Intermittent Interaction
with Fabrication Devices

by
Ludwig Wilhelm Wall

A thesis
presented to the University of Waterloo
in fulfilment of the
thesis requirements for the degree of
Doctor of Philosophy
in
Computer Science

Waterloo, Ontario, Canada, 2024

© Ludwig Wilhelm Wall 2024



EXAMINING COMMITEE MEMBERSHIP

The following served on the Examining Committee for this thesis. The decision
of the Examining Committee is by majority vote.

External Examiner

Supervisor

Supervisor

Internal Member

Internal Member

Internal-external Member

Lora Oehlberg
Associate Professor, Dept. of Computer Science,
University of Calgary

Daniel Vogel
Professor, School of Computer Science,
University of Waterloo

Oliver Schneider
Associate Professor, Dept. of Management
Science and Engineering, University of Waterloo

Craig S. Kaplan
Professor, School of Computer Science,
University of Waterloo

Matthew Brehmer
Assistant Professor, School of Computer Science,
University of Waterloo

Daniel Harley
Assistant Professor, School of Interaction Design
and Business, University of Waterloo

ii



AUTHOR’S DECLARATION

This thesis consists of material all of which I authored or co-authored: see
Statement of Contributions included in the thesis. This is a true copy of the
thesis, including any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the
public.

iii



STATEMENT OF CONTRIBUTIONS

This dissertation includes first-authored peer-reviewed material that has
appeared in conference and journal proceedings published by the Association
for Computing Machinery (ACM), or are forthcoming (at the time of writing).
The ACM'’s policy on reuse of published materials in a dissertation is as
follows *:

“Authors can include partial or complete papers of their own (and no
fee is expected) in a dissertation as long as citations and DOI pointers
to the Versions of Record in the ACM Digital Library are included.”

The following list serves as a declaration of works included in this dissertation:

Portions of Chapter 3:

Ludwig Wilhelm Wall, Alec Jacobson, Daniel Vogel, and Oliver Schneider.
2021. Scrappy: Using Scrap Material as Infill to Make Fabrication More
Sustainable. In Proceedings of the 2021 CHI Conference on Human Factors in
Computing Systems (CHI "21). Association for Computing Machinery, New
York, NY, USA, Article 665, 1—12.
https://doi.org/10.1145/3411764.3445187

Portions of Chapter 4:

Ludwig Wilhelm Wall, Oliver Schneider, and Daniel Vogel. 2023. Substiports:
User-Inserted Ad Hoc Objects as Reusable Structural Support for Unmodified
FDM 3D Printers. In Proceedings of the 36th Annual ACM Symposium on
User Interface Software and Technology (UIST "23). Association for Comput-
ing Machinery, New York, NY, USA, Article 34, 1—2o0.
https://doi.org/10.1145/3586183.3606718

1 https://authors.acm.org/author-resources/author-rights. Accessed July 21, 2024

iv


https://doi.org/10.1145/3411764.3445187
https://doi.org/10.1145/3586183.3606718
https://authors.acm.org/author-resources/author-rights

ABSTRACT

Personal fabrication devices such as fused deposition modeling 3D printers
are fairly slow, often produce lots of waste, and a fully automated fabrication
process can take away the cognitive value of crafting something by hand.
Interactive fabrication is instead often limited in scope or fidelity of the fab-
ricated items as it requires constant user guidance. However, intermittent
user interactions during the fabrication process are sufficient to alleviate
downsides of the fabrication process, and direct user involvement can pro-
vide a similar personal connection as crafting does. This thesis explores the
space of intermittent user interactions in between automated and interactive
fabrication. An initial investigation enables physical user interactions during
ongoing fabrication processes to reduce internal support material waste. A
study with fabrication experts reveals sources of waste and a desire to inter-
vene to take sustainable action. To address external support material as an
additional source of waste we investigate more complex or more frequent
user interactions. A technical evaluation quantifies the trade-off between
increased user involvement and material savings. We investigate frequent
interaction during fabrication by enabling sewing on unmodified 3D printers.
Our technical evaluation situates the design space of fabricated seams next to
traditional stitch patterns. We then examine the spectrum of user involvement
during fabrication as a whole through parametric partial assembly tasks. The
qualitative analysis of our survey reveal the perceived value of intermittent
interaction, scheduling preferences, and design guidelines how systems can
offer effective manual interaction options.
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INTRODUCTION

3D printing has the potential to be a highly sustainable form of manufacture
as it is a local, additive fabrication technology that is essentially geometry
agnostic. Local manufacture means that items need not be shipped around
the globe. Bioplastics made from renewable sources, such as PLA, can be used
as fabrication material and can also be produced locally. Since almost any
geometry can be fabricated, extensive set-ups like first creating casting moulds
is not required. Subtractive processes, such as stamping metal, turning a lathe,
or CNC machining necessarily produce cut-off waste. As an additive process,
3D printing does not necessitate creating waste. In the ideal case, only the
material required to build the item needs to be added.

For local, decentralized manufacture, the most impactful machine is the
one that is used by the most people. In personal fabrication, that is, digitally
assisted manufacture that happens at home, Fused Deposition Modeling
(FDM) 3D printing fulfills that role. FDM operates by heating a continuous
strand of thermoplast filament within a hotend nozzle. The filament is heated
beyond the glass transition temperature and deposited in thin layers onto
the build plate, or onto the growing shape, where it cools and hardens. The
movement of the print head that contains the heated nozzle is controlled by
a computer, and the desired geometry is built from the bottom up layer by
layer. 3-axis FDM printers offer an affordable and accessible entry to personal
fabrication since they are easy to set up and use. Even after more sustainable
fabrication devices become available, entry-level machines will likely remain
relevant for a long time, just like many other types of household appliances
suffer from slow adoption rates [20].

Yet, commodity FDM printers need to employ some wasteful printing
strategies to work around limitations of the technology. For example, parts of
a model may start being fabricated separately and are only joined together
later in the process. Such geometry would essentially be floating mid-air for
some time during fabrication, and will require printing support structures
that allow the viscous printing material to settle in the desired location despite
the pull of gravity. Support structures may be required on the outside and
within the model geometry itself. Internal support acts as “infill” that can
increase the mechanical properties of the object, but may also be superfluous
to its functionality. External support is often required to print disconnected
parts of a model or steep overhangs, and is simply called “support”. Overall,
these support structures can waste significant amounts of material. In a 2023
survey [106], 41% of users considered supports the biggest source of waste in
3D printing.

The inclusion of these wasteful processes is required to ensure that com-
modity printers can fabricate arbitrary geometries, but detracts from how
sustainable the technology can be in practice. It is desirable to find ways to
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make the process less wasteful that are compatible with existing 3D printing
machines and commodity technology.

Current 3D printing workflows typically require user interactions at the
start and end of a fabrication job, as well as occasional interventions during
the process itself. Each print job needs to be started, which may require
additional setup, such as providing the desired spool of filament, changing,
cleaning, or preparing the build plate, changing the printing nozzle, or
configuring machine settings. After each job, the fabricated model needs
to be removed and cleaned from supports, brims or rafts, and potentially
assembled, the build area needs to be cleared up in preparation for following
jobs, and filament may need to be stored to prevent hydration. During the
print, user assistance may be required to change or refill the filament spool,
to remove build-up of debris on the nozzle, or to recover from errors caused
by bumping into the machine, resuming after a power outage, or a clogged
nozzle. In each case, the user performs a task that would be unfeasible or
impossible to automate, but is reasonably quick and easy for a person to do.
Such interactions are commonplace and typically accepted without question.
Adding a few additional interactions that are similarly fast and easy may be
acceptable to most users, especially if they can provide substantial benefits.
But what kind of benefits can be achieved with a limited amount of brief user
interactions?

Interleaving human and machine processes is a well established approach
in many areas. It is commonly referred to as human-in-the-loop interaction
(HITL). In software systems for example, human input is used to steer training
and select critical data during machine learning processes [7], or to drive
simulations used to test software systems or train vehicle operators [1, 62,
88, 100]. Additionally, safety critical domains, such as air traffic control,
keep humans in the loop to ensure safe operation among various automated
processes [60, 64]. More broadly speaking, any partly automated process that
requires occasional user input, such as driving a semi-autonomous vehicle,
could be considered a kind of human-in-the-loop interaction. For example, a
simple installation of a software package will typically halt a few times for
users to make selections or provide confirmations.

Turn-taking has experienced a recent renaissance due to large language
model (LLM) applications. As it relies on written or spoken dialogue for
interaction, turn-taking feels natural, and users can rely on their vast experi-
ence of engaging in dialogue with people. In fact, simultaneous inputs and
outputs during a dialogue is typically considered a communication error [98].
During the advent of computer interfaces, the speed of the back and forth of
turn-taking was limited by long processing times. Batch processing reduced
required user inputs and effort by grouping commands and jobs together.
This also allowed making better use of a limited computation resource by
reducing idle times when the system waits for user input. Now, the speed
of turn taking is typically limited by the speed of user input, as it takes time
for a person to understand the presented information and catch up to the
actions that the system has taken. Batch processing remains useful as users
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can often evaluate the results of a batch as a whole, requiring less of the
user’s attention, which is now typically the limited resource.

Today, in most digital applications, users can directly manipulate the system
state. This “direct manipulation” has become the dominant form of interaction
in software systems where applicable. By working at the exact pace of user
input, this typically avoids both waiting times and the need to catch up to
actions performed by the system. However, interaction frequency remains
a spectrum and interaction methods where the user and the system take
alternating turns remain relevant in applications where direct manipulation
is not feasible or not desirable.

Direct manipulation in software systems tends to be intuitive and fast.
When crafting something by hand in a workshop, interactions are also intu-
itive, but not necessarily fast. For example, marking a pencil line on a wooden
beam can be done as fast as drawing a line in illustration software, but cutting
the beam along that line takes time. Some crafting operations, like waiting for
glue to set and harden, take so long to complete that they necessitate extensive
waiting periods between operations. Bound to physical limitations, crafting
can be thought of as slow direct manipulation with turn-taking. Making sub-
stantial changes in the physical world takes time, as increasing speed requires
increasing force, and when force becomes excessive, being productive turns
to being destructive. Consider how the washing machine is decades older
than the PC, yet, the time it takes to wash clothes has not changed drastically.
As such, they are operated in a turn-taking manner, with requisite loading
and unloading interactions, and potential interventions mid-operation to add
fabric softener or additional laundry.

Current personal fabrication machines follow the turn taking paradigm, as
their execution speed is very slow. Making use of established human in the
loop software interactions during fabrication seems incompatible when pauses
between interactions can last for hours. Even particularly fast machines, such
as laser cutters, fail to reach interactive speeds. Further physical and machine
limitations make personal fabrication less sustainable than it ideally could
be. However, fabrication machines sit right at the intersection between the
analog and the digital world, transforming digital data into analog artifacts.
Can personal fabrication follow the footsteps of the history of computation,
where software systems help us use make better use of hardware? Since the
machines still need to operate in the analog world, the user may facilitate
this transition through physical user interactions. By adding a few quick user
interactions, we may be able to improve personal fabrication by making it
faster and more sustainable. In other words, keeping users in the loop to
assist during automated fabrication processes may be a way to make them
more sustainable. But what does including human in the loop interactions
mean for prolonged processes where interactions could be spread out over
hours? Are users willing to participate under these conditions for their own
benefit or in the name of sustainability?

Prior work that makes use of user interactions during printing pauses
typically ignores the effort required to intervene. This thesis however adopts
the view that a successful combination of human in the loop interactions
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and personal fabrication that extends beyond minimal interventions requires
software that acknowledges the user as part of the process. Making the user
part of the process also allows to directly address physical limitations of
fabrication processes that make them slow and wasteful.

We demonstrate how this combination can improve personal fabrication by
making it more versatile and sustainable, and provide insights and tools to
assist in the creation of future software tools that make use of repeated brief
interactions.

This thesis investigates keeping the human in the loop during fabrication
using intermittent interactions, which describes a turn-taking approach to
interacting with semi-automated fabrication processes that require periodic
user interventions where interactions can also be initiated by the system after
a waiting period. I define intermittent interaction with fabrication devices
as periodic user interventions during an ongoing process with prolonged
breaks between interactions, typically lasting tens of minutes to several hours,
to accomplish manual tasks that would be impractical or impossible for an
automated system to perform. Intermittent interactions allow working with
personal fabrication machines to make better things, and working around
machine limitations to make things better.

1.1 RESEARCH GOALS

The high-level research objectives of this thesis are improving the sustainabil-
ity and output options of personal fabrication, and to examine how software
systems can reduce the user effort of interacting with fabrication devices
during the process.

In particular, we investigate three core research questions in projects spread
throughout the usage space of intermittent interaction:

RQ 1 How can intermittent interaction reduce the material and energy usage of
FDM 3D printing to make commodity fabrication devices more sustain-
able?

RQ 2 How can intermittent interaction enable novel output options using un-
modified personal fabrication devices?

RQ 3 What are the subjective costs and benefits associated with intermittent in-
teraction, and how can the perceived costs of interacting be parameterized
and reduced?

1.2 RESEARCH CONTRIBUTIONS

We contribute four projects in pursuit of these research questions (Figure 1.1).
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Figure 1.1: The user involvement spectrum of Intermittent Interaction. The first three projects aligned left to right explore
increasing levels of user involvement. The fourth project evaluates the spectrum as a whole.

Scrappy and Substiports

The first two research projects answer RQ 1 by building software systems
that enable intermittent interactions to reduce printing wasteful internal and
external support structures.

