figure 3.7: Examples of 3D printable kinetic behaviors. 


	Similar to our mechanism analysis, we also studied co-occurrence behavioral patterns to understand what and how combinations of behaviors can be embedded into 3D kinetic designs. Most designs could perform multiple output behaviors (62.6%, 798), including articulating and rotations (36.5%, 291), bending and rotations (25.9%, 207), and translation and rotations (23.4%, 187). For example, an articulated robot could rotate its arms (Figure 3.7-thing: 35752), a rotating crank bent a lever to make some noise in 
	rotate (Figure 3.7-thing: 3500845). Of the 476 single-behavior designs, most performed 
	rotations (77.9%, 371), bending (7.8%, 37), and compression (4.8%, 27). For example, a mechanical iris opened under manual rotation (Figure 3.7-thing:997182), a hinge-based crossbow bent when the string was loaded (Figure 3.7-thing: 2020668), and the user opened a clip by compressing a hinge-based handler (Figure 3.7-thing:2988949). Informed from the designs that perform multiple behaviors or only one single behavior, rotation surpasses other motion types and becomes the most popular movement people are mak
	We also examined the relationship between kinetic behaviors and mechanisms. Of the 688 single-mechanism designs, 36.5% (251) produced a single output behavior—e.g., a hinge-base carabiner resulted in only bending (Figure 3.1a) and an axel-based pin display resulted in only pin translations (Figure 3.8-thing: 3402410 )—while 63.5% (437) achieved multiple distinct behaviors—e.g., a ball joint-based solder helper hand performed both articulation and rotation (Figure 3.6-thing: 2487181) and a linkage-based comp
	For those 586 multi-mechanism designs, 61.6% (361) resulted in multiple kinetic behaviors—such as torsion springs and gears in a 3D printable wind-up car (Figure 3.8-thing: 3308710)—while 38.4% (225) used multiple mechanisms to achieve a single behavior, e.g., a hand cranking flashlight only included rotation while gears and cranks were used (Figure 3.6-thing: 13820). 
	-

	In particular, bending is the primary output behavior for those designs that use springs as the key mechanisms (37.5%, 42) because beam springs and a few helical springs are used for bending movement. Helical springs are also used for creating compressions, such as the clamp (thing: 2988949) and the battery holder (thing: 374802). Spiral springs are always used for winding and therefore, rotary movement. 
	3.2.4 Use of Elastic Materials 
	Besides 3D printable kinetic mechanisms, makers also used external hardware (e.g., elastic 
	string, band, rods, steel springs, or electronics) or purely elastic printing materials (e.g., 
	TPU) to achieve desired output behaviors. Of 415 models that included external hardware, most (94.5%, 392) still used some form of 3D printable kinetic mechanisms, and others (5.5%, 23) used the external actuator (e.g., electromotors) or kinetic material (e.g., fishnet, string, elastic steel wire). 
	For those 40 designs created with pure elastic printing materials, most (85%, 34) performed bending, such as bracelets and watchbands, followed by stretching (25%, 10), such as shoelaces or stretchable toys. Since no specific mechanisms were embedded, the created objects performed freeform deformations. For example, a Ninja doll made with flexible NinjiaFlex material could be stretched, twisted, and bent freely. Additionally, we found that some kinetic mechanisms were printed using the elastic mechanisms to
	-
	-

	3.2.5 Actuation Types 
	To activate kinetic mechanisms for desired behaviors, we examined how makers operate and control 3D-printed objects. Of the 1337 designs, most (85.3%, 1141) were activated by human power such as hand cranking or pulling, and 12.3% (164) were triggered by non-manual power sources such as electromotor or spring, and 2.4% (32) used both approaches. For those 32 designs, manual operations and non-manual actuators were usually interchangeable. For example, a set of gyroscopic cube gears could be actuated by hand
	-

	We further examined the common actuation method in both manual (87.7%, 1173) and non-manual (14.7%, 196) actuators. Of 1173 manual actuation, rotating (36.3%, 426) was most common—perhaps because the most common kinetic mechanisms (i.e., joints and 
	gears) in the dataset required rotary operations (36.3%, 426) to trigger movement—followed 
	Figure
	Figure 3.8: Examples of actuation methods. 
	Figure 3.8: Examples of actuation methods. 


	by freehand operating (24.6%, 288) and bending (19%, 223). For example, the user rotated the roaster for fishing (Figure 3.8-thing:2973469), a chainmail-based fabric sheet deformed under freehand operations (Figure 3.8-thing: 255924), and bent a flexible SD card holder to pick the card (Figure 3.8-thing: 245221). Although we categorized manual actuation in different actions, the control of the output behaviors was unclear and not explicitly described by the creators. However, detailed instructions were prov
	string that triggered the finger movement. Compared with manual actuation, non-manual 
	actuators were used in a controllable way to start the action. Of 196 non-manually triggered designs, more than half (57.7%, 113) used electro-motors such as DC motors and servos to program the output movement. In contrast, other actuators such as springs (13.3%, 26), weight (7.7%, 15), and airflow (7.7%, 15) were used in specialized ways for behavior control. For example, a spring-loaded pull-back car (Figure 3.8-thing: 3308710), a 3D-printed clock used the oscillation of weight to function (Figure 3.8-thi
	3.2.6 Design and Making Processes 
	We also studied how 3D-printed kinetic objects were designed, created, and shared on Thingiverse. 
	Documentation of Kinetic Design on Thingiverse. In our dataset, we found that 92.1% (1231) designs contained some form of documentation—including design tools, printing-related information, instructions for post-print processes, and iterations, while 7.9% 
	(106) were undocumented on Thingiverse. Of the 1231 documented models, most (88.5%, 1089) included printing settings (e.g., resolution, infill density, printer brands, or support need). In addition, nearly half (49.6%, 610) described the instructions for post-processing (e.g., assembly instructions and crafting methods for polishing the prints), 42.2% (519) covered the used design tool, and 35% (431) mentioned model iterations in the Summary filed on the model page. Furthermore, by qualitatively analyzing e
	3164774). 
	Design Techniques and Tools. We found a similar trend of remixing and re-making in both designs from scratch and remixed from others: makers are more likely to re-creating existing kinetic objects than make new kinetic designs. For those created from scratch, we found that 66.3% (715) of original models were remixed or re-made by other makers, while 33.7% (364) were not. The 715 designs presented a breakdown of 48.5% (347) only re-made by others, 46.2% (330) both remixed and re-made, and 5.3% (38) only remi
	Post-Print Processes. Of the 1337 designs, 71% (949) required some forms of post-print processes such as assembly, gluing, sanding, and lubricating. Amongst various post-print methods, assembly is applied to nearly all designs (97%, 921), followed by gluing (15.6%, 148), circuit building (9.5%, 90), sanding or lubricating (10.5%, 100), and cutting (6.8%, 65). To achieve a specific function, makers also used other creative methods as 
	part of the post-processing. For example, to convert a segment of a printing filament into 
	a hinge latch, the maker melted down one side of some filament to form a flat head like a nail (thing: 627077). Besides those (43.7%, 415) used external hardware, 532 (56.1%) designs that purely used 3D printable kinetic mechanisms still required post-processing. For example, the maker used flexible clips to snap rigid legs for a printable strandbeest (thing: 3073375), and another maker applied silicone-based oil to lubricate the cylinder walls, piston wrist, and crankshaft bearing surfaces in an engine mod
	3.3 Discussion: Maker Community V.S. Fabrication Research 
	Our study showed that makers create 3D printable kinetic objects and share their designs within the community. While these findings reflect the common desire for making kinetic 3D-printed applications within the maker community, there is still room for improvement in the design space of 3D printable kinetic applications, including the complexity of kinetic designs, design aids for making such kinetic devices, and novel techniques introduced by fabrication research. In this section, I discuss the commonaliti
	Makers and fabrication researchers used similar approaches to augment 3D-printed with kinetic behaviors. First, 3D printable kinetic mechanisms were studied and used in both making practices and research. For example, an articulated hand was created using joints for expressive finger movements (Figure 3.1c), and an assembly-free articulated forearm was demonstrated by leveraging the friction in ball joints [16]. Telescoping structures were used for creating an extendable backscratcher (Figure 3.6-thing: 312
	fashion (Figure 3.8-thing ID: 255924) and elastic textiles [90]. Servos were used to actuate a 
	mini quadruped robot (Figure 3.1f) and convert 3D models into robotic arms [61]. Second, kinetic objects were created to achieve similar behaviors. For example, by using embedded 3D-printed hinges, makers created transformable fidgets (e.g., Figure 3.7-2595224) while researchers converted 3D bodies into transformable characters [136]. Wrapped conductive coils were powered to produce rotary motions in the maker community (Figure 3.1g) and research [85]. Finally, we saw similar actuation methods to trigger mo
	While many commonalities are shared, a gap exists between the maker community and fabrication research. First, environmental stimuli were rarely used in practice for actuating kinetic behaviors, except for a few found examples (e.g., Figure 3.1e). We speculate that such approaches were still at a research stage and not accessible to the public; hence, makers might seek other alternative methods. Second, novel applications such as fabric layered soft devices [86] are enabled by specialized fabrication machin
	For example, the cellular structures in the metamaterial-based plier were fixed and hard 
	to extend to a different design without the support for parameterizing those grids. These gaps reveal several existing challenges for creating 3D printable kinetic objects: (i) designing kinematic models is complex and CAD support is missing for designers and makers to create functional, kinematic 3D designs; (ii) it is hard to achieve desired kinetic behaviors with appropriate mechanisms or materials without knowing how those components function; and 
	(iii) it is demanding to print specific parts for kinetic behaviors, e.g., tweaks on printing settings or specialized fabrication machines are needed, and error-prone post-print manual assembly is needed. As a fabrication researcher, I am passionate about exploring solutions to address these open challenges. 
	This study also introduces design opportunities for making kinetic objects using one of the less commonly used mechanisms—springs—for 3D printing. Like joints, gears, and microstructures, it is possible to create 3D printable springs and embed them in applications for movement and deformation. First, springs have been proved to be 3D printable (e.g., thing: 3870039, thing: 171505, and thing: 746542) by makers, it is worthwhile studying how 3D-printed springs perform and how to control 3D-printed springs for
	-
	-
	-

	the spring that produces different compliance (thing: 5713) and the ortho-planar spring for 
	larger deflections (thing: 3007261). 
	From this study, I drew the following design requirements for creating spring-based 3D printed objects that inform and guide the series of works in my dissertation: (i) springs need to be appropriately embedded in the custom 3D model for the ease of printing; (ii) spring forms can be customized for controllable deformation behaviors; (iii) springs can be controlled for the desired amount of energy to store when they are used as energy sources; And (iv) design aids should be provided for end-users who lack t
	3.4 Chapter Summary 
	In this chapter, I presented Making Things Move, a large-scale study on how makers create 3D printable kinetic designs on Thingiverse. Through a qualitative analysis, I characterized the current trends in making 3D printable kinetic objects, including the kinetic mechanisms, output behaviors, actuation methods, and the design and making processes. While our findings and discussion highlight a set of identified creation patterns on Thingiverse, I also discussed the commonalities and differences between the m
	-
	-

	Chapter 4 
	ONDULE:CREATING DEFORMATION BEHAVIORS WITH 3D PRINTABLE SPRINGS 
	´ 

	Figure
	Figure 4.1: We introduce Ondul´e, an interactive tool that allows designers to create and control deformable objects with embedded springs and joints. Above, a workflow shows how to make a solid seahorse body bendable and twistable: (a) select a seahorse body; (b) change the spring length and regenerate the spring directly on the model; (c) control spring stiffness; (d) parameterize spring deformation behaviors by adding additional joints; and 
	Figure 4.1: We introduce Ondul´e, an interactive tool that allows designers to create and control deformable objects with embedded springs and joints. Above, a workflow shows how to make a solid seahorse body bendable and twistable: (a) select a seahorse body; (b) change the spring length and regenerate the spring directly on the model; (c) control spring stiffness; (d) parameterize spring deformation behaviors by adding additional joints; and 


	(e) print the deformable seahorse with a consumer-grade FDM 3D printer. 
	To explore how springs can be used to make 3D printable kinetic objects, I started by studying helical springs for 3D printing and developed Ondul´e [32] to lower barriers (RQ2) for the end-user to embed parameterizable helical springs in 3D models for 3D printable deformation behaviors (RQ1). Compared to other mechanisms such as hinges, joints, or metamaterials, helical springs offer several benefits. First, they support various deformation behaviors, including compressing, stretching, bending, and twistin
	1 
	-

	The full video demo of Ondul´e: 
	1
	https://youtu.be/Zln1WlrDQ-4 

	printed helical springs have not been extensively studied [23]. Second, although helical springs support a wide range of deformations, designing, customizing, and controlling the deformation is complex. 
	This chapter describes how I developed Ondul´e to address these challenges. First, I provided the background on the physics of mechanical helical springs. I then present a series of controlled mechanical experiments that investigated the mechanical properties of 3D-printed helical springs. The results indicate that 3D-printed springs perform similarly to theoretical predictions. Next, to control the spring deformation behaviors, I presented a set of joint designs (prismatic joints, revolute joints, knuckle 
	-
	-

	This chapter contributes: (i) a set of novel spring deformation techniques with intrinsic mechanical joints that allow for spring behavior customization; (ii) an interactive design tool that allows designers to rapidly convert a static 3D model to a deformable and printable object by controlling spring stiffness and parameterizing additional joints; and (iii) a series of example applications created with Ondul´e demonstrating the feasibility and initial design space. 
	4.1 Helical Spring Theory 
	Our approach is based on helical springs [11], which have three basic configurations—compression, extension, and torsion (p. 626 in [17]). Helical spring behaviors (Figure 4.2) are determined 
	by two interrelated factors: spring parameters and material properties. We use both in our 
	tool. 
	Figure
	Figure 4.2: Basic helical spring deformation behaviors: (a) compress, (b) extend, (c) twist, and (d) laterally bend. 
	Figure 4.2: Basic helical spring deformation behaviors: (a) compress, (b) extend, (c) twist, and (d) laterally bend. 


	There are two primary factors that influence the mechanical performance of helical springs. Spring parameters. The compression and extension behaviors of helical springs can be modeled using Hooke’s Law (Eq. 4.1) and Castigliano’s theorem (p. 502 in [11]), where a spring’s stiffness k is determined by wire thickness d, diameter D, number of coil turns N, and shear modulus G. Similarly, to model the torsion (i.e., twisting) behavior of helical springs, we use the angular form of Hooke’s Law (Eq. 4.2) and Cas
	(p. 534-535 in [11]), where a spring’s torsion rate k’ is determined by spring parameters and Young’s modulus E. Given that a material’s properties are constant, we can manipulate d, D, and N in our design tool to parameterize spring behaviors. Material properties. There are two relevant material properties to control a helical spring’s behavior: Young’s modulus (E ) and shear modulus (G). (See Appendix B for the formal definitions of E and G and how we derived G). While E is typically listed in filament da
	so for one filament type below. 
	so for one filament type below. 
	so for one filament type below. 
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	4.2 Mechanical Experiments 
	The mechanical experiments have two primary goals: first, to study the effect of 3D printing on the material properties E and G for our selected filament type; and second, to explore whether 3D-printed helical springs perform similarly to theoretical predictions. Towards the first goal, I conducted material property tests (Experiment 1) using a load frame to empirically measure E and G (Figure 4.3a), based on American Society for Testing and Materials (ASTM) standards. For the second goal, I evaluated the t
	Figure
	Figure 4.3: Mechanical experiment setups: (a) the load frame stretches a 3D-printed rod; 
	Figure 4.3: Mechanical experiment setups: (a) the load frame stretches a 3D-printed rod; 


	(b) the load frame stretches a 3D-printed helical; and (c) the motor rotates a helical spring and torque is measured. 
	All test samples were printed with tough PLA (TPLA) and dissolvable PVA using an Ultimaker 3 printer. PVA was used for support material and fully removed before the experiments. I used Ultimaker Cura 3.6.0 with default print settings and varied infill density, infill pattern, and printing orientation (depending on the experiment). Our experiments 
	were run under the supervision of and consultation with a mechanical testing lab engineer. 
	4.2.1 Experiment 1: 3D-Printed Rod Material Property Tests 
	To derive E and G for 3D-printed TPLA and explore the effect of 3D printing on these properties, we directly measured E and the Poisson ratio v for different 3D printer settings (Figure 4.4). The experiment setup is shown in Figure 4.3a and detailed in Appendix B. 
	Figure
	Figure 4.4: The 3D-printed solid rods in Experiment 1 and three varied test conditions: infill density, infill pattern, and print orientation. 
	Figure 4.4: The 3D-printed solid rods in Experiment 1 and three varied test conditions: infill density, infill pattern, and print orientation. 


	The experimental results show that (i) stiffness increases as infill density increases, (ii) tensile strength orthogonal to the printing direction is highest, and (iii) shear stress is highest at a 45° angle (Figure 4.5). See explanations of the results in Figure 4.5 in Appendix B. 
	Figure
	Figure 4.5: Experiment 1 results showing that E and G increase with infill density as well as more robust infill patterns. Tensile strength increases as printing angle increases; however, shear stress is highest at 45°. 
	Figure 4.5: Experiment 1 results showing that E and G increase with infill density as well as more robust infill patterns. Tensile strength increases as printing angle increases; however, shear stress is highest at 45°. 


	Table 4.1: The conditions of spring parameters used in Experiment 2 and Experiment 3. 
	Table 4.1: The conditions of spring parameters used in Experiment 2 and Experiment 3. 
	Table 4.1: The conditions of spring parameters used in Experiment 2 and Experiment 3. 

	Condition 
	Condition 
	Wire Thickness (mm) 
	Diameter (mm) 
	Length (mm) 
	Turn Number 

	Wire Thickness Diameter Spring Length Turn Number 
	Wire Thickness Diameter Spring Length Turn Number 
	2, 3.4, 4.8, 6.2, 7.6 4 4 4 
	25, 30, 50, 60 32 32 32 
	50 25, 45, 65, 85 50 50 
	5 5 5 4, 6, 8, 10 


	4.2.2 Experiment 2: 3D-Printed Spring Tensile Tests 
	To empirically explore how the tensile performance of 3D-printed springs compares to theoretical predictions, I conducted controlled stretching experiments again using the load frame. I varied four spring parameters: wire thickness d, diameter D, the number of coil turns N, and spring length L (Table 4.1). While spring theory [11] suggests that length L has no effect on tensile performance, I also varied this parameter for verification. In all, I created and tested 17 helical springs with the same FDM speci
	-
	-

	To investigate how a 3D-printed spring behaves, I compared the empirically measured spring stiffness k of each spring to a k derived from Eq. 4.2. For d, D, and N, I simply use the experimental conditions (Table 4.1) as input values. For G, I used the value derived from Experiment 1 for 100% infill, lines infill pattern, and 90° printing angle. Using a paired (two-tailed) t-test, I found no significant difference (Figure 4.6) between the empirically measured k and the theoretical prediction (t=0.0097,p =0.9
	32 

	4.2.3 Experiment 3: 3D-Printed Spring Torsion Tests 
	Finally, I investigated the torsion (twisting) performance of 3D-printed springs for the last 
	experiment. We reprinted the same springs used in Experiment 2 (Table 4.1) with the same 
	Figure
	Figure 4.6: Experiment 2 results showing that 3D-printed helical springs perform similarly to theoretical predictions as measured by a load frame with different d, D, N, and L values. 
	Figure 4.6: Experiment 2 results showing that 3D-printed helical springs perform similarly to theoretical predictions as measured by a load frame with different d, D, N, and L values. 


	FDM specifications (100% infill, lines infill pattern, and 90° printing angle); however, we used a different experimental setup (see Figure 4.3c and Appendix B). 
	Similar to Experiment 2, I compared our empirical results—in this case, the measured torsion rate k for each spring—to theoretical predictions (Eq. 4.2). As before, I can input the experimental condition values for d, D, and N into Eq.4.2 as well as the material property E from Experiment 1 to derive the theoretical prediction k for each spring. Figure 4.7 shows our measurement for k closely mirrors the theoretical prediction based on a paired t-test (t=0.0236,p =0.98). 
	′ 
	′ 
	′ 
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	Figure
	Figure 4.7: Experiment 3 results showing that 3D-printed helical springs have similar twisting performance to theoretical predictions with varied d, D, N, and L values. 
	Figure 4.7: Experiment 3 results showing that 3D-printed helical springs have similar twisting performance to theoretical predictions with varied d, D, N, and L values. 
	-



	4.3 Spring Deformation Techniques 
	The experiments derived E and G for 3D-printed TPLA demonstrated the feasibility of 3D printing helical springs using FDM 3D printers and showed that 3D-printed helical springs perform similarly to theoretical predictions. Informed by spring theory, the above experiments, and our own extensive testing of 3D-printed helical springs, I created custom spring deformation techniques, which use mechanical joints as constraints for enabling our approach. To enable users to create parameterizable springs, this set 
	-
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	4.3.1 Controlling Linear Deformations Using a Prismatic Joint 
	To create a spring that can only compress or extend, I embed a prismatic joint consisting of a shaft, a rail guide, and an embedded slider (Figure 4.8). When the spring is compressed or stretched, the slider can only move along the predefined rail, preventing the spring from being bent or twisted. The user can specify the amount of compression and/or extension, which I control by positioning the default location of the slider. Consequently, this joint design can be used to support compression-only, extensio
	4.3.2 Controlling Twisting Deformations Using a Revolute Joint 
	To create a spring with the twist-only behavior and to control the maximum angle of rotation, I embed a revolute joint using a bearing socket and a circular disc (Figure 4.9). 
	Spring suspensions: 
	2
	https://www.thingiverse.com/thing:3551 and https://www.thingiverse.com/thing:7760 

	Figure
	Figure 4.8: A prismatic joint is used for a linear-only deformation. 
	Figure 4.8: A prismatic joint is used for a linear-only deformation. 


	This revolute structure allows the circular disc to revolve concentrically to the bearing socket while preventing the bending of linear deformations. For controlling the angle of rotation, I embed a custom arc sliding rail in the socket, which confines the rotation of the disc within the maximum twisting angle. Again, I generate a ‘latching’ groove at the position where the disc rotates to the maximum twisting angle to lock a spring at its maximum angle. 
	Figure
	Figure 4.9: A revolute joint is used for a twist-only deformation. 
	Figure 4.9: A revolute joint is used for a twist-only deformation. 


	4.3.3 Controlling Bending Deformations Using a Knuckle Joint 
	To support bend-only behaviors, I use a chain of knuckle joints. A single knuckle joint contains a cylindrical rod located inside a cylindrical socket (Figure 4.10). The cylindrical 
	rod revolves concentric to the axis of a cylindrical socket. Multiple knuckle joints can be 
	chained nose to tail, with the first and the last one fixed to the two ends of the helical spring. This structure prevents linear and twisting deformations and offers flexible bending. However, knuckle joints confine the bending deformation to one plane. Therefore, an omni bend-only deformation is also possible, which I describe below. 
	Figure
	Figure 4.10: A chain of knuckle joints used for bend-only deformations. 
	Figure 4.10: A chain of knuckle joints used for bend-only deformations. 


	4.3.4 Supporting Compound Behaviors 
	While the above techniques support individual deformation behaviors, compound behaviors are also supported in three ways: first, via traditional freeform springs (unconstrained by internal joints), second, via additional joint designs, and finally, by combining multiple springs in serial or parallel. 
	Free-form springs. Users can select geometries and convert them to free-form springs (without embedded joints). These springs can inherently compress, extend, bend, and twist. Here, users can only control spring stiffness (via parameters d, D, N, and L) and shape. 
	Additional joint designs. Using custom joint designs, I support two compound behaviors: linear+twist and twist+bend. For linear+twist, I adapt the linear-only design by replacing the slider with a circular disc in the shaft, which is a cylindrical joint (Figure 4.11a). This enables the disc to glide and twist along the rail guide. For twist+bend, rather than embedding a chain of knuckle joints, I embed a chain of ball joints. This allows the spring to twist and bend at any angle (Figure 4.11b). 
	-

	Serial/parallel combinations. Multiple springs can be combined in serial or parallel 
	Figure
	Figure 4.11: (a) A cylindrical joint is used for linear+twist deformations and (b) a chain of ball joints is used for twist+bend deformations. 
	Figure 4.11: (a) A cylindrical joint is used for linear+twist deformations and (b) a chain of ball joints is used for twist+bend deformations. 


	to further produce more complex deformations. For example, the snake design in Figure 4.21 combines different spring types serially; the hand exerciser (Figure 4.19) uses linear-only springs in parallel. 
	4.4 Interactive Spring Design Tool 
	The above techniques are integrated into our custom interactive design tool, Ondul´e, via a plugin for Rhino 5. Ondul´e enables novices to rapidly create deformable 3D-printed objects using embedded springs. To use Ondul´e, the user (1) models geometries (i.e., 3D bodies) in the traditional Rhino CAD environment; (2) selects specific bodies and converts them to springs using Ondul´e; (3) then parameterizes spring stiffness; (4) and specifies the spring deformation behavior (e.g., linear-only or twist). Stag
	4.4.1 Generating Springs 
	After creating a 3D model in Rhino, the user can use our tool to generate spring structures. To generate a spring, the user selects a 3D body in Rhino and then clicks on the ‘Convert to spring’ button. If the selected body is cylindrical with a consistent diameter, the 3D shape is automatically converted into a deformation spring. If the selected body is determined to 
	be a non-cylinder geometry, our tool will convert it into two springs: an internal deformation 
	Figure
	Figure 4.12: The Ondul´e spring design tool interface (left) has four parts: Rhino modeling environment, a spring generation panel, a spring stiffness control panel, and a spring behavior design panel. The workflow for each design panel is shown on the right. 
	Figure 4.12: The Ondul´e spring design tool interface (left) has four parts: Rhino modeling environment, a spring generation panel, a spring stiffness control panel, and a spring behavior design panel. The workflow for each design panel is shown on the right. 
	-



	spring that follows the medial axis of the selected geometry (Figure 4.12) as in the cylindrical case and an extra outer decorative spring that follows the body’s geometric form and is created with dense and thin layers of coils (d=1.6mm), which has a minimal effect on the overall stiffness. The decorative spring maintains the complex topology of the selected geometry, while the internal spring serves as the functional spring for deformations. The decorative spring (if generated) is default hidden to reduce
	4.4.2 Controlling Spring Stiffness 
	The system automatically generates the spring diameter D and its length by default, but these parameters can be adjusted. The users can change the spring stiffness either using a simple slider or by directly modifying the spring wire thickness d and the number of turns N (Figure 4.12). 
	4.4.3 Specifying Deformation Behavior 
	Finally, the user can specify the spring’s deformation behavior: linear-only, twist-only, bend-
	only, linear+twist, or twist+bend. For each deformation, we provide a custom UI panel. For 
	the compound behaviors, we combine the UI from their respective individual panels. 
	Linear-only. For linear-only, the user specifies the maximum compression and extension points of the spring. We provide real-time feedback about the spring’s displacement (shown in millimeters and percentage of L) as well as the estimated force (in Newtons) required for that displacement. The user can also click on the ‘Lock’ checkbox to auto-generate a lock mechanism at the maximum compression and extension points. 
	-

	Twist-only. For twist-only, the user can control the maximum twisting angle up to 90°, which we found is a safe maximum angle preventing the spring from buckling in our torsion test. As the user drags the angle selector, the UI shows the selected angle (in degrees) as well as the estimated force (in Newtons) required to reach that angle. Like the linear-only UI panel, the user can add a lock mechanism at the maximum twisting point by clicking on the ‘Lock’ checkbox. 
	Bend-only. For bend-only, the user first specifies the bending direction via an angle selector, which overlays a 3D direction indicator on top of the model in Rhino, and then specifies the maximum bending angle using a second angle selector (shown in degrees). Unlike the other UI panels, the tool does not show force estimates. As noted in the Theory, modeling bending behavior is an open area of research. 
	4.5 Implementation 
	Ondul´e was implemented in C# using Rhino 5’s plugin architecture (RhinoCommon API). Below, we describe how we computationally generate the springs, the embedded joints, and the locking mechanism. 
	3

	4.5.1 Springs Generation 
	To generate deformation springs, the tool first computes the medial axis of the selected 3D shape using a mean curvature flow (MCF) algorithm. The medial axis is a skeletal curve at the center of the selected 3D body. It is used to evaluate if a spring structure can be successfully converted and if a decorative spring is needed to preserve the 3D shape’s 
	RhinoCommon API: / 
	3
	https://developer.rhino3d.com/api

	appearance. 
	To determine printability, the tool computes the average minimal distance discrv from the medial axis curve to the 3D shape surface using fixed sampling (Figure 4.13). If the distance is larger than the minimum diameter of a printable spring (3.6mm for D based on our mechanical experiments) the selected shape can be converted to the spring structure. Using discrv the tool also evaluates if the selected shape has a complex surface topology that is worth preserving with a decorative spring. This is done by co
	Figure
	Figure 4.13: Generating the medial axis, calculating the size of the selected body, and evaluating the printability of an embedded spring. 
	Figure 4.13: Generating the medial axis, calculating the size of the selected body, and evaluating the printability of an embedded spring. 


	To generate the deformation spring (Figure 4.14), the tool uses the RhinoCommon spiral function. This function produces a spiral curve following the medial axis. The spiral curve is then used as a parameter for the sweep function to create the final springs. Finally, all spiral solids are concatenated to construct a spring (highlighted in yellow in Figure 4.14). 
	Finally, if needed, the tool generates a decorative spring to preserve the original 3D shape appearance. Note that the spiral function cannot be used directly for the decorative spring generation, as it can only produce a helix with a consistent radius. Instead, the tool first reuses the spiral curve generated for the deformation spring described above and 
	projects it onto the 3D shape surface using a 300-sampling point (Figure 4.15). The tool 
	Figure
	Figure 4.14: Generating the deformation spring using the generated medial axis and RhinoCommon functions. 
	Figure 4.14: Generating the deformation spring using the generated medial axis and RhinoCommon functions. 


	then generates a new set of points by retracing all intersecting points toward the median axis curve by a fixed decorative spring wire thickness (i.e., 1.6mm) and creates a new curve object by interpolating these points. Finally, using this curve, the sweep function is applied to create the final decorative spring. 
	Figure
	Figure 4.15: Generating the decorative spring. 
	Figure 4.15: Generating the decorative spring. 