The creation of printed support materials is often the most severe source of
waste in personal fabrication. Additionally, fabricating supports considerably
increases fabrication times and can decrease the surface finish quality of
fabricated objects. For example, external support structures introduce addi-
tional travel moves between the model itself and the support, and necessitate
crossing the borders of the model, which can leave marks or thin strands of
excess material on the surface. Support material touching the model can bond
the two together, which can leave further surface blemishes. Wasting printing
material further increases running costs, and slow operation makes using the
machines less attractive to current and potential new users. We introduce two
systems to demonstrate how intermittent interaction can improve existing
personal fabrication workflows. Through these software systems, Scrappy
and Substiports, foreign objects are used to replace part of the internal or
external support structures of a fabricated object to lower the costs of creating
the object.

The Substiports project pushes sustainability improvements further by en-
abling multiple user interactions with more complex interaction opportunities.
Even with additional interactions, long gaps remain between each of them
due to the slow speed of 3D printing. Our system replaces external support
structures with user-placed objects with variable sizes and ad-hoc towers.
As external support often surrounds models, to support most of it, a user
may have to be involved in the fabrication process multiple times and at
different stages of the process to effectively address this source of wasting
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material. As the system considers the complexity and density of interactions
during optimization to evaluate various replacement options, the system also
provides insights into RQ 3.

FabricAtion

To answer RQ 2 and investigate intermittent interactions that approach inter-
active fabrication, we designed a novel fabrication method where the user
fulfills an instrumental role in the construction of the final object, rather
than improving an existing workflow. Our system enables a new fabrication
process inspired by sewing through sets of user interactions and fabrication
steps that are combined into batches. This method uses 3D printed “needles”
and “thread” to attach layers of fabric. The automation provided by the fabri-
cation machines can be used to guide users without sewing expertise. This
project explores interactions that require the attention of the user for periods
of time between batched jobs by grouping multiple short tasks into a single
interaction and by combining fabrication steps to run in parallel.

Intermittent Interaction Study

The final project gathers qualitative data observing the intermittent interaction
participation spectrum as a whole and to answer research question RQ 3. It
is an in-situ multi-day user study where participants are asked to perform
repeatable synthetic assembly tasks that mimic the frequency and complexity
of intermittent interaction during fabrication. Specifically, locked boxes with
LEGO pieces are handed out to participants. The LEGO pieces are used to
perform manual assembly tasks, which represent the high precision and
low effort tasks of prior systems. Custom assembly instructions control the
complexity of each assembly step and are provided through a custom online
server, which handles timed notifications that mimic interaction requests
during a fabrication process. The timing of the notifications ensures that
each assembly requires 4 hours to complete. The study is designed to pro-
vide complementary data to the quantitative measures gathered in previous
projects. Study insights are used to define design guidelines for incorporating
intermittent interaction into software systems to make research results more
accessible for practical application.

To situate these projects, we describe relevant related work in the following
chapter before presenting and discussing each research project in detail.



RELATED WORK

The work related to the research projects in this thesis can broadly be cat-
egorized into three groups. The first group covers interactive fabrication,
in which a user works in collaboration with the machine during the entire
process. The second group handles works that leverage pausing a fabrication
process to interject some additional step. These steps are often performed
fully automatically by motion controlled systems, such as robot arms, instead
of by a user. The third group contains works that aim to improve traditional
fully automatic personal fabrication.

2.1 INTERACTIVE FABRICATION

Interactive fabrication uses real-time user inputs to control digital fabrication
devices. In the most basic form, this approach resembles crafting with hand
tools, but makes use of digital tools instead.

2.1.1 Assisted Crafting

Approaching interactive fabrication are methods that use traditional hand
tools, but also make use of digital guidance systems to assist unskilled users.
These methods may best be described as assisted crafting. As an example,
augmented reality techniques can be used to indicate areas of a work piece
that should be removed to carve out a model [35, 86]. Drill Sergeant [94]
augments a variety of analog tools to project visual in-situ instructions that
help to complete project tutorials.

2.1.2 Handheld Fabrication Tools

A common approach to allow users to steer the fabrication process directly is
to put the tool directly into the user’s hands. Interactive fabrication systems
that make use of handheld devices can broadly be thought of as digital hand
tools enhanced by a support system. In these systems, one role of the user is
positioning the tool around the work piece to be able to engage with it from
almost arbitrary angles.

For example, digital handheld milling tools [128-130] provide the milling
capabilities of a rotary tool (e.g. a Dremel) and combine it with a digital
3D model of the work piece that is used to guide or document the process.
By tracking the current location of the tool, the 3D model can be used to
prevent milling material that should be part of the model by halting the tool
as it approaches the model boundary. The accuracy of the process can be
improved by including a small-scale motion control system within the tool

2
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that can apply fine adjustments to the position of the tool head. Alternatively,
the positional data can be used to create a new model or make adjustments
to an existing one by tracking which points in space have been milled away
and should therefore no longer be part of the 3D model.

Since the tool needs to be light enough to be moved both by the user and the
included motion control system, the power and speed of operation are limited.
As a result, application scenarios for the tools are limited to soft materials,
such as balsa foam, or to smaller sized models. Manufacturing times would
become untenable for larger models or harder materials. 3D printing pens,
which operate similar to FDM 3D printers by additively building up a model,
suffer from a similar issue. Creating a large model that would take multiple
days to fabricate on a 3D printer with a handheld pen would require excessive
amounts of user effort and would have to be broken up into many interactive
fabrication sessions. As a result, prior work that makes use of 3D printing
pens suggest application scenarios that are limited to for example small scale
tools and models or simple sensory circuits [89, 124, 131].

2.1.3 Stationary Fabrication Tools

Other interactive fabrication systems use stationary devices that put less of
a physical burden on the user. They allow engaging with sturdier materials
or larger projects by increasing the speed of the fabrication process. Despite
the increased speed, these systems are often still primarily designed as ex-
ploratory tools for drafting and prototyping, as the creation of high fidelity
objects would require extensive active time investments.

Higher speeds can be achieved by making use of faster fabrication processes
or by making adjustments to the process, such as restricting the output to a
simplified version of the object [79]. RoOMA [78] for example fabricates objects
through a motion controlled robot arm that is being used as a 3D printer.
A user provides spatial inputs which are then manifested physically as a
printed wireframe outline by the robot arm in real time. This work allows
designing and printing directly on existing objects by 3D scanning parts of
the object. RoOMA is primarily designed as a prototyping tool and requires
extensive additional hardware, such as a robot arm, to print onto existing
objects. FormFab [70] makes use of formative fabrication, reshaping a plate of
material that becomes pliable when heated. The process introduced by this
project is highly expressive, but lacks precision compared to other fabrication
methods.

Turn-by-Wire [105] and Interactive Construction [68] make use of a digitally
driven lathe and a laser cutter respectively. These subtractive fabrication
methods are fast enough that they offer the potential to perform interactive
fabrication with sturdy materials to create high fidelity models intended
for production rather than drafting. The steps taken during an interactive
fabrication session can be recorded, modified, and re-run without further user
interaction on other work pieces. For large work pieces, lengthy fabrication
sessions may be required, potentially including idle times of several minutes
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while the user waits for a fabrication step to complete. Both projects could
however be employed as a special form of intermittent interactions in which
all interactions are performed at the start of the fabrication process. To do
so, the fabrication steps are recorded in an interactive session on a small
and soft work piece to avoid waiting times. Afterwards, the fabrication of
a production piece is performed automatically on a larger work piece by
running an adjusted, scaled up version of the recorded instructions.

2.2 PRINT-PAUSE-PRINT APPROACH

The body of work most related to this thesis contains interruptions to an
otherwise automated fabrication process. The interruption often allows a user
to perform an interactive task, but is sometimes used to allow a separate
or even external part of a system to perform an automated action without
interfering with the fabrication process. Outside of personal fabrication, this
approach has been coined Print-Pause-Print (PPP).

2.2.1  Improving the printing result

The PPP approach has been applied in the construction of a variety of 3D
printed fluidic devices. For example, Pinger et al. [80] proposed observing
and manually pausing the fabrication process once it reaches the desired
layer height. During this pause, the observer places a precut thin membrane
onto the printed part, which acts as a barrier that separates a fluid chamber
into two parts. Gaal et al. [30] integrated different types of material into a 3D
printed microchannel. The integrated material is used as an electric sensor to
create an artificial tongue, as the impedance of the material changes when
in contact with fluids during tasting. Custom machine code was added to
the fabrication process to create a pause. Inserted materials were affixed with
tape to secure them in place. Further examples include integrating a magnetic
stirbar into a fluid chamber [95], and filling chambers with liquid reactants
[53, 54] during a printing pause before they are sealed once printing continues.
Banna et al. [10] attempted to insert sensors that monitor water quality during
a printing pause. The approach was abandoned due to misalignment issues.
These projects are limited to a single, manually guided printing pause.
Given the limited application of pauses and reliability issues being noted,
guidelines and systems to support mid-print interactions may be desirable.

Some previous work proposes interaction methods that use or resemble
intermittent interactions and also aims to improve personal fabrication in
general, rather than fluidic devices.

2.2.1.1 Printing onto objects

Integrating existing objects into the design and fabrication of 3D models
has been explored previously in various ways, including printing on top of
other objects. Encore [18] is a method to print on top of existing objects to
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enhance them, and to print through loops of existing objects, such as the
handles of scissors. To do so, the loop is placed inside a printed trough during
fabrication, before printing on top of the trough which closes a second loop
through the first one.

Attempting to fit a fabricated part to an existing object often requires
multiple iterations before achieving the desired fit. This process can be sped
up by incorporating the target object directly in the fabrication process. The
fabrication process can be customized to specific objects for example by
integrating a touch screen into the fabrication machine that allows capturing
the object’s outline and modelling around it directly in Fitter [3], or by pushing
an object into resin actively being cured to create a perfect mold or fixture
around it [127].

2.2.1.2 Inserting objects into prints

Printy3D [125], HotFlex [34], and other systems [22, 27, 97] incorporate
electronic components and physical widgets to enhance the functionality of
fabricated objects. These components are inserted during printing, which is
a form of intermittent user interactions. To investigate the design of nesting
objects that can be inserted during fabrication, Jacobson created a generalized
way of approximating the maximum scale at which one model fits within
another [41].

2.2.2  Improving the printing process

With the help of complex motion controlled mechanisms, the printing process
itself can be improved. For example, by replacing some of the exterior support
structures or by moving elevated platforms to print on into place. Xu et al. [37,
121] propose subdividing the build plate and integrating a motion controlled
system to dynamically raise parts of the build plate during fabrication. This
makes the build plate programmable, as the height of each segment of the
build plate can be adjusted by inserting lifting rods of varying length before
printing starts. Parts of the build plate are then raised automatically to their
mechanically pre-programmed heights during fabrication and used as an
elevated printing surface to replace printed supports. The build plate is
segmented into a grid of 11 x 9 square segments, each 12.7 by 12.7 mm. A
layout optimization algorithm provides user instructions on how to program
the build plate by manually inserting a grid of rods. The system does not
take the user effort for this front-loaded interaction into account. Intermittent
interactions can instead also be used to provide elevated printing surfaces.
Yigit et al. [123] introduce a simulated system that uses pre-fabricated
reusable modular support replacement objects. A virtual robot arm is pro-
grammed to place modular blocks onto the build platform during a simulated
printing process. In this approach, support towers are generated on a 1x1 cm
grid, and a sliding window algorithm is used to place 4x4x4 cm blocks. An
average of 75.5% support material savings are reported for two test models.
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2.2.3 Expressive Iteration

Some projects perform multiple iterations of fully automated fabrication with
manual crafting steps in between iterations. Multiple iterations of such turn
taking in combination closely resemble intermittent interaction usage pattern.
ReForm [117] allows designing 3D models by using clay prototypes. Users
manipulate the clay using their hands to make quick free-form adjustments.
During the automated parts of fabrication, the printer scans the model, ex-
trudes new clay and mills away parts of the model. 3D Pen + 3D Printer
[102] explores the benefits to expression and creativity via delaying parts of
the design process until the base version of a model has been printed. By
allowing users to make manual adjustment with hand tools like a 3D printing
pen, the work shows that creative customization tasks can be separated from
the bulk effort of the fabrication process.

2.3 FULLY AUTOMATED PERSONAL FABRICATION

Prior work has established several techniques that make fabrication more
sustainable, or that speed up iteration. For example, trying to limit the amount
of support required to achieve a successful print is a key topic in FDM 3D
printing.

2.3.1  Saving Support Material

The geometry of the support itself can be adjusted to reduce material usage.
For example, supports can be merged into smaller columns [38], they can
form truss, scaffolding, or tree structures [23, 26, 44, 110], or the support
volume can be filled with material efficient micro structures [101].

In some cases printing support material underneath overhangs can be
avoided entirely. Print on Air [11, 25] creates horizontal overhangs by carefully
attaching material sideways onto existing geometry by making use of reduced
printing speeds and strong cooling. This method was shown to be successful
for overhangs of 9o° relative to the printing direction. A similar effect of
depositing material sideways onto existing geometry can be achieved by
adjusting the slicing process to divide the printed model into non-planar
slices [72]. When following these non-planar tool paths the print head moves
slightly up and down relative to the build plate. This up and down motion
aids in the sideways deposition of material and can enable printing overhangs
of slightly above 9o°, limited by the geometry of the print head.

RoboFDM [119] offers a different way that can potentially avoid all support
material. By attaching the build plate to a robotic arm, models can be printed
without being restricted to a single building direction. By rotating the build
plate during fabrication, parts of the model that would have conventionally
required external support material can often be positioned such that the
already printed parts of the model provide the surface to print on instead.

11
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2.3.2 Saving Printing Material

Other prior work aims to reduce the amount of material used to create the
model. For example, WirePrint [67] approximates the objects” surface by
printing a wireframe version of the geometry, but this reduces fidelity and
is therefore only applicable for certain kinds of rapid prototyping. If object
detail is important, material consumption can be reduced by optimizing the
required infill to support all exterior walls of the object [46], or to optimize
only for expected loads [33, 120].

Patching Physical Objects [104] enables printing onto existing objects with
the purpose of making physical adjustments to the model or performing
repairs. Under the right circumstances this can avoid printing support material
entirely by avoiding to print a new model, but also requires additional
hardware in the form of a depth camera, a mill and a 5-axis rotating platform.

PackMerger [111] converts the printed model into a shell, divides it into
segments, and arranges the segments to minimize the support material re-
quired to print each segment. This method is not applicable to models with
high mechanical requirements and requires additional user effort to glue the
printed parts together to assemble the model.

When printing multiple models at once, slicers commonly place the models
sufficiently far apart from each other that printing one does not interfere
with the printing process of another. Jiang et al. [45] propose arranging
multiple models in such a way that smaller objects are placed underneath
the overhangs of larger models. This way, the smaller models can act as
an elevated platform to print on and replace some of the support material
required to print the larger models.

Instead of directly reducing material usage, fabrication can be made more
sustainable by recycling the material of prints that are no longer in use. It has,
however, been shown that the mechanical properties of recycled materials
degrade with each recycling iteration [77], and the recycling process itself is
energy intensive. Systems that are deployed in changing environments can be
made more sustainable by employing a modular system design that allows
reusing most of the parts while only fabricating and switching modules when
circumstances change [96].

2.3.3 Construction systems

One way to make fabrication more sustainable is to create or incorporate a
construction system that approximates 3D models. Prior work has already
incorporated ready-made objects, such as specific bottles or cans, in 3D
models to replace parts of large structures instead of printing them. TrussFab
[55] for example uses certain types of bottles to create sturdy human scale
truss structures, and ReFabricator [122] approximates large arbitrary shapes
using everyday objects. This enables the creation of structures that surpass
the printing volume of the printer that helped create them. By printing only
connectors and approximating the overall shape of the 3D model, these
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projects also reduce the amount of printing material that would otherwise
be needed to fabricate them. Fabrickation [69] instead uses LEGO bricks to
replace most of the models” geometry while only 3D printing the parts of the
object in high fidelity that are crucial to its function. While mainly intended
to reduce print times, this system allows reusing parts of the models once
they are no longer needed. Although these works improve the sustainability
of prints, they lower the output fidelity by approximating the desired original
shape.

2.3.4 Summary

The space of intermittent interactions during fabrication sits between au-
tomated personal fabrication and interactive fabrication, and techniques
introduced in either domain may be relevant to inform the design of human-
in-the-loop fabrication systems. Introducing intermittent interactions to both
fully automated and fully user driven applications could improve their respec-
tive workflows, such as reducing either their usage costs, or the user effort
required to perform them. And little work exists that makes use of more than
one interaction during long duration processes. We begin our exploration of
the usage space at the low interaction end of the spectrum, aiming to improve
fully automated fabrication.

In the following chapter, we present a software system for fused deposition
modelling 3D printing that replaces infill material with scrap to reduce
material and energy consumption. Example scrap objects include unused
3D prints from prototyping and calibration, household waste like coffee
cups, and off-cuts from other fabrication projects. To achieve this, our system
integrates into an existing CAD workflow and manages a database of common
items, previous prints, and manually entered objects. While modelling in
a standard CAD application, the system suggests objects to insert, ranked
by how much infill material they could replace. This computation extends
an existing nesting algorithm to determine which objects fit, optimize their
alignment, and adjust the enclosing mesh geometry. While printing, the
system uses custom tool-paths and animated instructions to enable anyone
nearby to manually insert the scrap material.
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Personal fabrication methods naturally generate scrap. Our formative study
showed that failed prints, tests, and offcuts occur naturally in the iterative,
creative practice of designing and testing physical objects. While experts
might strive to use material efficiently, there will still be waste; with novices,
there will be even more. These scrap objects are often thrown out, but some
end up cluttering work spaces with the hope they can be used in the future. In
some fabrication environments, bags of waste objects are stored for years with
the hope of finding an eventual use. The process of re-melting waste filament
to create new spools is commonly known, but almost never implemented,
since it requires specialized machines and reduces filament quality.
Meanwhile, fused deposition modelling (FDM) 3D printers, the most con-
sumer friendly and widespread computer aided fabrication tool, use time,
energy, and material to create infill for critical internal support structures.
This infill sparsely fills the internal volume, most commonly using a repeating
pattern such as a honeycomb. We propose to repurpose scrap by integrating
it into FDM prints, reducing the material consumption of infill while also
finding a new use for scrap objects. Compared to recycling methods like re-
melting old prints into new filament [9], our approach requires no additional
equipment, does not degrade printed material, and can reuse many other
types of scraps, objects, and materials. With the exception of food and other
materials that can decay quickly, most materials are suitable as scrap in our
system. Examples include single-use packaging, such as jars, lids, and boxes,
discarded hardware, such as CDs, floppy discs, and tools that come with
construction kits, or consumable items, such as markers, chopsticks, glue
sticks, and empty tape spools. Since our system works on a wide variety of
scrap materials, even users who already have the means to re-melt their old

Figure 3.1: Scrappy is a system that lets users use scrap objects as infill to reduce time, cost, and material: (a) a library tracks
scrap objects, like an old print, as well as other common objects; (b) an add-in for Fusion 360 suggests scraps from
the library that can fit into a model, sorted by saved printing time; (c) an algorithm finds the best scrap placement
and generates a modified model; (d) a custom slicer optimizes infill and adds machine commands to pause the
printer with instructions how to insert the scrap into the object; (e) the final printed object has the scrap inside,
reducing the material, time, and energy needed to print.
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prints into new filament can benefit from our system. During testing, we were
able to continue printing on all tested materials, which were stone, wood,
metal and plastic.

Recycling is a conscious choice that many Do It Yourself (DIY) supporters
have already made. It takes some additional time and effort for example to
wash out an empty jar so that it can be recycled, instead of just putting it in the
trash. Recycling requires an object to be reduced to its raw materials so that
it can be re-injected into the manufacturing cycle, which requires additional
energy. Similar to recycling, using our system requires some additional effort.
Unlike recycling objects that have no more use though, our system provides a
way to directly repurpose them in their current form. This repurposing effort
in turn provides direct cost savings to the user, as well as contributing to a
more sustainable lifestyle.

We introduce Scrappy, a system that automatically searches a library of
scrap objects for ones that fit into a CAD model, ordered by how much infill
it would replace. The implemented system shown consists of a Fusion 360
plugin to monitor the modelling process, search for fitting scrap objects in
the background, and compute a hollowed 3D model and printing instruction
files to fabricate the model with the selected scrap inside (Figure 3.1). Our
insertion engine that handles the search for possible scrap inserts is based on
an existing 3D nesting algorithm [41]. A web-based scrap library keeps track
of scrap objects, helps users find them in the workshop, and allows them to
add new scrap. A customized slicer software generates printer code optimized
for scrap insertions. We demonstrate how Scrappy handles common scrap,
including previous outdated or broken prints, single use packaging, broken
hardware, and many more, showing that scrap-filled objects require less
material, time, and energy to fabricate.

The costs for this approach are a single short user interaction during
fabrication, additional computation, and maintaining a scrap library. Most
importantly, scrap has to be inserted into the model while it is being printed.
Determining which scraps can fit inside a model and adjusting the model
accordingly requires additional computation. And finally, the system requires
knowledge about which scrap objects are available for insertion, and this
set of scraps must be filled. Our system design minimizes these costs. It
supports the user in maintaining a scrap library, providing simple ways to
add new scrap, automatically erasing integrated scrap from the database, and
providing guidance for identification and location of binned scrap objects.
This effort in return provides cost savings to the user, as well as contributing
to more sustainable fabrication.

We contribute the idea of re-using many types of scraps as 3D printed
infill, and a working system enabled by a novel combination of a custom
add-in, slicer modification, a purpose-built end-to-end database, and a novel
extension of a geometry processing algorithm.
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3.1 BACKGROUND AND RELATED WORK

Prior work has established several techniques that make fabrication more
sustainable, though often as a by-product of trying to speed up iteration. We
discuss prior work through the lens of sustainability, even though most of
these works were motivated by speeding up iteration or increasing print sizes.

3.1.1  Optimizing prints to reduce material usage

Developing ways to reduce the amount of material necessary to print a
model saves time and money, and indirectly also increases sustainability. For
example, systems from Mueller et al. [67] and Peng et al. [79] approximate
the object’s surface, by printing a wireframe version of the geometry, but
this reduces fidelity and is therefore only applicable for certain kinds of
rapid prototyping. If object detail is important, material consumption can
be reduced by optimizing the required infill to support all exterior walls of
the object [46], or to optimize only for expected loads [33, 120]. Our system
follows a different approach to reduce infill and can be applied in conjunction
with infill optimization for even greater material savings. It furthermore
works not only for prototypes that approximate the geometry, but also for
production quality prints.

3.1.2  Recycling filament material

A different approach to sustainable fabrication is to directly recycle the
material of prints that are no longer in use. It has, however, been shown that
the mechanical material properties of recycled materials degrade with each
recycling iteration [77], and the recycling process itself is energy intensive.
Systems that are deployed in changing environments can be made more
sustainable by employing a modular system design that allows reusing most
of the parts while only fabricating and switching modules when circumstances
change [96].

3.1.3 Printing onto objects

Attempting to fit a fabricated part to an existing object often requires multiple
iterations before achieving the desired fit. This process can be sped up by
incorporating the target object directly in the fabrication process. Reducing
the amount of iteration also makes the process more sustainable. Integrat-
ing existing objects into the design and fabrication of 3D models has been
explored in various ways. Encore [18] is a method to print on top of existing
objects to enhance them, and to print through loops of existing objects, such
as the handles of scissors. To do so, the loop is placed inside a printed trough
during fabrication, before printing on top of the trough which closes a second
loop through the first one. Other projects aim to customize the fabrication
process to specific objects, for example by integrating a touch screen into the
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fabrication machine that allows capturing the objects outline and modelling
around it directly in Fitter [3], or by pushing an object into resin actively
being cured to create a perfect mold or fixture around it [127].

3.1.4 Inserting objects into prints

Printy3D [125], HotFlex [34] and other systems [22, 27, 97] incorporate elec-
tronic components and physical widgets to enhance the functionality of
fabricated objects. Similar to our system, these components are inserted dur-
ing printing. Medley [17] creates fittings during the modelling of the object
that allow adding parts such as screws, metal wire, or sandpaper after fabrica-
tion to enhance the object’s mechanical properties. Our system also involves
integrating foreign objects, but for a different goal. To investigate the design
of nesting objects, Jacobson created a generalized way of approximating the
maximum scale at which one model fits within another [41]. Our inclusion
engine is based on their algorithm, but solves a different problem. Both will
be discussed further in section 3.4.2.

3.2 FORMATIVE INTERVIEWS

To help guide our work, we interviewed two experts who run makerspaces
(P1, P2) and two people with makerspace experience who now work in
industrial fabrication (P3, P4). We discussed challenges in fabrication and
prototyping, and attitudes and practices regarding sustainability in fabrication.
The interviews were one hour long on average. Three participants were male,
and one was female.

SOURCES OF WASTE  We found that makerspaces are regularly visited by
people who do not have a lot of experience making things and who do
not own fabrication equipment themselves. A lack of experience makes it
more likely to encounter problems. They may require more iteration before
successfully fabricating their intended design. Makerspaces thus generate lots
of waste (P1, P2).

Expert users, especially those who run makerspaces, care about being
sustainable (P1-4). Makerspace managers (P1, P2) recycle what they can,
and store the rest. One of the makerspaces (P1) essentially stores all PLA
waste indefinitely, since it can not be recycled easily by their municipality.
Re-melting waste into filament to create new spools would be beneficial, but it
is difficult. Waste material first has to be ground up into small shreds and its
thickness has to conform to tight tolerances. The machinery required to create
quality filament would require an investment comparable in size to a small
printer farm, and none of the makerspaces frequented by our participants
had such equipment. One participant (P4) heats up and presses old filament
from support material into plates for laser cutting, but these plates are smaller
than desired.
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Much of the stored material has a “recognizable shape” (P1), so repur-
posing some of it seems feasible. Makers often hold on to failed prints and
early prototypes (P1, P3, P4), sometimes until they move (P4). They keep
these objects as a reminder to avoid specific printing issues (P1, P4), out of
sentimental reasons (P4), or in the hope that they can one day reuse them
somehow (P1). All four participants stored some kinds of waste material like
failed prints or off-cuts at least temporarily, and when asked, all were willing
to store failed prints and other scrap for longer if they could benefit from
them in the future.

PRINT TIME IS VALUABLE Since there are usually more users than ma-
chines in a makerspace, makers often have limited access to machines. Printing
time is as much of a valuable resource as the filament itself. The managers
of the makerspaces (P1, P2) provide guidance, training, and proven printing
settings to those with less experience. They try to optimize these printing
settings for speed and to minimize material usage, but increasing the chance
of successful prints usually still takes priority. They encourage makers to use
other prototyping methods, such as making sketches and paper prototypes,
to make low fidelity prototypes, and to print models at a smaller scale first.
Makers however rarely make use of these methods, as “they need permission
to make it low fidelity.” (P1). Makers still require two to twelve iterations
before finishing a project, with more experienced makers requiring fewer
iterations than novice makers.

COLLABORATION Makers often collaborate on their projects, for example,
by sharing printing tips and by brainstorming on how to realize challenging
designs. They prefer watching the printing process or at least being in the
same room to be able to intervene quickly in case of a printing issue (P1, P3,
P4). They even collaborate with strangers, for example by asking someone
else to watch their print while they are away (P4). Most would even intervene
when they notice an issue without being asked to watch over the process, or
empty the build plate and start a queued up print of another maker.