	4.5.2 Generating Embedded Joints 
	The tool computes the embedded joints using the medial axis generated from the previous steps. For linear-only joint, the tool first decides the slider’s starting position on the medial axis and calculates its possible extension and compression distances based on the user’s input. The tool then extrudes the slider rod, the shaft, and the rail guide sweeping along the medial axis (Figure 4.16a). Twist-only and linear+twist joints share a similar procedure, except that the slider position varies in joint desi
	Bend-only and twist+bend behaviors use chained joints design. To generate these joints, the tool first calculates the number of joints needed in the selected body. Then, for each joint (i.e., a knuckle joint or a ball joint), the tool determines the position and the length of the inner bearing stud on the medial axis. Next, the tool extrudes the solid stud along the medial axis and generates a cylinder (for bend-only) or a sphere (for twist+bend) at the endpoint of the stud. Finally, the tool generates the 
	Figure
	Figure 4.16: An exploded view of (a) a prismatic joint and (b) a chain of ball joints, which are used for linear-only and twist+bend respectively. 
	Figure 4.16: An exploded view of (a) a prismatic joint and (b) a chain of ball joints, which are used for linear-only and twist+bend respectively. 


	4.5.3 Generating Locks 
	The tool uses latching grooves as the locking mechanisms for linear-only and twist-only deformation behaviors. For the locking mechanism in linear-only design, the tool first 
	locates the endpoints of the shaft and then generates a groove next to the rail guide by 
	executing a Boolean difference operation from the shaft with a cubic object. To avoid the slider from slipping out of the groove, the tool also generates a fence on the edge of the groove (Figure 4.8). Similarly, for the revolute joint in twist-only design, the tool generates the groove at the position where the disc rotates at the maximum twisting angle (Figure 4.9). 
	4.6 Validation through Applications 
	To evaluate Ondul´e and highlight an initial design space, I created five examples, each emphasizing one or more features of Ondul´e. 
	4.6.1 Jack-in-the-box 
	The jack-in-the-box is one of the most well-known helical spring-based toys. Here, I showcase how conventional spring-based mechanisms can be enhanced using the Ondul´e design tool. Figure 4.17 showcases the jack-in-the-box design, where instead of using an unconstrained helical spring, the center spring is built to follow a predefined curve and with a compress+twist deformation behavior, which is achieved by using a freeform spring and a spring with a cylindrical joint. After cranking, a cat figure pops ou
	-
	-

	Figure
	Figure 4.17: A jack-in-the-box spring mechanism generated by Ondul´e: (a) two spring designs are embedded; (b) the cat can be fully compressed and locked inside a laser-cut box; and (c) the cat pops out following a path as a surprise. 
	Figure 4.17: A jack-in-the-box spring mechanism generated by Ondul´e: (a) two spring designs are embedded; (b) the cat can be fully compressed and locked inside a laser-cut box; and (c) the cat pops out following a path as a surprise. 


	4.6.2 Launching Rocket 
	Another set of spring-based applications uses the deformation to produce the driving force for mechanical motion, such as the proper shooting motion in our launching rocket example (Figure 4.18). I first select the smoke shape and convert it into a compress-only spring by adding a prismatic joint. I then created an additional latch structure, which when released will push the rocket to fly straight up. Note that though a simple example, such an application will be difficult to create without Ondul´e. First,
	Figure
	Figure 4.18: A launching rocket application: (a) a rocket sits on top of a compressed “smoke” spring, which is locked by an external latch; (b) the user can launch the rocket by pulling the latch; and (c) the smoke is in its full extension. 
	Figure 4.18: A launching rocket application: (a) a rocket sits on top of a compressed “smoke” spring, which is locked by an external latch; (b) the user can launch the rocket by pulling the latch; and (c) the smoke is in its full extension. 


	4.6.3 Hand Exerciser 
	The previous two examples showcase how I can use Ondul´e for single spring deformation behavior. Here, I demonstrate how multiple springs can be created and customized through a set of hand exercisers (Figure 4.19). Commercial hand exercisers are widely used for hand rehabilitation or Arthritis therapy. Figure 4.19a is a commercial design with multiple springs in parallel for finger exercises. Figure 4.19b is our Ondul´e replication using four freeform springs in parallel for each finger and three extra spr
	the commercial hand exercisers is that springs for all the fingers have the same stiffness. As 
	such, it would be impossible for a user to exercise different fingers with different strengths. To address this limitation, I designed a custom hand exerciser (Figure 4.19c) in which, for each finger, the user can customize the spring stiffness by adjusting the spring parameters d and N. Finally, users can also create their own designs in arbitrary geometries, for example, a blowfish shape (Figure 4.19d). 
	Figure
	Figure 4.19: Replicated and custom hand exercisers: (a) an off-the-shelf hand exerciser (b) a replication with 3D-printed springs, (c) a custom design that includes springs with different stiffnesses and custom prismatic joints for compress-only behavior, and (d) a blowfish version. 
	Figure 4.19: Replicated and custom hand exercisers: (a) an off-the-shelf hand exerciser (b) a replication with 3D-printed springs, (c) a custom design that includes springs with different stiffnesses and custom prismatic joints for compress-only behavior, and (d) a blowfish version. 
	-



	4.6.4 Tangible Prop for Storytelling Authoring 
	Custom 3D-printed deformable springs can be further combined with external electrical components to create expressive interactions. In this example, I created a digital storytelling authoring tool with a tangible prop made with a 3D-printed animal and low-cost sensors (Figure 4.20). 
	The 3D-printed prop comprises a stretchable neck (with a prismatic joint design and a lock mechanism), a bendable body (with a knuckle joint design), and four freely deformable legs. With only one physical design, two animal characters (i.e., horse and giraffe) with two separate actions (i.e., talking and walking) can be mapped to the prop due to the spring design. For example, a digital horse will appear in our authoring tool when the prop’s neck part stays unstretched (Figure 4.20b). When extended, the ph
	change of the neck, a linear hall effect sensor is used and attached to the bottom of the neck 
	Figure
	Figure 4.20: The setup of a tangible storytelling prop. 
	Figure 4.20: The setup of a tangible storytelling prop. 


	with a magnet fixed above it (Figure 4.20a). The sensor is connected to an Arduino, which communicates to the authoring tool developed with Processing. While either character is activated, moving the head up and down can trigger the character’s talking action (Figure 4.20e). I can also attach a piezo sensor to the prop body to detect vibration, which can be used as a walking action trigger (Figure 4.20d). The sensor can robustly detect the repetitive tap due to the converted bendable body and springy legs. 
	4.6.5 Other Applications 
	Here I showcase other applications designed using Ondul´e. I collaborated with a mechanical engineering team and created an accessible cutting device for people with muscle weakness (Figure 4.21a). With the Ondul´e design tool, we could rapidly make custom springs that could fit in the cutting device and offered the exact amount of stiffness needed for the patient. Figure 4.21b shows a Halloween mask as an example of wearable fashion. The elephant’s trunk was designed with a chain of ball joints so that it 
	control system and actuators. 
	Figure
	Figure 4.21: Other applications that Ondul´e can support: (a) an accessible cutting device, 
	Figure 4.21: Other applications that Ondul´e can support: (a) an accessible cutting device, 


	(b) an elephant mask with a bendable trunk, and (c) a snake body with multiple spring deformation behaviors. 
	4.7 Limitations 
	The main objective of Ondul´e is to support deformation customization with 3D-printed springs. I achieve this by inserting custom joints inside helical springs, so spring behaviors become modular without requiring external supporting structures. However, this approach also has several limitations. 
	Geometry Printability. The size of an object is limited to the minimum joint size that we can print (currently a minimum 0.4mm tolerance is needed between the moving and the stationary parts of the joint) and the minimal spring wire thickness (1.6mm in our current setup) that is printable. As a result, it is difficult to convert geometries with smaller diameters (i.e., smaller than 3.6mm) with our current tool. However, joint size and spring wire thickness could be further reduced with a higher resolution p
	design. For instance, we can replace the rail with a prismatic telescoping structure [134]. 
	Influence of Friction Force and Decorative Spring. The mechanical experiments focused solely on the behavior of 3D printed helical springs. With the embedded mechanical joints, I further understand its persistent friction force with an additional experiment. Here, I compared the oscillating behavior of two springs printed with and without a prismatic joint (S1 and S2, respectively). We observed the relaxation behavior of these springs when stretched to the same length in three orientations (vertical—0°, 45°
	Simulation for the Combined Behavior. Ondul´e allows a user to design the spring+joint deformation with a preview of its starting and end positions. However, the tool cannot currently simulate combined deformation motions. In the future, I plan to provide a more realistic validation for the spring+joint behaviors by simulating the effect of the intrinsic spring weight (with specific printing settings), the friction force of the internal joints, and external forces (e.g., the applied user interaction force).
	-
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	Kangaroo Physics: 
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	https://www.food4rhino.com/en/app/kangaroo-physics 

	interactive simulation environment that offers designers a realistic motion and mechanical preview. 
	Spring Robustness. As discussed in Mechanical Experiments, printing orientation will affect the spring’s E and G, where 45° results in minimum values for both and 90° yields the highest. As such, all models presented in this paper are printed with the spring perpendicular to the 3D printer’s Z-direction for robust printing results. However, when multiple springs with varied orientations need to be printed at once, finding an ideal printing orientation that works for all springs would be challenging. As the 
	4.8 Chapter Summary 
	In this chapter, I presented Ondul´e, an interactive design tool that allows the user to rapidly design and build deformable plastic objects with parameterizable springs and mechanical joints. First, I provided the background about the physics of mechanical helical springs. To develop Ondul´e, I started with a series of controlled mechanical experiments that studied the feasibility of 3D-printed springs. The results of these mechanical experiments confirmed that 3D-printed helical springs compress, extend, 
	s 
	Chapter 5 
	KINERGY: ENABLING 3D-PRINTED OBJECTS WITH SELF-PROPELLED MOTION USING SPRINGS 
	Figure
	Figure 5.1: We introduce Kinergy, an interactive design tool to rapidly create 3D-printable energy-powered motion. Above, we show a 3D-printed pull-back car created with Kinergy: the static car model is converted into a motion-enabled model with an auto-generated and embedded spring, a spring lock, and a set of gears (left). All the parts in the converted 3D car model are printed in place with a commercial 3D printer and the printed car is ready to move without post-print part assembly (right). 
	While Ondul´e investigates helical springs as the key elements to support 3D printable deformation behaviors, I further explored how to leverage the energy stored in springs for actuation. In the second project, I developed Kinergy [33]—an interactive design tool (RQ2) to enable designers to create 3D models with self-propelled motion (RQ1) by harnessing the energy stored in the embedded 3D printable springs . 3D-printable kinematics opens new exciting opportunities for 3D printing: designers can create and
	1 
	2 

	The open-source code repository for Kinergy: https://www.thingiverse.com/thing:3928677 
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	https://github.com/EdigaHe/Kinergy 
	2

	robotic quadrupeds . Despite substantial recent work on 3D-printable kinematic elements [13, 16, 145, 138] and actuation methods [14, 64], designing fully functional, 3D-printable kinematic objects with controllable movements remains challenging. Expert skills, time, and labor are needed to create the 3D kinematic models [38, 121], assemble multiple 3D-printed parts, and interface components with external power sources for actuation [45, 128, 108]. 
	3 

	In this chapter, I describe how Kinergy addresses these challenges. First, my approach provides the background of motion types for 3D printing. Then I introduce a suite of custom, 3D printable mechanical structures called kinetic units, which are central to Kinergy’s approach. These kinetic units encapsulate complex kinematic and parametric mechanisms as ”black box” units, abstracting the design and control of complex 3D motions into a direct manipulation interface. They integrate 3D printed helical or spir
	-
	-
	-

	Next, I describe an open-sourced interactive design tool—Kinergy—that allows end-users to embed the kinetic units into custom 3D models for desired output motions. With Kinergy, the user selects a target motion from seven supported motion types, customizes the motion characteristics (e.g., motion direction, energy, movement) through a set of graphical user controls, adds a lock mechanism for motion actuation control, previews the action of the 3D model, and prepares the converted model for 3D printing on co
	https://www.thingiverse.com/thing:38159 
	3

	(Figure 5.11), a custom pull-back car (Figure 5.14), and a self-lifting trash can (Figure 5.13). Finally, I validate Kinergy through a series of example applications created with the tool. 
	This chapter contributes (i) custom kinetic units for the parametric design and control of seven self-propelled motion behaviors with 3D printable springs, locks, and transmission mechanisms; (ii) an interactive design tool called Kinergy that lowers the barrier to creating highly custom motion-enabled models for 3D printing; and (iii) a variety of applications that show the potential of Kinergy to create motion-enabled devices. 
	5.1 Motion Types for 3D Printing 
	Traditional mechanical assemblies that interconnect kinematic elements include gears, cams, cranks, and levers—all of which support specialized movements such as translation, rotation, reciprocation, and oscillation. Amongst these motion types, translation describes motion along a fixed path, such as a sliding door; rotational motion is circular movement around an axis like a wheel on an axle; reciprocating motion describes an object repeatedly moves back and forth like a piston, and oscillation combines ro
	In the 3D printing literature, past work has explored creating kinematic objects with 3D-printable motion behaviors, including translation [32, 108], rotation [121, 138], reciprocation [117, 56], and oscillation [108, 145]. However, these approaches support only one or a few motion types. In contrast, my approach explores three non-periodic 3D printable motions by producing a one-time, ephemeral movement following a line (instant and continuous translation) and an arc path (instant rotation). Additionally, 
	-
	-

	5.2 Kinetic Units 
	Kinetic units contain seven controllable output motions that are 3D-printable: instant trans
	-

	lation, instant rotation, continuous translation, continuous rotation, reciprocation, intermit
	-

	tent oscillation, and intermittent rotation. Each kinetic unit consists of an embedded energy source—either a helical or spiral spring, a compliant lock mechanism, and a transmission mechanism. Figure 5.2 shows all the kinetic unit compositions (rendered 3D models and cutaways) for target output motion types. 
	Figure
	Figure 5.2: Motion types and Kinergy kinetic unit examples. 
	Figure 5.2: Motion types and Kinergy kinetic unit examples. 


	5.2.1 Spring Energy Sources 
	To enable self-propelled and controllable motion output, I use 3D printable and embeddable mechanical springs. As described in Ondul´e, springs are attractive yet often overlooked energy sources for 3D printing. Inborn spring parameters such as coil diameter and the number of coils can be used to control the energy stored in deformed springs (Figure 2.1). In addition, the springs themselves can be 3D printed within an object, eliminating the need for other external actuators. As in prior work [108, 138], I 
	springs, which can be customized based on spring parameters (Figure 2.1). To store the 
	potential energy in the spring, the user needs to either manually press on a helical spring or wind up a spiral spring. I demonstrate the capability of supporting these two energy-charging methods in two example applications: a pull-back car is activated by a winding spiral spring (Figure 5.14), and a handheld flashlight lights up by hand pressing (Figure 5.15). 
	5.2.2 Lock Mechanisms 
	To store the potential energy in the spring, kinetic units include unique in-place compliant structures are used as locks (Figure 5.3). The locks differ depending on the spring type. 
	For a helical spring energy source, there are two different designs in kinetic units. For the kinetic unit that supports the instant motion, two protruded guiding bars with notches are attached to the moving end of the spring, which snaps to two latch hooks situated in the stationary part when the spring is compressed (Figure 5.3a). The latch hooks are controlled via a compliant two-bar mechanism—pressing the button makes the two hooks move apart, releasing the two bars and unleashing the stored spring ener
	For a spiral spring, the spring can be locked at a rotation angle with a ratchet mechanism, which consists of one gear with asymmetrical teeth in parallel with the spring. A sliding compliant latch—working as the ”pawl”—is mounted on the stationary part (Figure 5.3c). The latch uses an identical compliant two-bar design—two-sided hooks retract and move under button pressing and pulling and stop the sliding lock at positions when engaging grooves in the guided wall. Spring rotation is prevented by engaging o
	the latch and freeing the ratchet gear. 
	Figure
	Figure 5.3: Compliant lock mechanisms used in kinetic units: (a) guided bars and compliant latch designs for the locking control of the helical spring and (b) ratchet gear and compliant latch design for the locking control of the spiral spring. 
	Figure 5.3: Compliant lock mechanisms used in kinetic units: (a) guided bars and compliant latch designs for the locking control of the helical spring and (b) ratchet gear and compliant latch design for the locking control of the spiral spring. 