AVAILABLE SOFTWARE AND HARDWARE Our participants have experi-
ence in other types of fabrication beyond FDM printing, for example with
stereolithography resin printing (P2, P3), using CNC routers or laser cutters
(P1, P2, P4), or designing clothes digitally (P3). They use a variety of software
tools to support them in their fabrication efforts, and all of them were experi-
enced in Autodesk Fusion 360 [8]. Their experience was not limited to digital
fabrication either, and all had experience in other domains like woodworking,
machining, electronic repairs, and so on.

SUMMARY Our interviews showed that makers and makerspaces store a
variety of essentially useless objects. They desire faster processes and being
more sustainable, both in using less material and in finding ways to reuse
their waste materials. They also regularly observe fabrication processes and
are willing to interact with the processes of other makerspace users within
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the same space. Fusion 360 is a commonly used 3D modelling software in
makerspace environments. These results were encouraging, and we tried to
incorporate ways to repurpose common waste materials with recognizable
shapes, such as old and failed prints and off-cuts, as we designed our system.

3.3 WORKFLOW AND EXAMPLES

We walk through how our system works, using the example of designing and
printing a Tardis (the phonebooth model in Fig. 3.2). Before beginning the
project, this user or others have populated a library of 3D models of scrap
objects. These could be past prints or objects that might otherwise be thrown
out. In our example, we assume the model of an unwanted salt-shaker was
entered using a procedurally generated jar geometry.

The user begins the project in Autodesk Fusion 360 by modelling or loading
the Tardis. Our Fusion 360 add-in examines the Tardis geometry and the
geometries of all available scraps and recommends feasible scrap objects
that could be inserted within the Tardis model. This recommendation can
either occur in the background as the user updates the Tardis geometry,
or on demand by clicking a button. The add-in provides previews for how
different fitting scrap objects could be integrated within the Tardis, such as
the unwanted salt-shaker. These different options are sorted in descending
order by their volume to make it easy to identify the most beneficial insertion
objects. The previews also allow users to identify and avoid inserts with
potential printing issues, such as gaps around the inserted scrap that are
too wide, or to make changes to the model that could accommodate scrap
alignments that are easier to print. Our algorithm for determining insertion
feasibility ensures that the scrap material does not stick out of the model and
collide with the moving print head.

The user can then either load a preview scrap object directly into the scene
to inspect its alignment further, or request the hollowed geometry: the original
exterior of the Tardis with an embedded inner cavity snugly fitting the scrap.
Both identifying possible scrap inserts and generating the hollowed meshes
are performed on a dedicated server. This separation of tasks ensures that the
3D modelling process runs smoothly, even while potentially computationally
intensive procedures are performed in the background. The user decides to
print the Tardis using the first scrap shown in Fig. 3.2 (b).

Our add-in exports the exterior and interior surfaces to our scrap-aware 3D
printing slicing algorithm, and the printing begins. The generated G-Code
commands include a PAUSE command at the moment when the user should
insert the scrap, moving the print head out of the way for clearance. Precise
insertion instructions are simultaneously visualized on the printer’s display
screen. The user inserts the scrap and confirms that printing should resume.

The final result is a 3D printed model of a Tardis with a salt shaker embed-
ded inside, saving time, material, and energy.
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Figure 3.2: Fusion 360 integration: (a) our add-in panel displays a list of compatible scrap with previews; (b) detail of previews
showing compatible scraps that would fit into a large model, such as a plastic salt shaker, a beer can, a soda can,
or a cardboard packaging box.

3.3.1 Populating the Scrap Library

The scrap library can be populated by uploading an existing 3D model, using
the failed print generator, using one of the packaging generators, or the plate
outline generator. In the previous example, the salt shaker mesh was created
using the jar packaging generator.

UPLOAD EXISTING MODEL When a 3D model of the scrap object readily
exists, we can simply load it into the library. This covers a large number
of scenarios: previous successful prints, objects with standardized or well-
known geometries found online (e.g., CD cases, bottle caps, GameBoys), or
3D models acquired from unique physical objects through 3D scanning.

FAILED PRINTS 3D printing does not always succeed. As a result, most
makerspaces have an abundance of partial prints and failed prints. Our scrap
library captures a common type of failed print, where printing proceeds
successfully up until a point of failure. A variety of issues can lead to this
kind of failure, such as a clogged printing nozzle, running out of filament,
or the print getting knocked loose off the build plate. For other types of
failures that continue printing, but with corrupted geometry, a user could
cut through a failed print along the z-axis plane below the height at which
the error occurred, only using the lower half with known geometry for scrap.
In either case, the digital 3D model is faithful to the physical artifact until
the height reached along the print axis of the failure or cut. This distance
can be determined by the time of print failure or simply by measuring the
height. Based on this height, we intersect the original 3D model with a half-
space, recovering just the portion of the successful print. Debris (e.g., “FDM
spaghetti”) should be pruned before including in the scrap library. Figure 3.3
shows the result of such a printing failure and the output of our generator.

PACKAGING GENERATORS Many common objects have a simple shape
parameterized by a few easy-to-determine measurements. For example, dis-
posable coffee cups are generally conical and well approximated once the
bottom and top radii are measured with a ruler or caliper. We provide web-
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Figure 3.3: Comparison between the result of a failed 3D print and the geometry
created by our generator: (a) A 3D print that failed mid-fabrication. (b)
The mesh generated from our failed print generator.

based 3D-model generators for seven types of objects: boxes, jars, lids, two
different types of cans, and two different types of cups. These generators
use descriptively named measurements to approximate any of these com-
mon forms of one time packaging, including options for generating rounded
corners and slopes.

Some types of packaging have large internal voids. For the purpose of
inserting them as scrap it can be beneficial to treat these voids as filled with
material as well. Simple physical scrap modifications can avoid potential
bridging issues caused by the voids. For example, adding two strips of
masking tape across the opening of a coffee cup provides enough support
to print upon and bridge the void. Our packaging generators contain export
flags to treat internal voids either as hollow or as filled to enable such scrap
modifications.

PLATE OUTLINE GENERATOR Many 3D shapes (e.g., wood off-cuts and
laser cutting scraps) are one-dimensional extrusions of a 2D shape. For
such scraps, we can generate 3D geometry by allowing the user to input
a 2D outline (e.g., measured with a flat bed scanner or a camera-phone
measurement app) and a height value. Precise digital outlines may already
be available for off-cuts from laser cutting.
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3.3 WORKFLOW AND EXAMPLES

We provide an initial set of common scrap objects. This library of models
can be accessed, altered, and extended via a website called Scrap Library. Our
initial set contains 3D model files portraying common household garbage,
such as disposable coffee cups, lids of jars, and over a dozen of different types
of food containers. We furthermore initially include famous objects for 3D
printing, such as a 2omm calibration cube, or the ‘benchy’ boat model. Also
included are 3D models of common collectibles, such as an Ikea hex key, for
a total of 40 models. Renderings of all 40 objects can be seen in Figure A.1 in
Appendix A.

We provide software tools to maintain the library and simplify retrieval
of scrap items in the makerspace or at home. Our library keeps track of
customizable metadata for each scrap object. For example, users can specify
how many of these objects they have on hand, or whether they generally
have repeatable access to this kind of scrap, such as a daily disposable cup of
coffee. The scrap library also holds an image of the object (either uploaded
by the user, or automatically generated from the 3D model), and provides
a unique ID that can be used to mark and later re-identify visually similar
objects. It furthermore allows entering a name and a description per scrap
item, such as a note where the user would usually keep this item stored, and
finally also the option to upload a picture of the item in its storage location.

3.3.2 Examples

Our system can make use of many different kinds of scrap materials and
geometries. The example objects that we fabricated highlight some of them.
The example objects show a range of use cases, such as decorative models,
tools, parts of mechanisms, and printer maintenance.

The example shown in Figure 3.4a inserts an outdated model into a new
one. Geometries that have a flat surface on one side are well suited as scrap
objects. Many 3D models have a flat bottom which securely affixes the model
to the build plate during fabrication, which makes them well suited for
inserting as scrap. Figure 3.4b demonstrates a jar lid inserted into a gear. The
shape of the lid forms a bridge-like shape. During FDM 3D printing, support
material is often used to create bridges, which supports perimeters that are
printed at a steep angle, or that are disconnected from the rest of the model.
This scrap performs a similar function. The broken handle inserted into the
scraping tool shown in Figure 3.4c performed a similar function to the model
that it is inserted into. Geometries of objects that perform similar functions
are likely to resemble each other. As such, it is likely that such as scrap object
is fitting well into such a model.

Figure 3.4d shows a model that is often printed repeatedly to calibrate 3D
printers. With many flat sides and a large volume compared to its surface
area, this geometry is likely to fit many different models. Since this type of
model is being printed repeatedly, it can also be used to print a larger version
of the same model using a comparable amount of material as the original
print. Since this model is used for calibration purposes, it needs to maintain
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3.4 SYSTEM IMPLEMENTATION

@ Old print in new print

@Waste in mechanism part

@ Recurring calibration prints

|
R
—
(i

Figure 3.4: Examples showing scrap, computed mesh, and printed model: (a) an
outdated print inside a new one; (b) household waste inside a mechanical
part; (c) the broken handle of a hand tool inside another tool, (d) and a
recurring print used to calibrate printers inside a bigger version of the
same model.

truthful printing dimensions and the look of the outer walls of the object.
Our system does not alter outer walls, and we found that in practice, our
algorithm and slicing manipulation creates a snug fit that does not flex the
outer walls.

3.4 SYSTEM IMPLEMENTATION

Each stage of our system would be difficult or time consuming to repro-
duce using existing tools or with manual effort. For example, populating a
scrap library without generators would require resorting to expensive, time
consuming, and error prone 3D scanning. Determining the best scrap object
that fits into a given target shape is an intractable problem to solve with a
standard 3D modelling tool. Small changes in the orientation and position
of the inner object can cause the scrap to pierce the target shape. Finding a
configuration where the scrap fits feasibly inside the target shape is not even a
sufficient condition. It must be possible to insert the scrap object without being
blocked by already printed parts of the target shape and it must be possible
for the print head to move around to continue printing the remaining target
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3.4 SYSTEM IMPLEMENTATION

shape after insertion. Given a feasible placement of the scrap, the 3D printer’s
instructions must be adapted to leave a hollow space affording insertion:
again, not just the hollow space of the inserted scrap, but a hollow path for the
scrap to move along. Naively sending an outer surface and inner surface to a
standard 3D printing slicing algorithm could actually result in longer printing
times and increased material usage. This is because standard slicers will
reinforce all surfaces with shells to ensure a clean surface finish. Our modified
slicing routine removes these material and time intensive print lines for the
inner (non visible) surface. The synthesis of these user interface, algorithmic
and design contributions combine into a time, energy and material saving
system.

3.4.1 Fusion 360 add-in

Our system is integrated into the 3D modelling process in the form of a
Python Fusion 360 add-in. Using an add-in allows users to benefit from the
full modelling capabilities of popular CAD software, while also seamlessly
integrating our technique. The add-in creates a new side panel within the
Fusion 360 GUL The panel shows previews of potential scrap able to fit inside
the model edited. To gather possible scrap inserts in the first place, the add-in
handles exporting the open 3D model, simplifying and potentially repairing
it, and sending these files to the server side of our system. Upon receiving
scrap insertion options from the server, the add-in creates preview images
and displays those to the user.

The user may load any of the scrap meshes that were discovered to fit the
current model directly into the active modelling scene to inspect it further, or
to use it as reference while continuing the modelling process. After making a
decision which scrap to include, the user can request the hollowed meshes
from the server, if they were not already provided automatically in a back-
ground process. As a final step within Fusion 360, the user may then export
the hollowed meshes, including the information when to pause during the
printing process to allow inserting the scrap. While exporting, our add-in
also provides guidance on how to locate stored scrap, as well as a link to the
scrap library for the specific scrap item. The scrap database is then updated
to record that the scrap items was used.

Most server communication and related computations are handled in
asynchronous background threads to make sure that Fusion 360 remains
responsive while scrap inserts are evaluated, or while the hollowed meshes
are generated. Since most of the add-in functionality runs concurrently, all
scrap operations are associated with time stamps and revision numbers to
ensure that the add-in never presents outdated data to the user. Some of the
functionality implemented by the add-in makes use of external open-source
software. Preview images are rendered by invoking OpenSCAD [52] via the
command line. Similarly, a Python script invokes Blender [29] to simplify and
repair meshes. The add-in stores local copies of scrap models to minimize
network traffic, only transmitting newly added files or files that have been
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modified. It also keeps a persistent storage of scrap metadata using JSON
files to minimize start-up times of the add-in after the first use.

3.4.2 Insertion engine

Given a library of scrap models, our goal is to present the user with an
ordered list of scraps that can be safely inserted into the target shape during
printing. A valid scrap must not only fit within the target shape geometrically,
there must also exist an insertion path for the scrap without crossing the
target shape’s surface. Furthermore, we must identify the time of insertion
during the print so that the part of the scrap “sticking out” after insertion is
so minimal that it doesn’t collide with the print head when printing resumes.

Although quite distinct in motivation, this geometric problem bares many
resemblances to the “Generalized Matryoshka” algorithm by Jacobson [41].
In that work, the goal is to create Russian nesting dolls for arbitrary input
shapes: the outer object is split in half and the inner object is inserted within it.
Like our scenario, their algorithm considers not just feasible containment, but
also feasibility of the insertion path. Distinct from our problem, Jacobson’s
method seeks to maximize the scale of the inner object to achieve tight nesting,
while our inner object has a fixed scale as it already exists in the physical
world. Jacobson’s method also has no requirement that the inserted object
must not stick out too much.

We propose several modifications to Jacobson’s algorithm so that we can
leverage their overall modelling of the problem and optimization technique.
For readability, we give a brief overview of Jacobson’s method, but refer the
reader to that paper [41] for details.

Jacobson’s algorithm first assumes that the inner object will be inserted
along a straight trajectory (pure translation). Since the path of each point
on the inner object follows a straight line, the problem can be recast as a
visibility problem and Jacobson’s method implements the following algorithm
on the GPU for maximal parallelization. The placement of the inner object is
parameterized by the 3D position of its center of mass and its 3D rotational
orientation. The insertion action is parameterized by the 3D cut plane (in
Jacobson’s case, literally where the outer object is split in two; in our case,
the height at which printing is paused) and 3D direction vectors describing
insertion into the top and bottom halves. Given specific values for these
altogether 16 parameters, Jacobson’s visibility based algorithm returns the
maximal scale at which feasibility occurs (returning zero if no solution exists).
In an outer loop, Jacobson’s method searches the 16-dimensional space using
the particle swarm optimization method [49] to maximize the scale parameter.
Particle swam optimization is a global optimization method that does not
require the objective function (maximum feasible scale) to be differentiable.
While many other global optimization techniques exist, Jacobson reports
this method works well for the low-dimensional matryoshka problem. The
core subroutine that is needed must take as input a candidate configuration
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and output the maximal feasible scale. The optimization returns the largest
encountered feasible scale after a fixed number of iterations.

Our problem can be understood as a modification of the Generalized
Matryoshka problem; surprisingly, the extra constraints and assumptions
made in our problem will in many ways simplify the problem and improve
performance.

We assume that the user has determined the print direction for the outer
object. This is reasonable and welcome as 3D printing surface quality, material
strength and use of support material depend on the print direction. Since
3D printers proceed in layers perpendicular to the printing direction, this
assumption implies that the “cut plane” must also be perpendicular to the
known printing direction. Reducing the four parameters of the cut plane to a
single degree of freedom. Similarly, we assume that the object will be inserted
along the printing direction (i.e., straight down), eliminating the insertion
direction parameters.

We must prevent too much of the inserted scrap from sticking out above
the cut plane, so we short circuit the optimization for any configurations
where the maximum distance of the inserted object is too far (0.6 mm for our
setup) and return zero. This quick check not only avoids the more expensive
visibility check, but will discourage the particle swarm optimization from
exploring the vast regions of the configuration space where printer-head
collisions would occur.

Unlike Jacobson’s problem, we ultimately do not want to maximize the scale
of the inner object. Rather we want to find a feasible configuration where
the scrap object can be inserted at 100% scale. Figure 3.5 demonstrates the
feasibility of configurations. For a given configuration, Jacobson’s proposed
method conducts a binary search to determine the largest scale possible that
passes the visibility test. If we ever identify that a configuration is feasible at
100% scale, then we terminate the optimization early and return this solution.
If the particle swarm optimization concludes without finding a configuration
at 100% scale, then we declare that this scrap is not feasible and do not present
it as an option to the user.

Since we must determine feasibility for each scrap in the library, we first
conduct two inexpensive culling procedures before invoking the modified-
Matryoshka optimization. If the scrap’s total volume is larger than the total
volume of the target shape, we can reject immediately. For both shapes we
construct a tight fitting oriented bounding box, and then exhaustively check
whether any of 10000 random rotation of the scrap’s box would fit inside the
target’s box with a 10% and 20% margin of error for the longer and shortest
dimensions, respectively. While not strictly conservative, this simple test is
extremely fast to compute and culls away most of the “obviously” infeasible
scraps.

As proposed by Jacobson, we also pre-dilate the inner shape to account for
3D printing accuracy tolerances and pre-erode the target geometry to account
for minimal wall thickness. When a scrap shape is selected by the user, we
generate the interior surface geometry by translating the swept volume of the
inflated scrap geometry along the insertion direction. Figure 3.6 demonstrates

26



3.4 SYSTEM IMPLEMENTATION

.“’

Figure 3.5: The optimization process: (a) This random initial alignment is not feasible
for including the Pikachu scrap mesh in the Baby Yoda model, since the
scrap mesh protrudes the model mesh. (b) At this alignment, it can only
be scaled up to 45% of its initial size before colliding with the model
mesh. (c) The optimization concludes after finding an alignment for which
the scrap fits the model at its original size and can be inserted without
collision. (d) Additional volume has to be removed from the model mesh
to achieve an unobstructed insertion path through this insertion plane.

this process. This swept volume’s surface is tagged as an “inner shell” so that
our modified slicing algorithm can process it distinctly from the outer shell
of the target shape.

3.4.3 Custom slicer

Our customized slicer is a modification of the Kiri:Moto slicer [6]. Typically,
this and all other standard slicers will proceed layer-by-layer determining
all intersections of the layer plane with the input surface geometry. This
intersection curve is traced with multiple high-density “shell” paths and then
the interior between shells is filled with a low-density, fast-to-print pattern
(e.g., honeycomb). Shells ensure quality surface finish, but we do not care
about this for the internal boundary between the fill pattern and the yet-to-be
inserted scrap. Since we have tracked which surface parts correspond to the
target shape and the inserted scrap’s swept volume surface, we post-process
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®

Figure 3.6: Hollowed meshes generation: (a) The aligned scrap model. (b) The scrap
model is inflated to account for printer inaccuracies. (c) The scrap mesh
is projected towards the insertion plane and the resulting volume is cut
from the surrounding material halves. (d) A mesh of the cavity that has
to be removed from the model mesh to allow the scrap insertion.

the layer paths from Kiri:Moto and remove the paths corresponding to shells
of the inner surface (see Fig. 3.7).

The slicer generates a G-Code file that serves as instructions to the 3D
printer. The “cut plane” determined during the modified-Matryoshka opti-
mization above corresponds to a specific height along the printing direction.
We identify G-Code corresponding to the layer closest to this height and
insert commands to stop printing, move the printer bed to an easily accessible
position, move the print head out of the way, and play a beep melody to alert
the user that it is time to insert the object. The LCD screen on the printer is
triggered to display customized instructions and prompts the user to confirm
when the scrap is inserted so that printing may resume.
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Figure 3.7: Comparison of the slicing result of Kiri:Moto and our customized slicer:
(a) The toolpaths generated by the original slicer contain internal walls
and supports. The color of the internal walls signify that these lines will
be printed slowly. (b) The toolpaths generated by our slicer do not contain
internal walls or supports surrounding scrap.

3.4.4 Scrap library

The usefulness of our system hinges on whether a user can find well-fitting
scrap for their planned 3D prints. The chances of this happening can be
increased by having a large and varied collection of possible scrap objects.
Users must, however, also be able to locate specific scrap objects. We provide
a number of web-based tools that together form our scrap library to support
maintaining and extending a collection and to identify and find specific scrap
again later.

Not every user will have access to the same types of scrap objects, and even
for a single user their access to certain types of scrap will vary over time.
One of the maintenance use cases for the scrap library is therefore to keep
it up to date and aligned with the user’s current scrap availability. To do so
quickly, we include an overview page that shows images of the scrap objects
and grants direct access to the availability status of any scrap object. This list
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can be filtered, for example by the method with which the scrap was entered
into the data base. It can also be ordered, for example by scrap availability or
volume. This way, users do not have to click through detail pages of every
single scrap object, but can make adjustments in bulk.

We provide scrap generators that can be used to generate scrap meshes,
instead of uploading a mesh directly. While entering parameters, the generator
website already displays the scrap ID that will be assigned to this new library
item. This can be useful to mark objects that might be hard to identify again
later, such as wooden off-cuts. Users may also enter their own scrap name, a
description of where they store this kind of scrap, as well as a picture of the
storage location, to help identify and locate the scrap again later. All of this
information can be found on a scrap details page. If this scrap was recently
exported to be included in a 3D print, this page also contains an animation of
how to insert the scrap. This animation shows a partially transparent version
of the surrounding model up to the insertion layer. It also shows an animation
of the scrap object being inserted into the model along its insertion path.

3.5 EVALUATION

To test our system, we created a set of seven example objects. Each of them
was printed with and without scrap inclusions to compare printing time and
material usage. All but one of the models were downloaded from Thingiverse
[61]. The phone stand was modelled by one of the authors. Some of the
models were altered slightly before printing, such as scaling the model with
the scrap preview in mind.

The scrap objects that were added to the scrap library are based on unused
items that some of the authors collected randomly over time, and common
household waste items that were stored instead of being thrown out during
the time the paper was written. The household waste items were added to
the library using our generators. The collectibles were added by downloading
appropriate 3D models from online databases like Thingiverse or by mod-
elling them by hand. Some items in the scrap library are models previously
printed by the authors. These items were added by uploading the mesh to
fabricate them originally.

All models were printed in PLA at 185 °C using the default slicer settings for
infill and perimeters. We chose not to alter these settings as novice users are
likely to rely on predefined print settings. The benefits of our system would
be more or less pronounced based on higher or lower numbers respectively
for infill percentage and number of perimeters. Even at 0% infill, our system
can still provide some benefit, since it can replace parts of inner perimeters.
The default infill setting of the Kiri:Moto slicer is a 0.5 percentage hex pattern.
This equals around 20% infill in the PrusaSlicer [84] software and between 15
to 20% in the Cura [108] slicer, both of which are among their default settings
as well. It is not possible to provide a more detailed comparison to the Cura
slicer, as it does not offer a hexagonal infill pattern. The default number of
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Table 3.1: Printing time and material weight of our example objects. Blue bars denote percentages of time or material saved

when using our system.

Model Scrap Print time Scrappy print Material weight Scrappy material
without scrap time savings  without scrap weight savings

Tardis Salt dispenser 1730 min I 285 ¢ [

Gear Jar lid 150 min [ 258 [

Fossil token Rock 55 min [ 10g [

Large XYZ-cube XYZ-cube 33 min [ 78 [

Baby Yoda Pikachu 472 min 1 52¢g |

Phone stand I-Pod 272 min [ 58 ¢ [

Scraping tool Broken handle 160 min u 338 |

Table 3.2: Average run times and standard deviations for validating insertion options
for 40 scrap meshes and the time it took to generate the hollowed mesh for
printing the chosen insertion option.

Model mean standard mesh
validation time deviation generation time
Tardis 8.6s 10.9 8 19 s
Gear 3.98 10.7 8 14 s
Fossil token 1.7 S 3.48 126 s
Large XYZ-cube 1.0s 1.7S 17 S
Baby Yoda 418 6.1s 84 s
Phone stand 12.1°8 23.1S 328
Scraping tool 2258 4.8s 114 S

perimeters in Kiri:Moto is three, which is again among the default settings in
PrusaSlicer and Cura.

Printing times in Table 3.1 include the time required to insert the scrap
while printing. Printing these models with scrap objects inserted during
fabrication saved on average 29.4% (sD = 13.9%) material. Printing times
decreased on average by 26.4% (s =15.6%).

We evaluated the time that our algorithm requires to validate a scrap
mesh. This evaluation was performed on a library of 40 scrap meshes. It was
performed while running six parallel threads validating scrap meshes. The
mean validation and mesh generation times for each of the seven example
models are shown in Table 3.2. Validating the whole library of 40 scrap meshes
took 32 s on average (sp =4.1 s) among all examples while running on six
parallel threads. Generating the hollowed meshes for our seven example
objects took 58.0 s on average (sp=48.7 s). Note that this process only has to
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be performed once when the user is ready to print. It replaces a traditional
export step at the end of the design phase and is quite short compared to
savings in printing times in the order of hours.

3.6 DISCUSSION

Though our system provides speed and cost benefits to users, it might also
cause some detrimental effects in certain situations. For example, the mechan-
ical properties of the resulting 3D prints can vary widely based on the type of
scrap material that was integrated. Inclusions made from wood or metal are
likely to increase compression and bending resistance of the model, but the
tensile strength of the part may still be reduced due to the inclusion of scrap.
This is mostly due to the way the scrap is held in position on the inside of the
model. For scrap made from similar thermoplastics as the printing filament,
chemical bonding can occur. This bond is limited to one side of the scrap and
most other materials will not bond chemically to the printing filament. Since
the scrap object is surrounded narrowly on all sides, it still fits tightly inside
its cavity. Also, the common FDM quality issue of stringing actually benefits
our system, as the strings inside the cavity provide a tense cushion once scrap
has been inserted, tightening the fit further. Adding a drop of glue during
scrap insertion could further alleviate potential issues with stability of fit.

Our system prevents collisions of the print head with the inserted scrap ob-
ject by restricting the insertion plane to the top of the scrap object. Knowledge
about the geometry of the printer and the print head in particular could be
used to generate the reachable volume after scrap insertion. Though having
the scrap object reach high above the last printed layer would make many
geometries impossible to complete, having more flexibility in choosing the
insertion plane would enable the fabrication of others.

Since a scrap might spend a long time inside the model object, not all waste
items may be suitable for insertion. Perishable items could decompose inside
the model, putting the part under internal pressure, or slowly melting it from
the inside. Adding breakable scrap, such as glass jars, could lead to a more
dangerous failure mode of parts that come under mechanical stress.

Including multiple scrap objects in a single model would enable replacing
even more infill, but would require additional user interactions or additional
computation. Short of using a commercial cloud-based solution for the com-
putation, this computational effort of trying to fit two or even more scrap
objects into a model at the same time would likely increase the run time of
the search too much to integrate this feature into an interactive modelling
session.

The usefulness of some objects to be used as scrap may be dramatically
improved by breaking them apart. For example, most of the volume of
the Pikachu model is located in its body. It is much easier to find suitable
scrap placements for the two separate parts of a Pikachu whose tail had
already snapped off. We would like our system to be able to recognize
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such circumstances and instruct the user to cut or break off specific parts of
otherwise unwieldy scrap models on demand.

3.7 CONCLUSION

Based on a formative interview study with fabrication experts, we verified
that material is often wasted on failed prints and early prototypes, print
time is a limited resource, and makers care about sustainability. With this
motivation, we built a system for FDM printing that makes use of these and
other waste materials by using them to replace infill material. We extended
an existing algorithm to determine possible scrap inclusions, and integrate
this information into an existing CAD modelling workflow using our Fusion
360 add-in. Our method includes custom slicer adjustments to avoid printing
unnecessary internal walls. We created an extensible web-based tool for
makers to maintain a scrap library which provides instructions for locating
scrap and integrating it during fabrication.