	5.2.3 Transmission Mechanisms 
	To transform the driving force created from the spring into an output motion, we combine the spring energy source with specialized transmission mechanisms made of kinematic pairs. These pairs are joints between two contacting rigid mechanical components under the relative motion [2], including geartrain, rack-and-pinion, Scotch yoke, crank-and-slotted lever, and Geneva drive (Figure 5.4a-e). The specific mechanism is based on the desired movement enabled and the spring type used by the kinetic unit. For tho
	-

	To engage the spring with the geartrain, I use two approaches. For a helical spring, I attach a central rack to the helical spring and engage the rack with the first gear in the geartrain, which commits a rack-and-pinion mechanism (Figure 5.4f and Figure 5.2-helical spring-based continuous translation kinetic unit). For a spiral spring, the first gear in the geartrain and the spiral spring are coaxial, and the gear rotates when the spring is turned (Figure 5.4g and 5.2-spiral spring-based continuous transla
	By combining the geartrain with different kinematic mechanisms, the end-effector can 
	achieve desired output motions (Figure 5.4a-e and 5.2): a rack that connects to the end-effector engages with the final gear in the geartrain to commit a rack-and-pinion for the output translation; a revolute joint or an axel rotates together with the final gear in the geartrain to drive the connected end-effector to rotate; the end-effector equipped with a Scotch yoke moves back and forth on a linear path; a crank and slotted lever design can transfer the rotary movement of the last gear in the geartrain i
	Figure
	Figure 5.4: For non-instant motion types, kinetic units combine geartrains (pairs of bull and spur gears) and kinematic transmission mechanisms: (a) rack-and-pinions, (b) axels or revolute joints, (c) Scotch yokes, (d) crank-and-slotted-levers, and (e) Geneva drives. Helical springs engage with gears through (f) rack-and-pinions and (g) spiral springs are co-axial with gears for driving the geartrain. 
	Figure 5.4: For non-instant motion types, kinetic units combine geartrains (pairs of bull and spur gears) and kinematic transmission mechanisms: (a) rack-and-pinions, (b) axels or revolute joints, (c) Scotch yokes, (d) crank-and-slotted-levers, and (e) Geneva drives. Helical springs engage with gears through (f) rack-and-pinions and (g) spiral springs are co-axial with gears for driving the geartrain. 


	5.2.4 Unit Types 
	The energy sources, locks, and transmission mechanisms described above are combined to create seven kinetic units (Figure 5.2). Each kinetic unit allows customization by parameterizing both the spring energy source and the transmission mechanism. Below, we enumerate the kinetic unit compositions and how they support distinct motion types. 
	-

	Instant Translation. To enable an object to extend its body, the kinetic unit auto-
	replaces a portion of a selected 3D shape with a helical spring. The spring connects to 
	an end-effector and a stationary body segment (Figure 5.2-1). The converted spring is controlled by a compliant lock shown in Figure 5.3a. For example, a self-popping Halloween pumpkin d´ecor has one instant translation kinetic unit embedded, and the sectional view is shown in Figure 5.2-1. Because the body directly executes the motion with a spring, no transmission mechanism is needed in this kinetic unit. 
	Instant Rotation. To enable an object to rotate, the kinetic unit auto-embeds a spiral spring in a selected object body, separating into two parts: an end-effector and a stationary segment (Figure 5.2-2). The spring center connects to the end-effector via a central shaft and the spring coil end connects to the stationary segment of the body via a solid rod. The central shaft extends toward the stationary part and connects via a revolute joint consisting of a bearing socket and a circular disc, avoiding extr
	Continuous Translation. To prolong the output translation motion, the kinetic unit uses a geartrain that joins with the spring energy source for motion transmission. A rack that connects to the end-effector mated with the last gear in the geartrain is used to perform as a rack-and-pinion for the output translation (Figure 5.2-3&4). This kinetic unit works with both helical and spiral spring energy sources. For helical spring control, the compliant lock uses the central rack as the guided bar rather than the
	Continuous Rotation. To support a continuous rotation output, the last gear in the geartrain and the end-effector are coaxial on a shaft, which drives the end-effector to rotate. If multiple end-effectors reside on the opposite sides of the 3D body, the last gear shaft extends and drills through the body as an axel to connect end-effectors; otherwise, the shaft only extends in one direction, and the other end connects to the body via a revolute joint (Figure 5.2-5). 
	Reciprocation. To create a reciprocating motion, a Scotch yoke (a.k.a., slotted link 
	mechanism) is used to connect the last gear in the geartrain and the end-effector (Figure 5.2-6). The Scotch yoke comprises a circular disk, a roller, a yoke, and a connecting rod. The circular disk resides coaxially with the final gear and the connecting rod connects to the end-effector. The linear motion guides are fixed to the 3D body. When the circular disk rotates with the gear, the roller slides inside the yoke, making the connecting rod and end-effector move repeatedly. 
	Intermittent Oscillation. To enable an intermittent oscillation, a crank-and-slotted lever (one type of quick-return mechanism) is driven by the final gear in the geartrain to actuate the end-effector to oscillate along an arc path (Figure 5.2-7). The crank-and-slotted lever consists of a pivot that is fixed inside the 3D body, a bull gear that resides coaxially with the final gear in the geartrain, a crank pin, and a slotted bar that connects to the end-effector. When the bull gear turns, the crank pin sli
	Intermittent Rotation. To create an intermittent rotation, a Geneva drive, which translates a continuous rotational motion into an intermittent rotational motion, resides coaxially with the final gear in the gear train (Figure 5.2-8). The Geneva drive consists of two parts: a driving and driven wheels. When the driving wheel rotates, the protruded roller on the driving wheel goes in and out of the slot on the driven wheel repeatedly, resulting in an intermittent rotational motion. The end-effector also rota
	5.3 Kinergy Design Tool 
	Kinetic units are the foundations to lower design barriers for complex mechanical motions. However, to integrate these motions into 3D models, kinetic units need to be customizable with a front-end interactive design tool, Kinergy. Kinergy is an open-source plugin for Rhino 6 (Figure 5.5), with the front-end user interface built with Grasshopperand Human UI , and the backend written in C# using the RhinoCommon API. 
	4 
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	Grasshopper: Human UI: 
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	https://www.rhino3d.com/6/new/grasshopper 
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	Figure
	Figure 5.5: The user interface of Kinergy design tool. 
	Figure 5.5: The user interface of Kinergy design tool. 


	Kinergy consists of three parts (Figure 5.5): a Kinetic Unit Selection panel, Kinetic Unit Control panel, and Lock Control and Motion Preview panel. The Kinetic Unit Selection panel (Figure 5.5) provides seven buttons, each indicating the supported motion type and kinetic unit. The Kinetic Control panel (Figure 5.5) displays a series of steps to complete the embedding of the selected kinetic unit and to parameterize motion behaviors, such as energy strength and motion displacement adjustment. Finally, the L
	previews. 
	5.3.1 Design Walkthrough: Creating a 3D Printable Pull-Back Car 
	To create a pull-back car model that uses spring energy to self-propel, the user needs to embed a continuous rotation kinetic unit into a 3D car model. See our video, which complements the following description. 
	1. 
	1. 
	1. 
	In the Rhino 3D editing environment, the user first creates a 3D pull-back car model that includes a car body and four wheels (Figure 5.6a). The four wheels are positioned in parallel with the car body. The user aligns the facing direction of the car body with the X-axis in the 3D environment. 

	2. 
	2. 
	The user clicks on the Continuous Rotation Kinetic Unit button from the Kinetic Unit Selection panel and Kinetic Unit Control panel, then displays the instructional user controls (see the buttons and sliders in Figure 5.6a). 

	3. 
	3. 
	Then, the user selects the target car body in the Rhino 3D editing environment and confirms the selection by clicking on Select the target body for embedding the unit button (Figure 5.6b). 

	4. 
	4. 
	The user selects the motion control method—turn (supported by a spiral spring energy source). 

	5. 
	5. 
	After the control method is confirmed, the user clicks on the Select the segment and motion control position button, and three colored axes appear for the user to select the car’s body orientation, which is the X-axis (Figure 6b). Upon selecting the body orientation, two adjustable paralleled planes perpendicular to the body orientation appear. The user can select the target body region for embedding the kinetic unit by dragging these two planes separately, and the planes move along the X-axis (Figure 5.6b)


	placed on (Figure 5.6b). 
	6. 
	6. 
	6. 
	Then, the user selects the two wheels next to the other end part (not the spring side) as the end-effectors after clicking on the Select the position of the end-effector button (Figure 5.6c). Upon the selection of the end-effector, the continuous rotation kinetic unit, including the spring energy source, the geartrain, and the revolute joint, is generated automatically inside the 3D body. 

	7. 
	7. 
	After the kinetic unit is generated, the user can adjust the needed energy, speed, and rotating revolutions by dragging the sliders on the user interface (Figure 5.6d). The spring design changes are based on the energy adjustments and the geartrain updates with user changes on the speed and revolution sliders in real-time in the 3D editing environment. 

	8. 
	8. 
	Optionally, the user can add a spring lock by checking the Add a lock checkbox on the interface (Figure 5.6e). Once the checkbox is checked, a ratchet gear and the compliant lock mechanism are auto-generated in place. 

	9. 
	9. 
	Finally, the user examines how the pull-back model moves and the wheels rotate through an animation of the motion in a separately popped window after clicking on the Preview button (Figure 6f). In this window, the user views the converted pullback car model in interactive ways: rotating, panning, and zooming. To trigger the motion preview, the user first clicks on the Load Motion button to charge the energy in the spring. Then, the user releases the energy by clicking on the Release button and the simulated
	-



	5.3.2 Generating Kinetic Units 
	Generating kinetic units contains three processing steps: determine the position and orientation of the embedded kinetic unit, generate the kinetic unit components (spring energy 
	-

	source, transmission mechanism, and lock), and interface the kinetic unit with the 3D body. 
	Figure
	Figure 5.6: The unit orientation, translation axes and rotation axes in each kinetic unit, and end-effectors and stationary parts. 
	Figure 5.6: The unit orientation, translation axes and rotation axes in each kinetic unit, and end-effectors and stationary parts. 


	Below, I describe these steps by starting with a set of terms that we use in our implementation: Dirp denotes the pose direction of the embedded kinetic unit, Axistrans denotes the axis that a part translates along, Axisrot denotes the axis that a part rotates around, P artst denotes the stationary part that connects to the kinetic unit, and P artee denotes the end-effector that connects to the kinetic unit (Figure 5.7). 
	-

	Figure
	Figure 5.7: The unit orientation, translation axis and rotation axis in each kinetic unit. The end-effectors are highlighted in light orange and the stationary parts are marked in grey. 
	Figure 5.7: The unit orientation, translation axis and rotation axis in each kinetic unit. The end-effectors are highlighted in light orange and the stationary parts are marked in grey. 


	The tool first decides the position and orientation of the embedded kinetic unit based on 
	the user selection of the P artee and user input directions. All the kinetic units are embedded 
	in a user-selected segment of the 3D body (see Design Walkthrough step 4). For kinetic units with no geartrain, the selected body portion is converted with an embedded spring,. The Dirp of the kinetic unit is aligned with either the helical spring’s translation axis or the spiral spring’s rotation axis (Figure 5.7a-b). Once the Dirp is determined, the kinetic unit is generated in place regardless of which direction the unit is oriented in. For kinetic units that use geartrain and transmission mechanisms, Di
	After the position and orientation of the embedded kinetic unit are determined, Kinergy computes and generates the spring, transmission mechanism, and lock. For instant kinetic units, the spring resides close to the center of the selected segment. Then, by computing the user input energy and motion attributes (e.g., translation displacement, rotation angle), the tool uses the RhinoCommon spiral function to create a spiral curve and the sweep function to create a solid spring. Upon selecting the lock positio
	For those non-instant kinetic units, Kinergy also generates transmission mechanisms in addition to springs and locks. To create the geartrain, the tool first determines the number of gear sets and gear positions based on the body segment volume and Dirp. All the bull and spur gears in the geartrain share the same gear module, which is the unit of size that indicates how big and small gear is, in our implementation. Then, Kinergy generates all the gear models using gear parameters such as gear diameter and t
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	Calculation of involute gears: gear/calculation-of-involute-gears/ 
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	parametric 3D models of those specialized elements in place to engage with the output gear (the last gear) in the geartrain. The P artee is connected to a kinematic element that moves by strictly following either a translation axis or a rotary axis. For example, the P artee is attached to a teethed rack that mates with the output gear and travels along a linear path in a continuous translation kinetic unit. The P arteeit resides on the central shaft for the driven wheel in an intermittent rotation kinetic u
	Finally, the design tool also generates additional structures to secure the kinetic unit in the 3D model and to ease loading the energy in the springs. For example, the gear shafts in the geartrain are auto-extended to connect both ends to the solid P artst. A solid pole is auto-generated to fixate the outer end of the spiral spring to the P artst in the kinetic units. A pair of spacers are auto-generated on both sides of the gear to prevent the movable gears from sliding on the shafts. For non-instant kine
	5.3.3 Parameterizing Embedded Energy and Motion Properties 
	Kinergy design tool allows the user to control stored energy in 3D models by adjusting the spring parameters and characterize desired motions by changing the parameters in the geartrain and the specialized kinematic elements. Table 5.1 shows all the parameters used for energy control and motion characterization in the design tool. 
	Informed by spring theory (p. 156 and p. 537 in [11]), the potential energy stored in the deformed springs are impacted by spring parameters and the amount of spring deformation. For the helical spring, the potential energy that the spring can achieve is proportional to the fourth power of coil thickness d and the square of the compression/extension displacement X, while inversely proportional to the third power of spring diameter D and the number of coils N (Eq. 5.1). For the spiral spring, the potential e
	square of rotary angle θ, while inversely proportional to the number of coils N (Eq. 5.2). 
	Kinetic Unit Type Adjustable Parameters Controllable Output Relationship 
	Table 5.1: Parameters for energy control and motion characterization in the kinetic units. 
	Table 5.1: Parameters for energy control and motion characterization in the kinetic units. 
	Table 5.1: Parameters for energy control and motion characterization in the kinetic units. 

	Instant translation 
	Instant translation 
	Spring diameter D, coil thickness d, the number of coils N, compression/ extension displacement X 
	Helical spring energy Pe, spring displacement X 
	∝ d4x2 Pe D3N (5.1) 

	Instant rotation 
	Instant rotation 
	Spring width b, thickness t, rotary angle θ, the number of coils N 
	Spiral spring energy Pe, rotating revolutions Rev 
	∝ bt3θ2 Pe (5.2)N Rev ∝ θ(5.3) 

	Continuous translation 
	Continuous translation 
	Gear ratio of the geartrain Gratio (bull gear radius R, spur gear radius r, number of bull and spur gear sets N ), spring parameters (see above) 
	Spring energy Pe, motion speed S, translating distance Dis 
	S ∝ Gratio = ( R )N (5.4)r X ×Gratio Dis ∝ (5.5) θ × Gratio 

	Continuous rotation 
	Continuous rotation 
	Gear ratio of the geartrain Gratio, spring parameters 
	Spring energy Pe, motion speed S, rotating revolution Rr 
	X ×Gratio Rr ∝ (5.6) θ × Gratio 

	Reciprocation 
	Reciprocation 
	Gear ratio of the geartrain Gratio, spring parameters, Scotch yoke crank length r 
	Spring energy Pe, motion speed S, stroke Str, reciprocating distance Disrec 
	X ×Gratio Str ∝ (5.7) θ × Gratio Disrec ∝ r(5.8) 

	Intermittent Oscillation 
	Intermittent Oscillation 
	Gear ratio of the geartrain Gratio, spring parameters, quick-return crank length r 
	Spring energy Pe, motion speed S, stroke Str, oscillating amplitude Amp 
	Amp ∝ r(5.9) 

	Intermittent Rotation 
	Intermittent Rotation 
	Gear ratio of the geartrain Gratio, spring parameters, number of opening slots on the driven wheel n 
	Spring energy Pe, motion speed S, stroke Str, interval angle θint 
	θint ∝ 1 (5.10)n 


	These parameters inform the customization of energy applied in 3D models in Kinergy. 
	Besides energy control, the design tool allows the user to customize motion characteristics through sliders in the user interface (Figure 5.5). For instant translation kinetic unit, the user can specify spring compression by directly controlling the displacement values through a slider. Similarly, the user can edit the rotating revolutions of the spiral spring, which is proportional to the rotary angle θ (Eq. 5.3), for an instant rotation kinetic unit. For non-instant motions, the user can control the motio
	5.3.4 Previewing Generated Motion 
	Kinergy design tool provides the motion preview by encoding all the part types and interactions between parts in a graph, which is similar to [75, 145]. In the graph, each node stores the part type (e.g., spring, gear, rack-and-pinion, non-kinematic connectors), part parameters (e.g., spring wire diameter, number of coils), and its motion attributes (e.g., 
	-

	rotation axis). In addition, each edge encodes one of the three interaction types between 
	two mechanical parts: fixation (e.g., a gear shaft is fixed to the solid 3D body), engagement (e.g., two gears mate with each other), and locking (e.g., a compliant latch stays in the lock groove). The kinetic unit created with our tool is represented using a graph; for example, Figure 5.8 shows a graph representation of a pull-back car with a continuous rotation kinetic unit embedded. 
	Figure
	Figure 5.8: The pull-back car 3D model is represented by a graph for motion preview. 
	Figure 5.8: The pull-back car 3D model is represented by a graph for motion preview. 


	With the graph-based representations, the design tool creates an animated simulation for the motion under three assumptions: (i) the driving force solely originates from the spring deformations; (ii) external forces such as frictions and object weight are negligible in the simulated animation; and (iii) the springs deform realistically and strictly, e.g., helical springs only compress/extend along a linear path and spiral springs only rotate around their central axes. The animation is rendered at a 20 FPS f
	terminate when the spring returns to its equilibrium or a new locking is applied, i.e., the 
	user clicks the Load Motion button and the spring is locked again. 
	5.4 Fabrication 
	Kinergy aims to add self-propelled motion behaviors that can be 3D printed without post-print manual assembly. To achieve this goal, I provided calibrated tolerances for the print-ability of kinetic units and guidance for slicing. The calibration data is based on a dual-extruder Ultimaker 3D printer, which uses PLA as the printing material and PVA as the support material. First, I identified three types of mechanical gaps in a kinetic unit design that may be problematic for consumer-grade 3D printing (Figur
	-

	To examine if our approach applies to other 3D printers and printing methods, I also printed pull-back car models created with Kinergy on 3D printers that offer different printing capabilities (Figure 5.10): an industrial FDM 3D printer (Stratasys F170; printing material: ABS; support material: water-soluble QSR), an industrial PolyJet 3D printer (Stratasys J750; printing material: ABS; support material: SUP705), and a desktop SLA-based 3D printer (Form 3; printing and support material: Resin). As a result,
	also found that printing tolerance varies across all these methods. For example, the same set 
	Figure
	Figure 5.9: Three types of tolerance identified as problematic for one-shot printing: (a) the gap between two mating gears, (b) the gap between a gear and its nearby spacer, and (c) the gap between a gear and its residing shaft. The 3D model is sliced in (d) an optimized orientation and the slicing settings are curated to create clean part contours for intermating elements. 
	Figure 5.9: Three types of tolerance identified as problematic for one-shot printing: (a) the gap between two mating gears, (b) the gap between a gear and its nearby spacer, and (c) the gap between a gear and its residing shaft. The 3D model is sliced in (d) an optimized orientation and the slicing settings are curated to create clean part contours for intermating elements. 


	of Type1-3 tolerances works perfectly on the PolyJet-based print (Figure 5.10b), while the gears and joints are wiggly in the car printed with the industrial FDM 3D printer (Figure 5.10a). Based on these preliminary explorations, I anecdotally conclude that our approach is feasible with various multi-material 3D printing technologies with appropriate printing tolerances. 
	Figure
	Figure 5.10: The pull-back cars created with Kinergy are printed with various 3D printers and printing technologies: (a) industrial-level FDM 3D printing, (b) PolyJet 3D printing, and (c) SLA 3D printing. 
	Figure 5.10: The pull-back cars created with Kinergy are printed with various 3D printers and printing technologies: (a) industrial-level FDM 3D printing, (b) PolyJet 3D printing, and (c) SLA 3D printing. 


	5.5 Applications 
	To demonstrate the potential of Kinergy, I created eight functional models with Kinergy and showcased how each kinetic unit is used to support a specialized motion in these applications: an instant translation kinetic unit is used in a self-opening umbrella, an instant rotation kinetic unit is used in a game controller, a continuous translation kinetic unit is used in a trash bin, a continuous rotation kinetic unit controlled by a turning input is used in a pullback car, a continuous rotation kinetic unit i
	-

	5.5.1 Auto-Opening Umbrella 
	A spring-loaded umbrella or parasol includes a folding canopy supported by jointed ribs mounted to a pole, which automatically opens at the press of a button. To create an auto-opening umbrella prototype with Kinergy, I can use the instant translation kinetic unit. The prototype consists of a spring-loaded runner and a slider that moves along the pole and connects to the jointed ribs (Figure 5.11a). The runner and the slider with jointed ribs were printed separately, and the runner was mounted on the pole b
	5.5.2 Angle Adjustable Game Controller 
	I created a catapult-like launcher for an Angry Birds game to demonstrate the instant 
	rotation kinetic unit and the ability to use Kinergy to design custom game controllers 
	Figure
	Figure 5.11: An auto-opening umbrella prototype created with the instant translation kinetic unit: (a) the rendered 3D model of the umbrella, (b) the printed and assembled umbrella in the locked stat, and (c) the opened umbrella after the runner is unlocked. 
	Figure 5.11: An auto-opening umbrella prototype created with the instant translation kinetic unit: (a) the rendered 3D model of the umbrella, (b) the printed and assembled umbrella in the locked stat, and (c) the opened umbrella after the runner is unlocked. 
	-



	quickly. First, I embedded a spiral spring in the launcher body to create a stationary base and a twistable shooting arm (Figure 5.12a). The arm can be rotated and locked at different positions for desired shooting angle. Next, I mounted an accelerometer on the controller’s arm to calculate the shooting angle, which was used to simulate the bird flying trajectory in a game built with Processing (Figure 5.12b-d). To play the game, the player first turns the shooter’s arm to a certain angle based on how far t
	Figure
	Figure 5.12: A catapult-like game controller is made to virtually projectile birds in an Angry Birds game: (a) the rendered 3D model of the game controller, (b) the printed game controller with external sensor and circuitry embedded, (c) flying the bird at a small angle, and (d) flying the bird at a bigger angle. 
	Figure 5.12: A catapult-like game controller is made to virtually projectile birds in an Angry Birds game: (a) the rendered 3D model of the game controller, (b) the printed game controller with external sensor and circuitry embedded, (c) flying the bird at a small angle, and (d) flying the bird at a bigger angle. 


	5.5.3 Self-Actuated Trash Can 
	For the last non-periodic motion—continuous translation, I built a self-actuated trash can by attaching a continuous translation kinetic unit-embedded switch on one side of a cardboard trash can (Figure 5.13). The switch has a helical spring-based button and the rear end of the switch is connected to the lid of the trash can (Figure 5.13a-b). To close the can, the user presses the switch button and locks the switch by inserting the built-in latch (Figure 5.13c). When the user pulls the latch, the compressed
	Figure
	Figure 5.13: A continuous translation kinetic unit embedded switch is attached to a cardboard trash bin: (a) the rendered 3D model of the switch and the trash bin, (b) the printed switch, (c) the closed trash bin with the switch attached and locked, and (d) opening the bin’s lid by unlocking the switch. 
	Figure 5.13: A continuous translation kinetic unit embedded switch is attached to a cardboard trash bin: (a) the rendered 3D model of the switch and the trash bin, (b) the printed switch, (c) the closed trash bin with the switch attached and locked, and (d) opening the bin’s lid by unlocking the switch. 
	-



	5.5.4 Motion Parameterizable Pull-Back Cars 
	To demonstrate how to control energy and motion with Kinergy, I created four pull-back cars by varying the embedded energy, motion speed, and travel distance in separate continuous rotation kinetic units (Figure 5.14). First, I added a continuous rotation kinetic unit with low energy, low speed, and fewer achievable rotary revolutions to the 3D car model as a baseline (see the 3D model and the printed car in yellow in Figure 5.14a). Then, to show how Kinergy allows the user to achieve motion with various em
	how far the baseline model can hit a paper cup with a printed car in green, which has 
	double energy embedded in the kinetic units through the design tool (Figure 5.14b). As a result, the comparison model hits the paper cup double farther than the baseline model. For the speed comparison, I built another car (in blue) that travels faster than the baseline model (Figure 5.14c). Finally, I also compared the baseline model with another car model (in orange) that had a kinetic unit embedded for achieving more than three times rotary revolutions (Figure 5.14d). As predicted, the orange car travels
	Figure
	Figure 5.14: Four 3D-printed pull-back cars with different embedded energy, speed, and traveling distance: (a) the rendered car models and the corresponding printed cars (yellow: baseline; green: more stored energy; blue: faster; orange: longer travel distance), (b) the comparison of cars with different embedded energy, (c) the comparison of cars with different motion speed, and (d) the comparison of cars with different traveling distance. 
	5.5.5 Human-Operated Handheld Flashlight 
	Unlike the pull-back cars driven by winding springs, I created a human-operated handheld flashlight to demonstrate pressing as the energy charging method in the continuous rotation kinetic unit (Figure 5.15). I used a helical spring motor in this example that stores potential energy under compression. An electromotor wired to a LED is mounted and fixed in the flashlight head, and the motor’s axle is inserted into a socket that is driven by the gears in the kinetic unit (Figure 5.15b). When the user presses 
	pressing the flashlight. 
	Figure
	Figure 5.15: A human-operated handheld flashlight created with Kinergy and external electronics: (a) the rendered model of the handheld flashlight, (b) the flashlight head and body, and (c) the functioning flashlight with the embedded kinetic unit. 
	Figure 5.15: A human-operated handheld flashlight created with Kinergy and external electronics: (a) the rendered model of the handheld flashlight, (b) the flashlight head and body, and (c) the functioning flashlight with the embedded kinetic unit. 


	5.5.6 Battery-Free Maneki Neko Sculpture 
	To demonstrate the oscillating movement in a 3D printable device, I created a waving arm actuated by an embedded oscillation kinetic unit for a Maneki Neko sculpture (Figure 5.16). The embedded kinetic unit is designed with the maximum oscillation amplitude and the number of strokes to provide expressive arm movements. After the arm is inserted into the cat’s body, the user winds the spiral spring from the side handler to load the energy. Then, without a lock, the arm begins to swing as the user releases th
	Figure
	Figure 5.16: A battery-free Maneki Neko sculpture with an embedded oscillation kinetic unit: (a) the rendered model of the cat sculpture, (b) the printed sculpture, and (c) the waving arm driven by the embedded kinetic unit. 
	Figure 5.16: A battery-free Maneki Neko sculpture with an embedded oscillation kinetic unit: (a) the rendered model of the cat sculpture, (b) the printed sculpture, and (c) the waving arm driven by the embedded kinetic unit. 


	5.5.7 Semi-Automated Cutter 
	I created an assistive cutter that uses an embedded reciprocation kinetic unit to relieve people from the fatigue of the repeated back-and-forth cutting actions (Figure 17). The cutter embeds the kinetic unit into an organic, easy-to-hold shape and has a blade attached to the head (Figure 5.17a-b). The user first loads energy by turning the unit’s spiral spring and then releases the lock at the top to execute the cutting job—the blade moves back and forth repetitively (Figure 5.17c-d). Like the other applic
	Figure
	Figure 5.17: The user holds a 3D-printed cutter that uses an embedded reciprocation kinetic unit to move the blade back and forth repeatedly and cut the bread: (a) the rendered model of the cutter, (b) the printed cutter, and (c) the functioning cutter. 
	Figure 5.17: The user holds a 3D-printed cutter that uses an embedded reciprocation kinetic unit to move the blade back and forth repeatedly and cut the bread: (a) the rendered model of the cutter, (b) the printed cutter, and (c) the functioning cutter. 


	5.5.8 3D-Printed Zoetrope 
	Finally, I used an intermittent rotation kinetic unit in a box that connects and spins a circular scaffolding of six 3D-printed cat models to present a physical zoetrope installation—an animation of a walking cat (Figure 5.18). To create the physical animation, I first used a Geneva drive with six opening slots to drive the scaffolding that also has six cat models on the circumference (Figure 5.18a-b). I then mounted the zoetrope model on a helping hand soldering station and installed four bright LED lights
	-

	started the LED control program. After the lock was released, the zoetrope model spun 
	and created the illusion of a walking cat (Figure 5.18d). 
	Figure
	Figure 5.18: A 3D-printed zoetrope installation that is driven by an intermittent rotation kinetic unit embedded base box and animates a 3D walking cat: (a) the rendered model of the zoetrope, (b) the printed setup with programmable LED flashlights, and (c) the rotating zoetrope in motion. 
	Figure 5.18: A 3D-printed zoetrope installation that is driven by an intermittent rotation kinetic unit embedded base box and animates a 3D walking cat: (a) the rendered model of the zoetrope, (b) the printed setup with programmable LED flashlights, and (c) the rotating zoetrope in motion. 