In future work, we plan to compare different methods of recruiting people
nearby to insert scrap, such as printing a QR code that links to a website with
instructions, or printing a virtual post-it note. We will also compare different
fidelity levels of instructions, such as a written message, an instructive image,
or an instruction animation, and we will contrast their performance when
used by people nearby to the maker who started the print. Furthermore,
we plan to extend our system to replace external support material using
ad-hoc supporting structures. It would also be interesting to extend our
system to evaluate the added benefit and feasibility of insertions that perform
additional functions beyond saving infill material, such as inserting electronics
or materials with mechanical benefits.

3D printing has the potential to decentralize the production of many tools
and consumables, which are traditionally packaged and shipped around
the globe. This decentralization has an important sustainability outcome,
the reduction of packing materials and lowering emissions from transporta-
tion. However, 3D printing itself can generate significant waste. Our system
contributes to make the 3D printing process itself more sustainable.

3.7.1  Summary

The system presented in this chapter builds a foundation for getting both
machines and people to handle and work with arbitrary physical objects and
their digital counterparts. After enabling a single interaction, we extend our
exploration of the user involvement spectrum of intermittent interactions to
a variable range of interactions. In the next chapter, we contribute a second
technical solution to reduce print time and material with unmodified fused
deposition modelling printers. The approach uses ad hoc objects inserted by
a user during printing as a replacement for printed support of overhanging
structures. Examples of objects include household items like books, toy bricks,
and custom mechanisms like a screw jack. A software-only system is inte-
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grated into existing slicing software to analyze generated support print paths,
search a library of objects to find suitable replacements, optimize combina-
tions of replacement objects, and make necessary adjustments to impacted
printing layers and paths. During printing, the user is prompted to insert
objects with the help of lightweight printed holders to guide placement and
prevent movement. Instructions printed on the build-plate help identify and
position objects. A technical evaluation measures performance and benefits
with different sets of ad hoc objects and different levels of user involvement.
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SUBSTIPORTS - OPTIMIZING MULTIPLE INTERACTIONS

3D printers that employ fused deposition modelling (FDM) use printable
support structures to reliably manufacture models with overhangs, bridges,
and other geometry extending more than 45° from the Z-axis (we collectively
refer to all of these as “overhangs”). Disposable support structures are pure
waste, costing additional material and time, so it is desirable to minimize
them.

One strategy is to optimize the support structure itself, for example, using
lightweight structures that branch out from lower parts of the model to sup-
port overhangs [26]. However, this introduces additional connections between
support material and the model, marring the surface finish. In general, opti-
mizing support geometry increases the chance of failure: thin tall structures
are more severely affected by thermal deformation and their low stiffness can
result in accidental displacement. For these and similar reasons, support struc-
tures typically generated by slicers are sturdy with a substantial connection
to the build plate and filling much of the volume beneath overhangs [4].

Another approach is to replace support structures with something else. For
example, Hongyao, Xiaoxiang, and Jianzhong [37] and Xu et al. [121] replaced
a printer build plate with a mechanically actuated grid of supporting surfaces
and Yigit, Isa, and Lazoglu [123] propose using a robot arm to place a set
of uniform blocks. These both replace support material with other kinds of
sturdy structures, but they would add cost and complexity due to additional
hardware and major printer alterations. Our approach achieves the same
goal by enabling users to manually insert ad hoc objects during the printing
process. This requires no special hardware or printer modifications, and there
is no need to adhere to a grid or certain object type for temporary support
structures.

library of slicer with object $ printed holders $ user inserts our result standard slicer result
ad hoc objects placement search and instructions objects during print (1hr 1min, 20.89) (2hr 5min, 22.89g)

Figure 4.1: Our approach uses a modified slicer to select reusable objects to use as ad hoc structural support. Object “holders”
and instructions are printed, then the user inserts objects during one or more pauses during the print. In this
example, our approach reduced print time by 1 hour and saved 87% of support (2.0g out of 2.3g): even a small
savings in support material can result in pronounced time savings due to reduced printer movements.
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4.1 RELATED WORK

Our system is implemented primarily as modifications to an open-source
slicer. After default print paths are generated for support, our system per-
forms a geometric analysis and optimization to select and position objects
from a user-maintained library (Figure 4.1a). Users can tune solutions to
consider the number and complexity of object insertions, and a scheduler can
further constrain insertions to convenient times. Once a solution is selected,
customized G-code incorporates the replacement objects as support during
the print, and adds minimal 3D printed guides to position and stabilize each
object with object identification codes printed on the build plate (Figure 4.1b).
By leveraging software-based optimization and human dexterity instead of a
complex mechanical system, our system is compatible with unmodified FDM
3D printers and it is able to use a broad definition of ad hoc objects as support
structures. An object is usable as long as it reliably provides an elevated
horizontal surface to print on. Different sizes and shapes of objects may be
placed at any position in the print volume, increasing compatibility with
model geometry that conform to a fixed-size actuated grid or axis-aligned
blocks.

A technical evaluation with a 15-model dataset achieved an average savings
of 52.0% of support material and 50.4% of support print time (34.8% of
overall printing time). The best performing model replaced 97.0% of support
material and reduced total print time by 77.8%. Using Xu et al.’s “gymnast”
model [121], our system saves as much as 93.5% compared to 78.1% for their
actuated print bed approach. We make two contributions: (1) a software-only
system for reducing support for a popular form of 3D printing; and (2) a
technical evaluation showing the utility for different levels of user interaction.
Code and data are available®.

4.1 RELATED WORK

Trying to limit the amount of support required to achieve a successful print is
a key topic in FDM 3D printing. Methods that mainly adjust the geometry of
the support to reduce material usage, such as merging supports into smaller
columns, forming truss, scaffolding, or tree structures [23, 26, 38, 43, 44, 56, 81,
93, 110], or filling the support volume with material efficient micro structures
[101] can be used in principle with our method.

4.1.1  Printing Adjustments to Reduce Support

In some cases printing support material underneath overhangs can be avoided
entirely. Print on Air [11, 25] creates horizontal overhangs by carefully at-
taching material sideways onto existing geometry by making use of reduced
printing speeds and strong cooling. This method was shown to be successful
for overhangs of 9o° relative to the printing direction. A similar effect of
depositing material sideways onto existing geometry can be achieved by
adjusting the slicing process to divide the printed model into non-planar

1 https://github.com/exii-uw/substiports
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slices [72]. When following these non-planar tool paths, the print head moves
slightly up and down relative to the build plate. This up and down motion
aids in the sideways deposition of material and can enable printing overhangs
slightly above 9o°, limited by print head geometry. Our system can be used
to support arbitrary overhangs like the printed supports that it replaces. It
furthermore does not necessitate slowing down printing speeds.

Reorienting models can be an effective tool to minimize required support
material [5, 19, 24, 36], for example by bringing parts of the model that require
support closer to the build plate, or by allowing parts of the model to be better
supported by the model itself. Some support material may still be required
after adjusting the model orientation. Users may also prefer using specific
orientations to optimize part strength or the visibility of layer lines instead.
Our method applies in these cases.

4.1.2  Model Adjustments to Reduce Support

By accepting design limitations during modelling, such as keeping overhangs
below 45° and bridging less than 1omm, support can be avoided or reduced.
Reiner and Lefebvre [82] developed an interactive system to apply these types
of limitations to generate support-free models. However, in practice there is a
large class of models that cannot adhere to these limitations. For these kinds
of models, PackMerger [111] is an approach to divide a model into segments
arranged on the print bed to minimize support. Since the segments must be
assembled to form the original model, this method is not applicable when
there are mechanical requirements and additional user effort is needed. Our
method also requires additional user effort but it does not alter the input
model. When printing multiple models at once, Jiang et. al [45] propose
placing smaller objects underneath overhangs of larger models. This way, a
smaller model acts as an elevated platform to print on, replacing some of the
support material required by a larger model. Our approach is more general
since it works with a single model and uses a large class of re-usable objects
instead of assuming other models will be printed.

4.1.3  Mechanical Methods to Replace Support

Shen et al. [37] subdivide the build plate into 6 x 6 square segments, each 50
by 50 mm, which can be raised using motors to create elevated print surfaces.
They report saving 35.5% of material for two models, but the proportion
of support material is not specified. Xu et al. [121] simplify the complex
hardware requirements for this approach by allowing all segments to be
raised by a single motor after a user manually inserts lifting rods of varying
heights. This also enabled a larger 11 x 9 grid with smaller 12.7 by 12.7 mm
segments. Average support material savings of 64.7% are reported for five test
models of simple to moderate complexity, including the “gymnast” model we
include in our test set. Our approach pursues the same goal by involving users
to manually provide elevated printing surfaces. Unlike our approach, Xu et al.
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require a single up-front user interaction, but one that appears time intensive
and complex (though user effort and time are not discussed). In addition to
requiring highly specialized printer hardware, a grid-based subdivision is
discrete, limiting how support can be replaced, and gaps between segments
can cause surface artifacts and potential problems for first layer adhesion.

Yigit et al. [123] propose using reusable support replacement blocks placed
by a robot arm. The system uses a discretized 1 cm grid and a sliding window
algorithm to place axis-aligned 4x4 cm blocks. An average of 75.5% support
material savings are reported for two test models, including the Stanford
bunny that is also in our test set. However, this was only a software simulation
where virtual blocks were placed and stacked using a virtual robot arm during
a simulated print. Practical issues like adhesion, stability, and mechanical
precision are not considered. Our approach pursues the same goal, but with
a fully implemented system that handles practical details.

In comparison to these works, our approach requires no additional hard-
ware by leveraging simple human abilities. A fully automated approach
introduces points of failure. For example, small debris could alter a placed
block position by a few degrees, enough to cause collisions or topple towers
of blocks later. Detecting and removing such debris is trivial for a person
when placing a block. In addition, we use a more advanced and general opti-
mization method to find optimal ways to place and combine heterogeneous
replacement objects at arbitrary positions and orientations.

4.1.4 Printing onto Objects

Integrating existing objects into the design and fabrication of 3D models
has been explored previously in various ways, including printing on top of
other objects. Encore [18] is a method to print on top of, or through holes of
existing objects to enhance them. The user places the object onto a partially
printed structure midway through the print. RoMA [78] is a prototyping
tool to design and print directly on existing objects. It requires extensive
hardware, such as a 3D scanner and robot arm. Patching Physical Objects
[104] also enables printing onto existing objects with the purpose of making
physical adjustments to the model or performing repairs. Under the right
circumstances this can avoid printing support material entirely by avoiding
printing a new model, but also requires additional hardware in the form of a
depth camera, a mill, and a 5-axis rotating platform. RevoMaker [31] prints
onto a rotating laser cut base cube to avoid some types of support at the cost
of design limitations and additional hardware requirements. Rivera et al. [85]
suggest securing flexible objects like fabric pieces in place with double sided
tape, which also works for our replacement objects.

In Chapter 3, Scrappy reduces infill material by creating a hollow pocket
into which a user inserts a scrap object during a print. Only a single object
insertion is supported, objects are primarily simple cuboids and cylinders,
and the method requires extensive 3D geometry processing on a server to
select and orient the object. The Substiports system supports multiple objects
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(a)

Jpg poom |d

Figure 4.2: Slicing and insertion examples: (a) Angle Bracket model sliced to use a wood off-cut as a replacement object, the
wood is inserted into a “holder” marked with instructions during the print; (b) the screw-jack replacement object
is adjusted to match the nozzle height of the parked print head, a screw-jack used as support for the Angled
Cylinder model.

of varying complexity, and it is able to run in a web browser. We also expand
the object library implementation here to additionally differentiate between
distinct types of objects, such as replacement objects that have a variable
height. Note that infill and structure support are independent parts of a
printed model, so both systems are compatible.

4.2 WALKTHROUGH

This section introduces the three main parts of the system from the user’s
perspective and highlights a scheduling feature. Figure 4.1 illustrates the main
user steps and Figure 4.2 provides additional slicing and insertion examples.

Object Library

A library defines what objects are available to use as support replacements. A
base library of standard objects includes items that people may have already,
like office supplies and standard packaging, and items often generated when
tuning FDM 3D printers, like calibration cubes and certain test models. The
user can delete, modify, or add objects to match what they have at hand.
This is done primarily using web-based generator forms, which use caliper
measurements or uploaded 2D line drawings to define the key dimensions.
This largely follows the process used in Scrappy. Unlike the Scrappy library,
generating a 3D model mesh file is optional for most support replacement
objects. For example, cuboids are the most basic type, and only their length,
width, and height are needed by our system to use them to replace support.
Similarly, for irregular prism shapes, it is sufficient to know the shape of the
base, shape of the top, and the total height. This version of the library also
supports variable objects, like a miniature screw-jack with adjustable height
and stackable objects like toy building blocks.

Slicing

To prepare a print with support replacement objects, the user imports a 3D
model into our customized slicer. They select usual slicing settings, with the
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addition of a new setting for their desired level of involvement during printing.
During slicing, the system searches the library for one or more objects to use as
support replacements. The slicing result is directly modified to accommodate
the replacement objects and rendered showing object positions for the user to
inspect.

Inserting Objects

When printing, exported G-code includes commands to generate instructions
and “object holders”. When the print reaches the predetermined height where
an object must be inserted, the printer pauses, parks the print-head away
from the model, and beeps to prompt the user with instructions. Each object
is identified by a name and ID printed on the build plate. The user locates
the object, then inserts it into the custom printed holder which ensures it is
aligned and secured in place. Depending on object type, the insertion process
might differ. For example, a stack of toy bricks may need to be assembled to
match a height printed on the build plate (i.e. number of bricks). Similarly, an
adjustable model, like a screw jack, may need to be adjusted until it lightly
touches the print nozzle (Figure 4.2b), which our custom G-code positions
to the required support height. After inserting one or more objects, the user
resumes the print, and this process of automatic pausing, object insertion,
and resuming repeats as needed.