	5.6 Limitations 
	Kinergy customizes 3D-printable motion by embedding springs and kinematic mechanical components in a 3D-printed object. However, there are several limitations to this approach. 
	Geometry Complexity. The size of an object is limited to the minimum spring size and the minimal room for hosting printable kinematic parts in the transmission mechanism. This problem results in two limitations with our current tool: geometries with smaller sizes are not converted, and large gear ratios are not supported (currently, the gear ratio range is 1/5-5). As we have validated the feasibility of Kinergy with other multi-material 3D printing technologies such as PolyJet 3D printing, we plan to explor
	shaped tooth-bearing faces and rotate around non-paralleled axes, in the geartrain to provide 
	more arrangement options for engaging gear teeth in a compact shape. 
	Printibility and Robustness of Mechanical Parts. Kinergy benefits from the in-place printing and the predictable movements of kinematic components (e.g., springs, gears, axles, joints); however, compared to industrial manufacturing methods such as casting and forging, 3D-printed mechanical kinematic parts are limited to the anisotropy and resolution of 3D printing. For example, 3D-printed springs are more robust and less brittle when printed perpendicular to the 3D printer’s Z-direction. With the current se
	Energy-Releasing Triggers. The current lock mechanism in a kinetic unit allows only one way to release the stored energy in the spring, which prevents the customization of the interaction with the energy source and may result in onerous human operations to trigger the action. For example, to launch the pull-back car, the user must pull the latch, which may interfere with the car’s movement. Additional sophisticated mechanical structures could offer a design space for customizing human-operated energy-releas
	Besides human-operated triggers for releasing energy, custom triggers can also be devised 
	to connect multiple kinetic units and thus execute a series of motions in a controllable sequence. In the future, I plan to investigate feasible mechanical designs that allow the user to control when and how the energy can be passed from one kinetic unit to the next. One promising solution is to use the tourbillion mechanism as a mechanical timer to bridge two kinetic units. For example, to create an automated door opener, a button with an embedded continuous translation kinetic unit receives the pressing f
	User Interface Improvements. The current user interface of Kinergy provides a set of interactive controls for the end-user to add kinetic units to 3D models and parameterize added components for desired motion. Most controls ask the user to interact with abstract concepts such as speed and energy strength. One improvement for the user interface is to provide iconographical and easy-to-understand components for the end-user. For example, using the graphics of weight with labels to indicate the energy strengt
	5.7 Chapter Summary 
	In this chapter, I presented Kinergy, an interactive design tool that allows the user to create self-propelled motion for 3D printing with a set of parameterizable kinematic designs. First, I provided the background about the motion types for 3D printing. Then I introduced 3D printable kinetic units, which consist of embedded energy sources (either a helical or spiral spring), compliant locks, and transmission mechanisms, to enable the customization of 3D printable non-periodic and periodic motion. To embed
	engineering background to create functional kinematic 3D models, parameterizes embedded 
	kinetic units to control the energy and motion characteristics. I then detailed the user interface of the design tool and the parameterization of energy and motion through custom user controls. Finally, I showcased how Kinergy supported the design and fabrication of 3D printable movements via a series of examples and discussed the improvements to our approach. 
	Chapter 6 
	FLEXHAPTICS: CREATING CUSTOM HAPTIC INTERFACES USING VARIOUS PLANAR COMPLIANT STRUCTURES 
	Figure
	Figure 6.1: Example applications made with FlexHaptics method: (a) a piano keyboard interface for touchscreen musical applications, (b) a VR controller attachment for bow shooting games, and (c) a joystick with a two-step button on the stick end. 
	Figure 6.1: Example applications made with FlexHaptics method: (a) a piano keyboard interface for touchscreen musical applications, (b) a VR controller attachment for bow shooting games, and (c) a joystick with a two-step button on the stick end. 


	This chapter describes the last project, FlexHaptics [65], highlighting how to leverage flat planar compliant structures (e.g., spiral and zigzag beam structures) to create custom haptic input interfaces (RQ1) and how to control the force-deformation relationship in these structures by designing the structure geometries in a design editor (RQ2). This project was led by Dr. Hongnan Lin from Georgia Institute of Technology, with assistance of tool developing from Yifan Li and me , as well as feedback from Dr.
	1 
	2 

	Haptic feedback in tangible input interfaces is critical to enhancing user performance and engagement [140]. However, off-the-shelf components with predetermined and fixed haptic profiles are insufficient to satisfy an increasing need for sophisticated interaction design for various user scenarios. Customizing passive haptic inputs with fixed force-movement profiles 
	The full video demo of FlexHaptics: The code repository for FlexHaptics design editor: 
	1
	https://youtu.be/GWFYzo-zAYM 
	2
	https://github.com/hlin0101/FlexHaptics 

	determined by mechanical mechanisms expands design opportunities for multiple interfaces. FlexHaptics aims to forward the computer-aided design and fabrication of haptic inputs with predictable force feedback by introducing a new method that leverages beam structures superior in their simple geometries and predictable haptic properties. This method supports inputs with eight mechanical module designs that provide predictable force feedback with embedded beam structures. Each unit generates a distinct haptic
	To allow designers to use these modules to create custom haptic input interfaces, Flex-Haptics also comprises an editor as a plug-in within Rhinoceros and Grasshopper to let designers explore module design according to desired force feedback. To implement the editor, first, we developed mathematical models quantifying the haptics-geometries relationship of each module. The models are in the format of linear regression analysis equations with an explanatory variable of a composite geometric component, inform
	-

	timer, VR game controllers, and a joystick combining with a two-step button (see some 
	applications in 6.1). In particular, highly conductive copper tapes can be attached to the deformable compliant structures to enable capacitive sensing for interactions. 
	My primary contributions to this project include providing FEA simulation support for validating FlexHaptics modules, developing the user interface for the design editor, and ideating the module designs and applications. In this chapter, I briefly describe the Flex-Haptics modules and mixing operations, the design editor and the editor’s implementation, and the six applications created with FlexHaptics. 
	6.1 FlexHaptics Modules and Mixing Operators 
	FlexHaptics approaches haptic input design by parameterizing two attributes: the movement path and the haptic effect. The movement path includes linear and rotary motions, and the haptic effect comprises resistance, detent, and bounce feedback patterns. As shown in Figure 6.2, resistance refers to a force with a steady magnitude and direction opposite to movement; detent refers to a force-displacement pattern where resistance increases and decreases within a short displacement; And bounce refers to a resist
	-

	By crossing the movement paths and haptic effects, FlexHaptics provides eight primitive modules, each of which supports a haptic effect along a movement path. The modules include linear resistance, linear detent, linear bounce, rotary resistance, rotary detent, and rotary bounce modules (Figure 6.2), and additionally, an ortho-planar linear bounce module that generates a bounce effect along an out-of-plane linear movement path and a planar bounce module whose mobile part moves free on the plane and exerts b
	6.1.1 Resistance Feedback 
	To achieve resistance feedback, two resistance modules were developed: a linear resistance module and a rotary resistance module. A resistance module consists of a deformable mobile part squeezed into and moving along a linear or rotary track. The raised-end cantilever embedded in the mobile part deflects and exerts a reaction force, which transfers to sliding 
	or rotating resistance between the two parts with a specific friction coefficient. 
	Figure
	Figure 6.2: (a) A FlexHaptics module supports a haptic effect among resistance, detent, and bounce, along a linear or rotary path. The left six modules afford within-plane path, the two additional modules are designed for bounce effect along an out-of-plane linear path. Gray parts are rigid; colored parts are compliant, and color changing from blue to green, and to red indicates increasing stress levels. (b) All the moduels can be mixed for complex haptic feedback and moving paths. 
	Linear resistance modules. A linear resistance module provides a constant force resistance to sliding (Figure 6.3). The deformed beam yields a reaction force FLR−r predictable with l, b, h, and free end displacement when displacement is small according to Euler-Bernoulli theory, and displacement equals rt (Eq. 6.1). Normal force N between the two parts can be calculated from the reaction force, according to the mechanical equilibrium equations of the tip and slider (Eq. 6.2). Force feedback of a linear resi
	-
	-

	coefficient µ decided by material property (Eq. 6.3). In summary, force feedback from a 
	linear resistance module of a specific material is predictable from the module geometry, as shown by substituting Eq. 6.1 and 6.2 into 6.3. 
	rtbh
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	FLR−r = A + B (6.1)
	l
	3 

	N =2FLR−r (6.2) 
	FLR = µN (6.3) 
	Figure
	Figure 6.3: Linear resistance module. It comprises a flexure slidable along a linear track. Its force feedback is adjusted with beam length l, thickness h, and width b. 
	Figure 6.3: Linear resistance module. It comprises a flexure slidable along a linear track. Its force feedback is adjusted with beam length l, thickness h, and width b. 


	Rotary resistance modules. A rotary resistance module provides a constant torque resistance to rotating (Figure 6.4). The deformed beam exerts a reaction force predictable with r, a, b, h, and displacement according to Castigliano’s theorem, and displacement equals rt (Eq. 6.4). The normal force between the two parts can be calculated from the 
	reaction force, according to the mechanical equilibrium equations of the tip and rotor (Eq. 
	6.5). The feedback torque of a rotary resistant module TRR equals the sum of resistant torque, which is the product of normal force, friction coefficient, and R (Eq. 6.5). In summary, the feedback torque from a rotary resistance module on certain material is predictable from the module geometry and material, as shown by substituting Eq. 6.4 and 6.5 into 6.6. 
	-
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	FRR−r = A + B (6.4) 
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	N =2FLR−r (6.5) 
	TRR = µNR (6.6) 
	Figure
	Figure 6.4: Rotary resistance module. It consists of a flexure rotatable within a ring. Its force feedback is adjusted with beam radian a, radius r, thickness h, and width b. 
	Figure 6.4: Rotary resistance module. It consists of a flexure rotatable within a ring. Its force feedback is adjusted with beam radian a, radius r, thickness h, and width b. 


	6.1.2 Detent Feedback 
	To achieve detent feedback, we also developed two detent modules. A detent module consists of a mobile part moving along a linear or rotary track with notches (Figure 6.5). The mobile parts employ the same beam structure of linear resistance modules, with a raised tip conforming to the notches. Friction between a mobile part and track is removed by adding lubricant, and force feedback of sliding or rotating equals the tangential component of normal force between the two parts. 
	Figure
	Figure 6.5: Detent modules. A linear or rotary detent module employs the same beam geometries as linear resistance module and adapts notches to contact surface. (a) As the beam moving across a notch, force feedback is determined by the notch and beam geometry. 
	Figure 6.5: Detent modules. A linear or rotary detent module employs the same beam geometries as linear resistance module and adapts notches to contact surface. (a) As the beam moving across a notch, force feedback is determined by the notch and beam geometry. 


	(b) We present four symmetrical notch signatures and force-displacement curves. Mixing a left and a right side of them generates another 12 detent profiles. Force feedback from a notch can be adjusted by scaling it along its width or depth direction. 
	Given the geometry of a detent module, what is known is the notch profile y = f(x), where x and y are the horizontal and vertical position of a point on the notch, the notch slope is f (x), and the beam stiffness k predictable from b, l, and h (Eq.6.1 ), and tip radius rt. What can be calculated is beam deflection δ (Eq.6.7 or 6.8) and reaction force (Eq.6.9) when the beam moves along the notch. And the force feedback during the movement is the horizontal component of the reaction force (Eq.6.10 ). 
	′ 

	When the contact point is derivable (Figure 6.5a right), 
	P
	δ = r− x(6.7)
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	When the contact point is not derivable (Figure 6.5a left), 
	P
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	δ =tr 1 − − f(x) (6.8) 
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	FD−r = kδ (6.9) 
	FD = FD−rf (x) (6.10) 
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	Various detent effects can be designed by adjusting notch profiles, beam geometries, and notch distributions. A notch profile can be created by selecting a left side and a right side from the four preset notch profiles: 1) constant slope, 2) increasing slope, 3) increasing then decreasing slope, and 4) locking. A notch can be scaled along or perpendicular to the movement direction, influencing the detent effect scope and sharpness. Adjusting the beam increase or decrease force feedback along with the notch 
	6.1.3 Bounce Feedback 
	Finally, to achieve bounce feedback, we developed four modules: linear bounce module, rotary bounce module, ortho-planar linear bounce module, and ortho-planar rotary module. Bounce modules exert a restoring force (F ) toward the equilibrium and are proportional to displacement when the mobile part is moved away from the neutral position within a range. Furthermore, bounce coefficients can be adjusted by altering geometric parameters. 
	Linear bounce module. A linear bounce module provides a resistance force proportional to displacement when stretched or squeezed within a range (Figure 6.6a). A linear bounce module is constructed with a series of beams. The bounce coefficient kLB−unit of each unit can be predicted with l, b, and h (Eq.6.10 ), and that of the whole module kLB can be further calculated with the number of units based on series spring formulas (Eq.6.11). 
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	Figure
	Figure 6.6: Bounce modules. (a) A linear bounce module can be stretched or compressed, its stiffness can be adjusted by beam length l, thickness h, and width b, and unit number 
	Figure 6.6: Bounce modules. (a) A linear bounce module can be stretched or compressed, its stiffness can be adjusted by beam length l, thickness h, and width b, and unit number 


	n. (b) A rotary bounce module can be rotated clockwise or counterclockwise, its stiffness can be adjusted by spiral radian a and wire thickness h and width. 
	Rotary bounce module. A rotary bounce module allows the arbor to rotate and exerts reaction torque proportional to the rotating angle (Figure 6.6b). The design of the spring was based on the standard Archimedean spiral defined by da, h, p, and a, from which its effective length l can be calculated (Eq.6.13, 6.14, and 6.15). And the bounce coefficient can be calculated with b, h, and l according to spiral spring theory (Eq.6.16). 
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	Ortho-planar bounce modules. Ortho-planar linear bounce modules provide the mobile platform moving out of the base plane with a resistance force proportional to dis
	-

	placement (Figure 6.7). They are constructed with a straight (Figure 6.7a) or round (Figure 
	6.7b) beam following the mobile platform shape. Bounce coefficients of straight beams can be calculated with l, b, h. Bounce coefficient of round beams can be predicted with l (i.e., a and r), b, h. 
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	Figure
	Figure 6.7: Bounce ortho-planar modules. (a) A straight-beam ortho-planar bounce module can be adjusted with beam length l, thickness h and width b. (b) A curve-beam ortho-planar bounce module can be adjusted with beam radius r, radian a, and beam thickness h and width b. 
	Figure 6.7: Bounce ortho-planar modules. (a) A straight-beam ortho-planar bounce module can be adjusted with beam length l, thickness h and width b. (b) A curve-beam ortho-planar bounce module can be adjusted with beam radius r, radian a, and beam thickness h and width b. 


	6.1.4 Mixing Operations 
	Multiple modules can be combined into composite inputs through two mixing strategies: mixing in parallel and mixing in series (Figure 6.8). Mixing in parallel aligns and respectively bonds the mobile and static parts of two or more modules with the same movement path, producing a compound input with multiple haptic effects along the single path, and mixing in series bonds the base of one module or composite input to the mobile part of another, and so on and so forth. The resulted inputs have a complex movem
	the component haptic effect(s) along each component path. 
	Figure
	Figure 6.8: Two mixing operators for FlexHaptics modules. (a) Mixing in parallel aligns modules with the same movement path and bonds the mobile and static parts together respectively, resulting in an interface with the same movement path and a compound haptic effect. (b) Mixing in series uses multiple modules with different movement paths, and bonds the static part of one module to the mobile part of another module, producing an interface with a complex movement path. 
	6.2 Technical Evaluation 
	To identify effects from fabrications and inform adjustments to FlexHaptics techniques, we evaluated how well the mathematical models predict modules of FEA simulations and modules fabricated with the three methods (laser cutting with acrylic and POM and 3D printing with PLA). FEA simulation allowed for investigating ideal modules where the sizes are precise, and the material properties are the same as those provided by the manufacturers. In the technical evaluation, we simulated and measured the reaction f
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	Delrin acylic P LA 
	Different fabrication methods introduce dimensional errors and change material properties. Besides the beams’ reaction, the force feedback of a module was affected by other factors like friction and track stiffness. We identified four approaches to avoid or mitigate the errors. 
	The first is to avoid setting small values of h and b. The second is to prioritize adjusting l 
	values instead of b or h to meet haptic values. The third is to fabricate a series of models with l values varying around the value calculated for a desired force or stiffness value so that one of the prototypes can provide the desired haptics. Lastly, we noted avoiding using acrylic for linear bounce modules because of the high fracture risk. 
	6.3 FlexHaptics Design Editor 
	Informed by the module design and technical evaluation, we developed an open-source design editor to make the FlexHaptics technique available to designers. To generate a module in FlexHaptics editor (Figure 6.9), designers need to go through the following steps: 
	1. 
	1. 
	1. 
	Choose a module type. 