4.2.1  Scheduling User Interactions

The system includes a scheduler to search for solutions that avoid user
interactions during certain periods of the day, for example during the night.
Figure 4.3 provides illustrative examples for the Arch Bridge model shown in
Appendix B B.1. Example (c) is a worst case without scheduling where the
printer idles for a full eight hours before printing can continue. Example d
shows a solution using the scheduler to avoid interactions between 11 pm and
7 am. This results in a much shorter print time than the worst case without
scheduling, but does increase time and material from example b, which is the

. printing % printer is waiting for user interaction ﬂ user interaction to place object

(a) standard supports [ 315 hr (118 9)
(b) no scheduling (best case) NG N 7.7 hr (719)
(c) no scheduling (worst case) ININ/Z///.5 55 e 7/ i | N 257 hr (71)
(@) with scheduling R N - I 125 v (22 g

avoid interactions
time >
20:00 23:00 7:00 23:00

Figure 4.3: Example print times for the Arch Bridge model with print parameters held constant, with and without scheduling;:
(a) without our system all supports are printed; (b) an optimal solution using our system without scheduling
constraints, and the user places objects during the night; (c) the same optimal solution without scheduling, but
the printer idles until the user places the first object at yam; (d) an optimal solution using the scheduler to avoid
object insertions during the night.
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optimal solution without any schedule constraints where the user is available
for interactions regardless of time. Note that all three examples with our
system, even the worst case, are still faster than example a, which is a default
print with standard supports.

Scheduling restrictions are built into the system by marking solutions with
interactions during unavailable hours as invalid, and by severely reducing
their fitness value. To operationalize the scheduling constraint during search,
the user can enter a print start time, with the current time used as default.

4.3 AD HOC REPLACEMENT OBJECTS

Our system supports replacement objects with two parallel flat surfaces,
these can be gathered from a variety of sources. Found objects include books,
household waste like cardboard boxes and other packaging material, or
workshop scraps such as wooden off-cuts. 3D printing scrap like calibration
cubes or support towers from previous prints can be reused as support
replacements as well. Users may opt to create custom reusable objects that aid
in replacing support material further. For example, a custom object perfectly
suited to replace the support of a recurring print job that acts as a jig, or an
adjustable screw jack that can vary in height.

We group replacement objects into three types based on their height vari-
ability: Objects with a fixed height, such as books or wooden off-cuts; stan-
dardized objects that can be easily stacked to form variable discrete heights,
such as toy building bricks, stacks of DVD cases, or poker chips; and objects
where the height is continuously variable, such as a 3D printed screw jack
that adjusts in height by turning a knob.

4.3.1  Technical Tests of Object Properties

We conducted technical tests of various object and filament properties. The
general results are discussed below, please see Appendix B.2 for test descrip-
tions and more specific results.

Test B.2.1 Object surface adhesion

During empirical tests of 17 materials (Table B.1), only low density foam
blocks proved problematic. Materials should have a hardness similar to
medium density foam or harder. Materials that are softer might have insuffi-
cient physical resistance to reliably receive deposited printing material since
FDM printing uses some downward pressure for layer adhesion. Materials
should also remain stable at the temperature of the heated build plate and the
filament when extruded. We found even materials with a melting point below
200°C can be used, albeit with some marring and deformation to the object
surface. Such materials can be reused multiple times, but not indefinitely.
Adding a layer of masking tape to the top surface of an object will prevent
most surface marring. In practice, the adhesive properties of the replacement

41



4.3 AD HOC REPLACEMENT OBJECTS

object material in relation to the printing material is unimportant as long as
the top object surface is covered with masking tape, a thin layer of paper glue,
or a similar coating.

Test B.2.2 Adhesion with different filaments

Different types of support printing material like PLA, PETG, ABS, and TPU
can be used. Depending on the printing material, tape or glue may have to be
applied to a different set of replacement object materials.

Test B.2.3 Object measurement precision

Objects should be measured with an accuracy of at least £0.25 mm to ensure
a secure fit inside printed holders and to ensure ideal print adhesion. Mea-
surements can be error-prone [51], but cuboids should be simple to measure
and using standardized objects like toy bricks requires no measuring. The
top surfaces of objects should be mostly planar. However, adhesion remains
reliable for height irregularities or measurement errors of up to 0.3 mm.
Additionally, irregular objects beyond that range, such as a slightly arched
softcover book, may still be used if the print head can compress them to be
within tolerance.

Test B.2.4 Stability with build plate movement

The sizes, shapes, and densities of replacement objects should be such that the
object is stable and unlikely to tip. In general, heavy objects with a low centre
of gravity are better suited than lightweight objects. The object holders that
our system prints onto the build plate provide significant additional lateral
stability, which prevents movement and tipping even for light and top-heavy
objects. Objects remain secure even if the build plate moves at maximum
speed. Holders can be secured to the build plate further by printing a single
layer high brim. Brim width is adjustable as a slicing parameter.

Test B.2.5 Finish quality after long pauses

When printing with PLA, neither pausing nor extended idle periods cause
noticeable deformations or surface finish degradation. Changes in geometry
may change the printing direction of perimeters, which might be visible at
certain reflection angles.

Test B.2.6 Compatibility with support structure types

The geometry or layout of support structures seems to have no effect on
adhesion, making our approach likely compatible with any type.
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4.3.2 Interaction Density and Complexity

There are a variety of ways that one or more replacement objects can be
inserted into a print. We consider user effort to insert objects as the density
and complexity of interactions. Our technical implementation attempts to
balance this expected user effort with material and time savings.

Interaction Density

There can be one or more object insertions each time the printer pauses.
Density refers to how frequently the user is interrupted during a print, and
how many insertion steps are required during each interruption. The rows in
Figure 4.4 illustrate this dimension.

Density

low

Complexity high

Figure 4.4: Interaction density and complexity: (g) a single cuboid replacement object requires only a single simple user
interaction for insertion; (e) multiple more complex replacement objects with the same height also creates only a
single interruption, but it requires more time to locate, assemble and insert multiple stacks of objects; (c) high
density and complexity result in multiple user interactions throughout the print process and require additional
precise adjustment steps at insertion time.
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If the print requires only a single replacement object, then there is only
one interruption with a single insertion, making the interaction density low
(Figure 4.4 bottom row). If multiple objects are used as support replacements,
and all objects have the same height, there is still a single interruption but
with multiple interactions to insert each object (Figure 4.4 middle row). This
increases the density of a single interaction. Common types of uniform ad hoc
objects exist, such as wooden off-cuts sharing the same standard thickness.
When there are multiple replacement objects with different heights, there will
be multiple interruptions creating a high density of interactions during the
print (Figure 4.4 top row). There are other timing characteristics that affect
interaction density. If multiple interruptions occur near each other, perhaps
separated by a few minutes, the perceived interaction density is likely lower
than if the same number of interruptions were spaced out during the print.
The actual time of the interruption also likely affects perceptions of interaction
density: consider object insertions during working hours versus in the middle
of the night.

Interaction Complexity

Complexity is an orthogonal dimension to interaction density that captures
how difficult, time consuming, or error-prone a single interaction during a
single object insertion step is. The columns in Figure 4.4 illustrate the range
of this dimension with three examples.

Examples of low complexity interactions are inserting fixed height replace-
ment objects (Figure 4.4 left column). Objects only need to be located and
inserted into the printed holder. A medium complexity interaction example
is stacking multiple objects to achieve a desired support height (Figure 4.4
middle column). This requires more effort to gather the stacked objects, stack
them, and check the height. It is more error-prone since it is possible to
misunderstand stacking instructions, or introduce unexpected dimensional
height variations due to how well the objects stack. An example of a high
complexity interaction is using an adjustable replacement object like a screw
jack (Figure 4.4 right column). There is increased complexity to fabricate the
object itself, though this is a one-time cost. Setting a precise height requires
some additional time and could be error-prone, so our system parks the print
head to form a gauge for the user to “dial in” an adjustable height. The top
of the screw jack shields the user’s hand from a potentially hot nozzle.

In practice, complexity and density could achieve similar results in terms of
support savings. For example, Figure 4.4a has three pauses each with a single
simple insertion, while Figure 4.4i has a single pause but requires a more
complex interaction to set a screw jack height; both achieve similar results.
Likewise, Figure 4.4b and f use varying mixtures of complexity and density
to achieve comparable results. This means the user has multiple options to
choose based on their goals, constraints, and preferences.
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4.3.3 Insertion Feasibility Test

The fundamental action of inserting an object into a holder is simple, but
unfamiliar in the context of 3D printing. To evaluate this crucial step, we
recruited 6 people with 3D printer experience ranging from none to expert.
We explained how to assemble toy bricks securely and how to adjust a
screw jack to match the print nozzle height. Using a separate build plate, we
demonstrated how to align an object with the holder, insert it, then wiggle it
to test stability.

After this introduction, the participant inserted three objects of varying
complexity during a single printing pause: a simple cuboid, a 4x4 stack of
toy bricks that required assembly to match the correct height, and a screw
jack that had to be height adjusted. They were asked to test stability after
insertion, and comment about their confidence in its placement. We recorded
the time from when they began the task until they told us they were done
inserting all three objects. Then, the 3D printer was restarted, and 10 layers
were printed on all inserted objects to objectively test the placement.

For these first time users, the average time to assemble/adjust, insert,
and test stability of all objects was 54 s (median 46, min 34, max 98, sd
22). All participants expressed confidence in their final insertion, and all
objects were printed on successfully. A participant with little 3D printing
experience described the task as “easy.” We believe these times would be
much faster with experience. For example, two participants did not initially
understand how much pressure was needed to snap objects into holders, and
one participant chose to re-insert objects multiple times, “just to be sure.”

4.4 IMPLEMENTATION DETAILS

The system is implemented into the open source Kiri:Moto slicer [6]. In
the modified user interface, the desired level of interaction density and
complexity are adjustable, there are optional scheduling constraints expressed
as time periods to avoid inserting objects (see above), and a search quality
setting adjusts the optimization stopping condition and how similar object
placements are pruned to speed up the process. When the user initiates
slicing, our system searches for solutions given these user parameters and the
available object library.

Our method uses the sliced 2D polygons representing the 3D model and
support areas to select and position support replacement objects. To optimize
computation, a copy of these 2D polygons are simplified using a heuristic
method to conservatively remove excess precision. Then, our system proceeds
in three steps: (1) separating the support into area clusters; (2) searching for
candidate replacement objects and positioning them within each cluster; and
(3) combining compatible solutions from each cluster into a list of global solu-
tions. After determining the best global solution, the slicing process continues
as normal, generating printing paths for the modified set of 2D polygons to
accommodate the replacement objects. Our system further modifies G-code
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to add object holders, insert pauses with brief messages to alert the user
to insert objects, and to make layer adjustments to accommodate arbitrary
object heights. Working directly with slices and G-code means our technique
is compatible with support generation strategies other than standard support
fill, such as cones or trees.

4.4.1  Separate Support into Clusters

To help the subsequent search step find solutions focused on areas with
large volumes of contiguous support, K-Means [59] is used to separate the
total support material volume into sets of clusters. For efficient parallel
computation, the maximum k is chosen so each cluster can be explored in
parallel. As an example, 5 cluster sets for k = 1 up to k = 5 generate 15
unique clusters (i.e. 1 +2 + 3 +4 + 5 = 15) which can all fit within a 16 core
processor.

Clustering is performed on a height map of support. Support polygons
from all slices are discretized onto a 1x1 mm grid, with each cell set to the
number of slices that contributed. Considering height is important since
adjacent support areas in X/Y should not be in the same cluster if they extend
to vastly different heights in Z. After clustering, a concave hull (concavity
factor 100) is generated for each cluster. Figure 4.5 shows an example of k = 5
clusters.

4.4.2  Find Solutions for Each Support Cluster

We use Particle Swarm Optimization (PSO) [50] to explore the solution space
since it offers robust control parameters, is sufficiently efficient, and used
in related geometry applications [42, 57, 115]. In parallel, PSO searches are
performed within each support cluster hull generated by the sets of clusters.
Each particle describes a target cuboid volume with: bottom X/Y corner posi-
tion; length, width and height; and 2D rotations around the X/Y corner and
object centre. Including two rotation parameters enables the particle volume
to swivel around cylindrical model features while maintaining alignment
with other particles. At each optimization step, a candidate replacement object
is selected from the library that best approximates the particle’s target length,
width, and height. If available, this can be an assembly constructed from a set
of toy bricks, or a variable height object like a screw-jack.

When the PSO search starts, each particle target cuboid volume is initialized
randomly to span the smallest and largest replacement object in the library.
The particle positions and orientations are initialized so 9o% of the particles
have one edge aligned with part of the cluster hull outline (Figure 4.5). An
object placed beyond the hull is unlikely to overlap additional support from
that cluster, and the hull typically defines a border between the support
and the model, suggesting a non-colliding position with large support area
coverage. The remaining 10% of particles have entirely random positions and
orientations to provide a way for the PSO to escape early local maxima. Then,
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Figure 4.5: Example support material clustering and search: (a) sliced model with
support shown in blue; (b) support material height map (darker means
more support) with k = 5 clustering and convex hulls; (c) each cluster
is searched independently, here cluster 4 is shown with a random initial
object position (orange rectangle) aligned to part of the hull outline. In
practice, many different replacement objects and positions are found for
each cluster.

the PSO search iterates in a loop: adjusting particle positions, orientations,
and sizes; selecting matching objects for each particle; then calculating their
fitness (see “Fitness Function” below). As is typical for PSO, the particles
initially move at high speeds to explore a wide range of possibilities, then
gradually reduce speeds so each settles into a local fitness maximum. The
search stops when it no longer yields a significant improvement in fitness.
This is defined as multiple subsequent steps where an accumulated and
decayed fitness improvement is below a relative threshold. The search quality
setting in the user interface indirectly adjusts the decay and relative threshold
to make the stopping condition more or less lenient. On completion, each
support cluster PSO returns a list of candidate objects that do not overlap the
model.
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4.4.2.1  Fitness Function

Each particle fitness is a product:
fi=Sxoxcxb (4.1)

where:

S is the volume of support replaced by the candidate object (mm?®).