	2. 
	2. 
	Select a fabrication method and material. 

	3. 
	3. 
	Set desired haptic values. The editor generates geometry in the 3D viewport and calculates its force feedback with error range. 

	4. 
	4. 
	Explore other possible geometries. Because different parameter combinations can produce the same force feedback, this step allows designers to adjust a module freely while comparing its force feedback to that set in Step 3. 

	5. 
	5. 
	Export a final design in STL or SVG format. 


	6.3.1 Implementation 
	The backend of FlexHaptics editor is implemented with Grasshopper and Rhinocommon in C#, and the frontend interface is developed using Human UI. 
	For Step 1, the user interface provides a list of buttons for the user to select the desired FlexHaptics module. For Step 2, the editor uses pre-defined parameters for different fabrication techniques—for example, the printing tolerance for 3D printing with PLA. 
	-

	For Step 3, the editor takes in the parameter values input by the user in the user 
	interface and generates the compliant structure geometries based on the equations shown 
	Figure
	Figure 6.9: FlexHaptics user interface consists of a FlexHaptics tool panel and module preview in Rhinoceros environment. 
	Figure 6.9: FlexHaptics user interface consists of a FlexHaptics tool panel and module preview in Rhinoceros environment. 


	above. The 3D model of the compliant structure is created in real-time in the 3D editing Rhino scene. For Step 4, given geometric parameters, haptic values are calculated using the above equations. For instance, linear resistance module, on receiving user input haptic value in Step 3, the algorithm first calculates the reaction force with corresponding equations (Eq 6.2 and 6.3). Then to calculate geometries from reaction force with Equation6.1, the algorithm starts by setting b and h at the smallest value 
	algorithm will increase h and b step by step and repeat calculating and evaluating l. If yes, 
	the algorithm will use the values to generate geometry. A similar process applies to the other modules. Once deciding on the compliant part geometry, the algorithm will adjust the other component for the two-part modules to maintain a fit clearance and can offset the geometries for laser cutting and chamfered for 3D printing. All the updates are rendered in real-time. 
	6.4 Haptic Interface Examples Created with FlexHaptics 
	We developed six example applications to validate the proposed technique that covers different modules, mixing operators, fabrication methods, and materials. These applications were created in three categories according to application environments: haptic layers above graphics on touchscreens, passive haptic proxies in VR, and haptic controls with microcontrollers. 
	-
	-

	6.4.1 Haptic Layers above Graphics on Touchscreens 
	We demonstrate two examples made by laser-cutting acrylic sheets and attaching copper tapes to align with graphics and transit user touches on touchscreens. 
	Haptic control panel for a painting application. The haptic control panel for a painting application, Procreate, is proposed to reduce divided attention caused between canvas and toolbar (Figure 6.10a). The transparent haptic layer overlaid on the graphical interface employs a linear resistance module for changing brush size, and a linear detent module notched at preferred values for adjusting opacity. Knobs inserted into the sliders are wrapped by copper tapes to transmit user touches to a touchscreen. 
	Piano keyboard. We built a piano keyboard interface for a touchscreen music app (Figure 6.10b) to improve user performance. Similarly, the keyboard is made from an acrylic sheet and copper tapes around each key. In addition, we highlighted that ortho-planar linear 
	bounce modules could resemble such keyboards by being shaped and collocated. 
	6.4.2 Passive Haptic Proxies in VR 
	When using passive props for VR interaction, a key could be to use less physical materials to simulate more virtual objects. FlexHaptics could be a solution because its compactness increases the number of proxies containable within a reasonable space. 
	VR controller attachment for bow-shooting games. This VR controller attachment system for bow-shooting games (Figure 6.10c). Players choose a proxy at the preferred level of resistance to use a virtual bow, simply plug its base end into the socket on one controller, and draw or release the free end with the other controller. A bow proxy consisting of a laser-cut POM linear bounce module sandwiched by acrylic faces simulates increasing resistance while opening a bow and retracting effects while releasing an 
	-
	-

	String-based wearable haptic device. We demonstrate a haptic device worn between the wrist and fingertips, which provided haptic feedback to different gesture interactions in VR (Figure 6.10d). Our device comprised multiple stackable string-retracting units, each of which leverages a rotary bounce module for retracting and another rotary module for more haptic effects. We made the modules by PLA, as it is easier to integrate other extruded structures, like bobbins and tongue joints. Thanks to the compact fo
	6.4.3 Haptic Controls with Microcontrollers 
	Drawing on research and projects on paper circuits, we built most circuits with copper tapes and conductive ink, manually or using a cutting machine. 
	Tactile timer input. We presented a tactile timer input for low-vision people (Figure 6.10e). Each dial consists of a rotary resistance and detent module. The hour, minute, and second dials present diminishing resistances and different detent densities. Starting and canceling buttons were made with ortho-planar modules. This prototype highlighted a compact design enabled by nesting the three dials in the same layer. 
	Haptic controls with complex movement paths. The joystick designed for a 
	shooting game can control shooting direction and switch between single or scattering shots 
	(Figure 6.10f). It allowed rotation in horizontal and vertical planes by serial-mixing two mutually perpendicular rotary bounce modules. The button on the handle could activate single or scattering shooting mode under light or hard press. It employed in-series mixing of two ortho-planar bounce modules with different bounce constants. The modules are made by laser-cutting POM sheets. This example demonstrates a complex 3D movement path by mixing modules in different planes. 
	Figure
	Figure 6.10: Application examples: (a) a slider input interface for touchscreen painting applications, (b) a piano keyboard interface for touchscreen musical applications, (c) a VR controller attachment for bow shooting games, (d) a string-based wearable haptic device, 
	Figure 6.10: Application examples: (a) a slider input interface for touchscreen painting applications, (b) a piano keyboard interface for touchscreen musical applications, (c) a VR controller attachment for bow shooting games, (d) a string-based wearable haptic device, 


	(e) a tactile low vision timer, and (f) a joystick with a two-step button on the stick end. 
	6.5 Limitations 
	As FlexHaptics provides a set of enabling techniques and a design tool for designers to create custom haptic input interfaces, limitations are enumerated as follows: 
	Fabrication error, material fatigue and creep, external friction. The current mathematical models are limited due to three causes of differences between actual and predicted haptic effects of the FlexHapitcs interface. The first is fabrication errors, as indicated by the less goodness of fit for the fabricated modules. Designers can make up by making a range of models containing a desired one. The second is material fatigue and creep, as with most techniques. The detent and bounce modules in interaction are
	Supplementary structures. The method does not assist in designing two types of supplementary structures often necessary for FlexHaptics-enabled interfaces. The first type helps constrain mobile parts to designed movement paths, e.g., preventing those in resistance, detent, and linear and rotary bounce modules from moving out of tracks and guiding that in a rotary bounce module to rotary instead of translational movements. The second is bonding parts in mixing modules or bonding a module to other structures.
	-
	-
	-

	supplementary structures varied to adapt to different applications. It was not very diffi
	-

	cult but certainly complicated the overall design process. In the future, these additional structures can be automatically incorporated into the design editor and generated by the tool. 
	Broadening materials. FlexHaptics editor currently supports limited material choices. In future work, we plan to widen the available material selections based on the mathematical models—for instance, SLA resins and metals for stronger, compacter, and more accurate modules. We also plan to adapt elastic materials (e.g., TPU) and even programmable filaments to expand the design and fabrication space of haptic input interfaces. Taking resistance modules as an example, applying multiple materials with different
	-
	-

	Active force feedback and vibration feedback. This method is limited to passive force feedback generated by the module design. Due to the passive nature, FlexHapticenabled interfaces cannot automatically perform tasks (like the timing task in the timer example), proactively initiate touches, or spontaneously adjust profiles. Future work could investigate ways to actuate FlexHaptics modules while maintaining their compactness, like using smart materials. Besides, force feedback, vibration is also essential a
	-
	-

	User-centered evaluation. While we ran a thorough technical evaluation with the modules, a formal user evaluation of the FlexHapitcs techniques and editor is needed to 
	improve the system’s usability. In the future, we will investigate whether designers can 
	adapt and find the proposed modules and mixing operators useful in their design processes and identify areas to improve further. 
	6.6 Chapter Summary 
	In this chapter, I presented FlexHaptics, a computational design method to create haptic input interfaces with custom feedback using a low-cost 3d printer or a laser cutter. Flex-Haptics editor comprises eight primitive modules that exert a haptic effect, i.e., resistance, detent, and bounce, along a movement path, i.e., linear, rotary, ortho-planar linear, and planar. Each FlexHaptics module supports adjustable haptic effects via module geometries. With FlexHaptics, designers can create haptic interfaces t
	-

	Chapter 7 
	CONCLUSIONS AND FUTURE WORK 
	The goal of this dissertation has been to design, develop, and evaluate 3D printable spring-based mechanisms to promote the fabrication of kinetic objects for interactivity. My approach was threefold: (i) to draw upon mechanical engineering, physics, trends of making kinetic 3D designs in the maker community, and past fabrication research to inform the use of mechanical springs in creating kinetic objects and supporting interaction; (ii) to design and evaluate parametric spring-based mechanisms that utilize
	In this chapter, I would like to summarize the major contributions of this dissertation and discuss the directions I would like to explore in my future research. 
	7.1 Contributions 
	In this section, I restate the four contributions listed in the introduction chapter and summarize how each of the contributions was achieved. These contributions provide cohesive support for the dissertation statement: 
	-

	We can design 3D modeling and printing techniques to embed and control parametric spring-based mechanisms into 3D-printable objects, which enables a new suite of applications for 3D printing. 
	7.1.1 Making Practices of 3D Printable Kinetic Designs 
	This dissertation first contributes a large-scale analysis that studies how to make 3D print
	-

	able kinetic objects within the maker community and uncovers challenges and opportunities 
	for using springs in 3D printable movable objects (Chapter 3). This study examined what 3D printable kinetic things (3D printable mechanisms and behaviors) were created by makers, what design techniques and tools were used for creating kinetic 3D designs, and what challenges and opportunities for making kinetic 3D models? This study’s findings showed that most kinetic 3D designs were made with 3D printable mechanisms, including the two most commonly used kinematic elements—joints and hinges. Combining 3D-pr
	-
	-

	The findings of this study not only provide the status quo of making 3D printable kinetic objects within the maker community. I also related those results with fabrication research and identified commonalities and differences. While this dissertation pursued one direction informed by this study, I believe the results of this study have more value in inspiring other design and fabrication techniques for creating kinetic 3D-printed objects for I/O. For example, alternative prototyping techniques such as silic
	7.1.2 Spring-Based Mechanisms for I/O Behaviors 
	In this dissertation, I developed these design techniques to answer what kinetic 3D printable 
	objects can be created using spring-based mechanisms. I explored (i) creating 3D-printed ob
	-

	jects with controllable deformation behaviors by embedding parameterizable helical springs and joints, (ii) enabling 3D-printed models to perform controllable movements with embedded self-contained energy sources using helical or spiral springs together with other kinematic elements like gears, and (iii) creating custom haptic input interfaces with flat planar compliant structures. To use the springs as the core components, I promoted spring principles and theories from physics and mechanical engineering. I
	-
	-

	Combining helical springs and joints for controllable deformation behaviors. Ondul´e, described in Chapter 4, presented a set of novel spring and joint-based design techniques to control spring deformation behaviors. This contribution was achieved by controlling the geometric parameters of 3D printable helical springs and combining helical springs with various joint constraints. Furthermore, since the springs and joints were constructed for in-place printing with a dual-material 3D printer, the end-users ca
	-

	Regulating potential energy stored in springs for desired output motion. Kinergy, described in Chapter 5, used 3D printable helical and spiral springs as energy motors and translated stored energy into custom output motion behaviors via various kinematic components such as geartrain. This contribution was achieved by combining springs with different kinematic elements for specific motion behavior while parameterizing all these kinematic parts for custom motion characteristics such as speed. Again, to reduce
	-
	-

	Creating haptic interfaces enabled by deformable planar compliant structures. FlexHaptics, described in Chapter 6, presented how to use planar compliant structures to simulate force feedback for various custom haptic interfaces. This contribution was 
	-
	-

	achieved by customizing a set of haptic modules, which were made of parameterizable flat 
	beam structures (e.g., spiral and zigzag beam structures). These FlexHaptics modules can be used as an individual element to provide haptic feedback along with a specific path or combined to offer richer force feedback following compound movement paths. Furthermore, the haptic interfaces created with FlexHaptics can be fabricated with home 3D printers or laser cutters. 
	Although these spring-based mechanisms were created for different interactions and purposes, I think the approach can be potentially generalized to other mechanism-based fabrication research. For example, we can explore the parametric design space of the mechanism of interest and exploit these parameters to control the mechanical properties of different behaviors. Therefore, I proposed and developed spring-based mechanisms to answer my research questions above and took a mechanical approach to address HCI p
	-
	-

	7.1.3 Design Tools for Spring-Based Kinetic Fabrication 
	This dissertation also contributes a set of design tools that allow the end-user to utilize spring-based mechanisms in 3D models for desired kinetic behaviors. These tools share the following commonalities: (i) supporting the design of desired 3D printable behaviors using in-place kinetic spring-based mechanisms; (ii) allowing the end-user to customize desired behaviors by parameterizing embedded mechanisms in the model; and finally, (iii) showing the resulting behaviors through a preview for the end-user t
	7.1.4 Applications Enabled by Kinetic 3D Printable Objects 
	The last contribution of this dissertation is the applications enabled by the developed 3D printable spring-based mechanisms and design tools. These applications, created with the 
	proposed mechanisms and tools, captured different aspects of the spring-based mechanisms, 
	e.g., different spring and joint designs for a variety range of deformation behaviors in Ondul´e, and application domains as many as possible such as accessibility and interactive I/O devices. While most of the created applications were still within the context of rapid prototyping, I envision that more robust, reliable, and even scalable applications can be made using the same set of these spring-based mechanisms and tools but with advanced 3D printers, e.g., metal 3D printers or high-resolution PolyJet pr
	-

	7.2 Directions for Future Research 
	In this section, I would like to enumerate the limitations of the approaches presented in this dissertation in three categories: fabrication, design and control, and application. Further, I also discuss the following steps to address these issues in the future. 
	7.2.1 Fabrication Limitations and Future Work 
	While this dissertation presents spring-based mechanisms that are 3D printable in place on consumer-grade FDM 3D printers, the performance of the kinetic behaviors that can be achieved is still limited by 3D modeling and fabrication constraints. 
	First, unlike metamaterials or microstructures with minimal basic unit designs, springs, the crucial part of my approach, usually come in a bigger size, especially when printed on desktop 3D printers. As a result, when a spring-based mechanism is embedded into 3D objects, the 3D model should be large enough to house the mechanism. For example, the minimal printable spring wire thickness supported by Ondul´e was 1.6mm, and the printing tolerance was 0.4mm, which meant the minimum size of a printable helical 
	Second, since many parts were printed in place to ease the post-print process and support the movement, printing tolerance was challenging to determine case by case, and the friction between inter-engaged parts would influence the kinematic movement. The printing 
	-

	tolerance is primarily determined by the printing resolution and printing orientation. For 
	example, if printing with 0.2mm layer height on an Ultimaker 3D printer, the minimum printing tolerance is 0.6mm horizontally but decreases to 0.4mm in the vertical direction (along the Z-axis). The mechanical experiments for Ondul´e also showed how printing settings such as infill density and printing orientation influenced the mechanical performance of the printed helical spring. While the effect of friction could be neglected in the joints for Ondul´e, the friction caused between the engaged kinematic co
	-

	Finally, all the parts were printed on desktop 3D printers with plastics and used FDM 3D printing methods (except for the last two projects that used advanced 3D printers for sensing applications). As a result, the robustness of the printed spring-based mechanisms was determined by the printing settings, including infill density, infill patterns, layer height, and printing orientation. For example, in Ondul´e, printing orientation will affect the spring’s E and G, where 45° results in minimum values for bot
	for the best result. 
	7.2.2 Design and Control Limitations and Future Work 
	The design tools presented in this dissertation did three primary things: (i) abstracting the underlying construction of complex spring-based mechanisms from the end-user, (ii) converting high-level user input (e.g., parameter controls) into geometric models, and (iii) displaying the resulting 3D models to provide user awareness of the model updates. However, many parts of the tools could be improved to advance user design and control of the kinetic model with embedded spring-based mechanisms. First, these 
	7.2.3 Application Limitations and Future Work 
	In this dissertation, I demonstrated the potential of proposed spring-based mechanisms and tools through example applications that showcased how springs were deformed to support toys, tangible props, assistive tools, and custom I/O devices. These contribute to a broach research topic—fabricating kinetic objects for I/O. With a similar research approach, I will expand on my research work and contribute to a wider variety of personal fabrication applications beyond those only enabled by the spring-based mecha
	will explore novel design techniques and sort out software and hardware solutions (i) to 
	facilitate learning by combining AR/MR and actuated fabricated objects, (ii) to augment the communication and interaction between people and the physical environment, (iii) to create assistive mediums for people with impairments to interact with digital elements, (iv) to enhance the tangibility of virtual objects for immersive XR experience, and (v) to embed computation and intelligence into kinetic objects using machine learning. 
	Facilitating learning by combining MR and kinetic objects. Tangible, physical devices are great tools for people, especially children, to learn about new concepts and explore the surrounding world. For example, I developed a set of tangible props that helped children learn an old language by associating physical objects used in a forest in Malaysia with digital elements on a touchscreen [87] 7.1a. Another example is MakerWear [51], a modular tangible toolkit for children to create custom wearable devices 7.
	Figure
	Figure 7.1: Two past projects on interactive tangible interfaces for children to (a) learn about an old language and (b) build custom wearable devices. 
	Figure 7.1: Two past projects on interactive tangible interfaces for children to (a) learn about an old language and (b) build custom wearable devices. 


	Augmenting human-environment communication and interaction through dynamically controllable agents. One exciting application area is converting the sur
	-

	rounding environment into accessible space. I envision two ways: first, providing assistive 
	aids on the human body with fabricated devices. For example, we developed a pneumatically controlled armband that guided blind and low vision users to fetch target nearby objects via soft haptic clues on the skin [35, 37] 7.2. Second, retrofitting the existing environment with uniquely fabricated layers to augment human communication and interaction with the surroundings. For example, the ongoing project explores a novel digital fabrication pipeline that enables the user to design, review, and deploy in-sit
	-

	Figure
	Figure 7.2: Two wearable devices that provide tactile feedback on body for blind and low vision users to (a) navigate and (b) fetch objects. 
	Figure 7.2: Two wearable devices that provide tactile feedback on body for blind and low vision users to (a) navigate and (b) fetch objects. 


	Creating assistive and dynamic mediums for accessibility. I believe that accessible and personalized interfaces and tools that leverage emerging kinetic fabrication techniques will boost the ways to access and manage pervasive yet constantly changing digital information. For example, I explored 3D-printed overlays for blind users to access graphical content on touchscreens and investigated how people perceive and react to digital content through 3D printing [34] 7.3a. With kinetic fabrication, I will develo
	-
	-

	Enhancing tangibility in XR. As the boundaries between virtual and physical environments have blurred thanks to the rise of technologies for XR (i.e., VR, AR, and MR), I 
	-

	plan to expand kinetic fabrication to enhance virtual objects’ tangibility and support social 
	interactions in XR. For example, I explored how to provide dynamic tactile feedback on the forearm via a tangible puppet agent in a VR game [19] 7.3b and how to simulate accurate force feedback for various activities in a VR environment [65]. In this category, creating responsive and always-on interfaces to establish and facilitate interpersonal communications and collaborations in XR is still an open research area. For example, designers and engineers could co-design a 3D car model on a VR-based platform w
	Figure
	Figure 7.3: Two past projects that focused on (a) tactile overlays for making graphics accessible on touchscreens and (b) tactile wearable controller for a VR game. 
	Figure 7.3: Two past projects that focused on (a) tactile overlays for making graphics accessible on touchscreens and (b) tactile wearable controller for a VR game. 


	Embedding computation and intelligence into kinetic objects using machine learning. The last direction I want to explore is to imbue machine learning into 3D-printed kinetic objects to create intelligent devices that interpret user input as commands, augmenting human-object interaction and communication. For example, in project SqueezaPulse 
	-

	[31], I used a single microphone to distinguish different air pulses generated by the user 
	squeezing soft and squeezable parts, which had silicone-casting cavities and were attached to 3D models. The air pulse traveled through flexible tubing, which connected the cavity and the microphone, and was then recognized as an interactive input by a pre-trained machine learning model 7.4a. In a recent project, I built a machine learning classifier to recognize different deformation behaviors of a 3D-printed metal helical spring, printed on the advanced Desktop Metal printer, through inductive sensing. Th
	-
	1 
	-
	-

	Figure
	Figure 7.4: Two past projects that used machine learning to add interactivity to fabricated objects: (a) converting squeezing gestures into interactive user input using acoustic sensing and (b) classifying spring’s deformation behaviors using inductive sensing. 
	Figure 7.4: Two past projects that used machine learning to add interactivity to fabricated objects: (a) converting squeezing gestures into interactive user input using acoustic sensing and (b) classifying spring’s deformation behaviors using inductive sensing. 


	Desktop Metal: / 
	1
	https://www.desktopmetal.com

	7.3 Final Remarks 
	As 3D printing has become increasingly accessible and inexpensive, we have the opportunity to take advantage of the emerging personal fabrication technology to create demanding, personalized, and highly custom objects. However, 3D-printed objects are usually static, and it is difficult for casual users to create movable and functional kinetic 3D objects with 3D printing. This dissertation aims to offer a solution by creating a series of spring-based mechanisms to support the design, control, and fabrication
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	Appendix A 
	THE QUALITATIVE CODEBOOK AND ANALYSIS SOURCE 
	A.1 Category 1: Model Category/Purpose 
	Thingiverse Category: A Thingiverse-defined, mutually exclusive category code selected by makers upon uploading their model. This was collected from the Thingiverse field. The codes include ”Art”, ”Fashion”, ”Gadgets”, ”Hobby”, ”Household”, ”Learning”, ”Models”, ”Tools”, ”Toys Games”, ”3D Printing”, ”Other”. 
	Making Purpose: A qualitative code applied by our team based on how the maker describes the purpose of their design. This was collected from the Summary field. The codes include ”sculpture”, ”re-make”, ”gift”, ”accessory”, ”decoration”, ”fabric”, ”experiment”, ”attachment”, ”others”. 
	A.2 Category 2: Kinetic Component Design 
	Mechanism: Type of 3D-printable kinetic mechanism. This was collected from 3D model files, the Summary filed, uploaded images, and videos. The codes include ”hinge”, ”slider”, ”joint”, ”gear”, ”telescoping structure”, ”bearing”, ”spring”, ”linkage”, ”crank”, ”interlocking structure”, ”lever”, ”microstructure”, ”cam”, ”slider”, ”axel”, ”others”. 
	-

	Material: Type of 3D-printable material. This was collected from the Summary field and videos. The codes include ”PLA”, ”ABS”, ”PETG”, ”TPE”, ”NinjaFlex”, ”TPU”, etc. 
	External Hardware: Type of external hardware components (if any). This was collected from the Summary field, uploaded images, and videos. The codes include ”screw”, ”rod”, ”bearing”, ”spring”, ”electronics”, ”band”, ”string”, ”fabric”, etc. 
	-

	Actuator: How is the kinetic mechanism activated? This was collected from the Summary field, uploaded images, and videos. The codes include ”human power”, ”electromotor”, ”weight”, ”air pressure”, ”spring”, etc. 
	-

	A.3 Category 3: Kinetic Behavior 
	Deformation: Type of deformation behavior (if any). This was collected from the Summary field, uploaded images, and videos. The codes include ”bend”, ”twist”, ”articulate”, ”fold”, ”stretch/extend”, ”compress/squeeze”, ”transform”. 
	-

	Motion: Type of motion behavior (if any). This was collected from the Summary field, uploaded images, and videos. The codes include ”translate”, ”rotate”, ”oscillate/reciprocate”. 
	-
	-

	A.4 Category 4: Design Fabrication 
	Design Tool: The design tool used to create the model. This was collected from the Summary field and the Print Settings field. The codes include Fusion360, Rhino, Solidworks, etc. 
	3D Printer: The 3D printer used by the original uploader. This was collected from the Summary field and the print settings field. The codes include ”Prusa”, ”MakerBot”, ”Creality Ender”, etc. 
	Resolution: Print resolution used by the original uploader. This was collected from the Summary field and the Print Settings field. The codes include ”0.1mm”, ”0.15mm”, ”0.2mm”, etc. 
	Infill Density: Infill density used by the original uploader. This was collected from the Summary field and the Print Settings field. The codes include ”solid”, ”10%”, ”20%”, etc. 
	Supports: Whether supports are needed for the print. This was collected from the Summary field and the uploaded 3D models. The codes include ”yes”, ”no”, ”doesn’t matter”. 
	Post-Print Process: Whether the model requires post-processing. This was collected from the Summary field, uploaded images, and videos. The codes include ”assembly”, ”sanding/filing”, ”cutting”, ”lubricating”, ”gluing”, ”circuit integration”, ”no post-processing”, ”others”. 
	-

	A.5 Category 5: Social Interaction 
	Likes: Number of acquired ’likes’ on the model. This was collected from the Thingiverse field. The code was the numerical count. 
	Makes: Number of users who clicked on the ’I made this’ button. This was collected from the Thingiverse field. The code was the numerical count. 
	Collects: Number of collections this model was added to. This was collected from the Thingiverse field. The code was the numerical count. 
	Remixes: Number of times this model was ’remixed’. This was collected from the Thingiverse field. The code was the numerical count. 
	Popularity: The sum of ’likes’, ’collects’, ’makes’, and ’remixes’. This was derived from the above four. The code was the numerical count. 
	Appendix B 
	HELICAL SPRING THEORY AND MECHANICAL EXPERIMENTS FOR Ondul´e 
	B.1 Terminology and Concepts in Helical Spring Theory 
	Young’s modulus (E) is a measure of an object’s resistance to being deformed elastically (i.e., non-permanently) with applied stress. E is defined as the ratio of tensile stress σ (the stress state leading to expansion) to tensile strain ϵ (the relative length of deformation under tensile force)—see Figure B.1a and Eq. 3. 
	Shear modulus (G) measures an object’s tendency to shear when acted upon by opposing forces. G is defined as the ratio of shear stress (the stress state leading to shear parallel to the cross-section of the material) to shear strain (the relative length of deformation under shear force)—see Figure B.1b and Eq. 4. 
	Poisson ratio (v) measures how much a material expands perpendicular to the direction of compression or extension. The relationship between E and G can be derived using v—see Figure B.1c and Eq. 5. 
	Figure
	Figure B.1: Material properties (a) Young’s modulus E and (b) shear modulus G. G can be derived using E and Poisson ratio (c). 
	Figure B.1: Material properties (a) Young’s modulus E and (b) shear modulus G. G can be derived using E and Poisson ratio (c). 


	B.2 Mechanical Experiment 1 Setup and Results 
	Following ASTM guidelines, I printed 60 solid test rods (Figure 4.3). I created two specimens for each combination and varied infill density, infill pattern, and printing orientation. Although varying infill patterns do not significantly impact material properties, I included this condition for completeness and compared line vs. triangle infills with 20% densities. 
	-

	For the experiment itself, we used an Instron 5585H 250kN electro-mechanical load frame (Figure 4.3a), which works by gripping a test specimen and performing computer-controlled mechanical operations like stretching and compressing. In our case, we loaded individual test rods and performed a controlled tensile (stretching) operation, which separated the grips at 30mm/minute. The load frame’s data logger recorded the applied load, grip displacement, tensile stress σ, and tensile strain ϵ at 10Hz. Using these
	For infill density, we expect that as density increases, Young’s modulus E and the shear modulus G will also increase. That is, as the 3D-printed object becomes more solid, the force required to stretch or shear increases. Indeed, this is what I found: Figure 4.5shows that regardless of printing orientation, E and G grow large as the infill density increases. In terms of infill pattern, because the triangle is a more robust fill than lines, I expect the triangle pattern to have a comparatively higher E and 
	For infill density, we expect that as density increases, Young’s modulus E and the shear modulus G will also increase. That is, as the 3D-printed object becomes more solid, the force required to stretch or shear increases. Indeed, this is what I found: Figure 4.5shows that regardless of printing orientation, E and G grow large as the infill density increases. In terms of infill pattern, because the triangle is a more robust fill than lines, I expect the triangle pattern to have a comparatively higher E and 
	in minimum values for both Figure 4.5. 

	B.3 Mechanical Experiment 2 Setup 
	I followed a similar procedure to Experiment 1 but without extensometers: springs were placed into the load frame grips and stretched at 30mm/minute. To fit the springs into the grips, we added two flat grip plates to the ends of our spring models (Figure 4.3b). As a spring is stretched, it begins to elastically deform—a state which is reversible. This continues until an elastic limit is reached—the yield point—a threshold where the spring is permanently deformed or can even break apart. As before, the load
	B.4 Mechanical Experiment 3 Setup 
	In this experiment, to twist the 3D-printed spring and measure torque, we added a base plate and a socket to the spring, which was connected to a NEMA 23 stepper motor and a FUTEK Model TFF400 torque sensor (max 1130 N-mm)—see Figure 4.3c. We incremented the stepper motor angle by 2.8125° at 1Hz and recorded the torque sensor at 10Hz. Tests concluded when either the spring buckled due to overtwisting or slipping occurred. For analysis, we used readings from the stepper motor, the torque sensor, and a protra