0 is an overlap penalty defined using w € [0, 1], the proportion of the object
that does not intersect with the model:

(1-w)/10, ifw <1 (there is overlap)

1, otherwise (no overlap)

Note that any overlap invalidates the candidate from being used in a
final solution, but scaling o by a factor of 1/10 when there is any overlap
creates a soft constraint, resulting in a smoother fitness space for the PSO
to explore.

c is an object complexity penalty defined using an object type complexity
factor & and the level of interaction complexity selected by the user I. €
[0,1]:

c= 1/0{“‘15)

Fixed size, simple objects have « = 1; more complex objects that must be
assembled prior to insertion, such as stacking floppy discs or assembling toy
bricks, have a = 2; the screw jack, which requires manual height adjustment
has « = 3. The interaction complexity factor is used to condition the object
complexity (e.g. I = 0 means keep complexity low, I = 1 means high
complexity is acceptable).

b € (1.0,1.05] is a small footprint bonus. Objects with smaller contact area
on the baseplate are less likely to interfere with other replacement objects
when combining local solutions into global solutions. b is mapped to the
sizes of the smallest and largest replacement objects, such that the smallest
object receives full 5% bonus and the largest receives almost none.

4.4.2.2  Constructing Ad Hoc Towers

If ad hoc towers are enabled in the library, the system also attempts to recur-
sively place objects on top of other candidate objects, using those returned by
the main PSO as a base. This tower creation uses a PSO with fewer particles,
earlier stopping criteria, and a search area restricted to the base particle area.
The fitness function is the same, except that b is reversed to assign a bonus to
larger objects: this increases the potential for additional objects in the tower
by providing more surface area for the next object.

48



4.4 IMPLEMENTATION DETAILS

4.4.2.3 Run-time Optimizations

Strategically chosen subsets of layers are used to approximate support ma-
terial savings S and for early detection of model collisions. Initially, the
calculation uses the lowest and highest layer according to the particle height,
along with 5% of the layers between. If the approximation of S is above a
threshold (based on maximum material savings of previous candidates) and
no collision is detected, the remaining layers are added to the calculation in
random order, each time checking for the same stopping conditions. This
method significantly decreases objective function computation since particles
with collisions or poor support savings are not fully calculated.

Replacement objects with variable heights, such as toy construction bricks
and screw-jacks, are explored in an optimal way. They are first evaluated
at their minimum height (e.g. a fully retracted screw jack) to confirm base
placement validity. Then, the adjustable height is gradually increased within
the possible range until the most support material is replaced without causing
a collision. This way, all possible height variations for a candidate object are
evaluated at once to find an optimal configuration.

4.4.2.4 Final List of Candidate Objects

When the main PSO search and ad hoc tower searches have completed, all
candidate object placements that do not collide with the model and replace
more than a minimum amount of support material are saved. The minimum
threshold e (in mm3) is based on the search quality setting g € [0.2,0.3] and
the replaced volume of the current best candidate S, where € = g¢ X S,
This list can be very large, so it is further pruned heuristically to select a
diverse set of options with a focus on the most beneficial ones. Duplicates
of equivalent results are removed. Results are sorted by support material
saved, then every ith result is selected where i = |1.5(i — 1)]. This indexing
method selects the very best results, some good results, and a few poor ones.
This selection process is performed separately for lists of individual objects
and lists for each tower size (i.e. 2 object towers, 3 object towers, etc.). This
selection process ensures a relatively stable number of outputs, even though
the number of valid results from the search can vary wildly. A diverse set of
candidates is useful when creating global solutions across objects selected for
each support cluster.

4.4.3 Combine into Global Solutions

The system now combines different objects across support clusters into global
solutions of replacement objects. Each global solution can use a specific
physical object at most once, and all objects in a solution must not collide.
Global solutions are constructed using each single cluster set (e.g. considering
only the solutions from 4 clusters in the k = 4 set) and across all cluster sets.
Sets of global solutions are generated in parallel on separate threads.
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Finding the best combination of candidate objects to form a global solution
is equivalent to determining the solution to a maximum weighted clique problem
on a graph describing object compatibility. A graph is constructed where
each vertex represents a candidate object (or tower) at the solution position,
with the vertex weight set to the objective function value for the associated
particle (f; in Equation 4.1). Vertices are connected by edges if the objects
they represent are not the same replacement object and they do not collide. A
custom solver is used to find the maximum weighted clique for clique sizes
ranging from 1 to 8 (we consider a single vertex a clique of size 1). Larger
cliques translate to solutions with more objects which require more user
interactions, so finding global solutions with smaller cliques (representing
fewer objects) is important to provide options to the user.

The conventional weight of a clique is the sum of included vertices, but we
set the clique weight using a global objective function that also considers the
user’s desired level of interaction density:

Y fi

fo = 0.75P(1~1a) 4 0.25N(1~1a)

where:

fi is the fitness of a candidate replacement object (Equation 4.1);

N is the number of objects to be placed;

P is the number of printing pauses (i.e., number of “interruptions”);
I; € [0,1] is the user’s interaction density setting.

Note the number of printing pauses is weighted 3 times greater than
the number of objects to be placed (i.e. 0.75P vs. 0.25N). This codifies an
assumption that more pauses are more disruptive than placing more objects
in a single pause. However, these weights can easily be adjusted, in the future
they could be included in the user interface.

4.4.3.1 Run-time Optimizations

We prune some vertices using heuristics to decrease computation for the
maximum weight clique solver. Since maximum cliques are evaluated in order
of increasing clique size, vertices with fewer edges than the target clique size
minus one are pruned to speed up following iterations. For example, when
searching for a clique of size 4, a vertex with only 2 neighbours can be pruned.
If multiple vertices are not connected, but each has identical neighbours, then
they likely replace a similar area of support and are interchangeable within
a solution. Among sets of interchangeable vertices, only the highest weight
vertices representing a single object and a tower are kept in the graph. If more
than 150,000 combinations of vertices remain after the previous two steps,
additional vertices are pruned randomly to avoid excessive computation
times.
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S N e

(a) Aligned b) Lower Quarter (c) Upper Quarter ) Middle

Figure 4.6: Side views of layer height adjustments cases showing two adjacent boundary layers (grey shapes) before and after
adjustment to object (orange shape): (a) object height and layer boundary are aligned, no adjustment necessary;
(b) object top is within lower quarter of layer 2, layer boundary adjusted upwards; (c) object height is within
upper quarter of layer 1, layer boundary is adjusted downwards; (d) object top is within middle 50% of layer, new
intermediate layer inserted between boundary layers.

4.4.4 G-code Modifications

Once the most desirable global solution is found, all support material print
paths that are replaced by objects are removed from the slicing result. Our
system then modifies the heights of layer boundaries near the top surfaces of
objects, adds printed object holders, printed text instructions on the baseplate,
and inserts printing pauses.

The layer boundary is the height at which filament from a new layer touches
the previous layer, and it rarely matches the height of a replacement object
precisely. Without adjustment, these differences can cause visual imperfections
and structural weaknesses. Our system adjusts adjacent layers to match the
height of inserted objects by considering the four cases illustrated in Figure
4.6. When the top surfaces of two or more inserted objects fall within the
same layer boundary, each is handled separately.

Custom holders and instructions are created by inserting parameterized
G-code generated by our system. Each object holder is composed of 6 layers
of filament extruded in a single outline path offset from the object by half
the nozzle thickness (e.g. 0.2 mm for a 0.4mm nozzle). A brim for increased
adhesion can be added using a user setting. Brief instructions are printed
on the baseplate near the object as a single-layer vector line font with a
user-defined letter height in mm. Instructions provide a human-readable
replacement object id (also searchable in the library) with dimensions for
simple objects or manual adjustment for variable objects, such as screw
jack height or toy brick assembly size. The G-code that pauses the print for
the user to insert an object can be customized, such as allowing time for
a heated enclosure to reach a desired temperature. The printing material
and time required to print the holders and instructions are included in the
measurements throughout the paper.

4.5 EVALUATION
To evaluate our approach, we conducted a technical evaluation using the sys-

tem with a dataset of diverse models. The primary measures are proportions
of printing time and support material saved. We also explore variations relat-
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4.5 EVALUATION

ing to the interaction density and complexity “usage space” factors discussed
earlier. These are operationalized as slicer parameters and what types of ad
hoc objects are available in the library.

4.5.1 Test Dataset of 3D Models

We assembled 15 3D models to test various conditions. Nine are models
identified in previous research related to 3D printed support structures and
related topics. Some were reconstructed from descriptions within the related
work. The remaining six are canonical 3D models used in computer graphics
research. Note that not all previous works identify the models used, and few
provide mesh files or references. We also limited our selection to models that
can be accessed freely for replication. Some models were scaled to fit into
the build volume of the printer preset used in the evaluation. Models were
printed in their original orientation, which in some cases is non-optimal to
showcase extreme support cases. Our goal was to gather an assortment of
objects with reasonable diversity, replicability, and comparability, and using
objects from previous work mitigated selection biases. The complete dataset
is shown in Figure B.1 of Appendix B.

4.5.2 Ad Hoc Objects

The ad hoc objects used for the evaluation were primarily collected from
the authors” households. This included 22 objects with fixed heights, such
as a book, woodworking off-cuts, 3D printing calibration cubes, and small
cardboard packaging boxes of various sizes. Object dimensions ranged from
73 X 10 X 9.5 mm to to 172 X 144 X 37 mm. Nine floppy discs were used
as one type of stackable object. A toy brick construction kit was included as
an option in the library, which essentially enables an arbitrary variety of ad
hoc objects by assembling blocks into a required size as needed. Finally, there
were 3 adjustable objects with continuously variable height in the form of
3D-printed screw-jacks with different height ranges (29-46 mm, 49-66 mm,
and 78-95 mm). All three screw jacks used the same prism shaped cap. In
our experiments, we use these objects with different levels of complexity to
form different libraries as a dependent variable to evaluate the impact of
interaction complexity.

4.5.3 Procedure

We first generated machine printable G-code for all dataset models with the
unmodified Kiri:Moto slicer (version 3.3.D12) [6]. We used default slicing
settings, with the exception of enabling automatic support and using a sup-
port pillar size of 8 instead of 6. Increasing the support pillar size ensures
that continuous areas of support are merged into a single structure, rather
than forming numerous small disjoint towers. This reduces execution time
by reducing the number of support polygons. These default slicing results
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are baselines for material weight and printing time. All models were also
sliced without any support to obtain the model material weight to compute
proportional savings in material and printing time.

We then generated machine printable G-code for all models in the dataset
using our system. In these tests we use the default print volume (300 x 175
x 150 mm) with all models centred on the build plate. Since replacement
objects must be placed fully within the build plate area, the position of model
affects the possible solution space. All tests were run on a high end consumer
Windows PC with 24 available processing threads using the Chrome browser.

4.5.4 Independent Variables

There are three independent variables: two settings offered by our customized
slicer (search quality and interaction level) and which library of replacement
objects is available.

* Search Quality — Fast or Thorough. This setting adjusts details of the PSO
search, such as the number of search particles; how persistent the search
should be, as well as thresholds for early exit conditions during the search.

* Interaction Level — Low, Medium, or High. This evaluates increasing levels of
user interaction as a combination of interaction density and complexity,
where I; and I, are 0 for Low, 0.5 for Medium, and 1.0 for High.

* Library — Simple, Towers, or Variable. The tests are run using three libraries
containing progressively more versatile and adjustable ad hoc objects
and arrangements. The Simple condition is a library with 22 fixed height
objects without stacking; the Towers condition adds the easily stackable
floppy discs and permits object stacking to form ad hoc towers; and the
Variable condition adds 3 height-variable screw-jacks with different height
ranges, and enables assembling objects of varying sizes using a toy brick
construction kit.

4.5.5 Dependent Variables

For each combination of independent variables, we conducted a search with
each test model and calculated three metrics:

* Material Saved. This is the proportion of printed support material weight
generated by our system to the support material weight generated with
the unmodified slicer. We calculate support material weight based on the
printing weight estimates provided by the slicer itself, which is defined as
the total length of extruded filament times the area of a cross section of the
filament, times the average density of PLA.

* Time Saved. We use printing time estimates provided by the slicer itself for
the total time to print the model including all support material. We define
time saved as a proportional savings of print time using the ratio of time
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Figure 4.7: Material Saved by model for 12 test runs spanning all conditions. The
default support material mass for each model is shown in parentheses (in
grams).

to print G-code generated with replacements to the time to print G-code
generated with the unmodified slicer.

* Search Time. The run time of our system was measured during the ad hoc
object search process and during the entire slicing process to generate all
G-code.

4.5.6  Results

For each of the 15 models, we ran the system for 12 test runs spanning
all conditions: 2 Search Qualities (fast, thorough) x 3 Interaction Levels (low,
medium, high) x 3 Libraries (simple, towers, variable). This produced 270
data points for each dependent variable.

Each dependent variable is analyzed using a 2 x 3 x 3 repeated-measures
ANOVA with test model as a random blocking variable. Visual inspection
of Q-Q plots revealed no severe violations of normality; Greenhouse-Geisser
corrections are applied to p-values when Mauchly’s test for sphericity was
significant; significant differences are reported at a 5% level. All post hoc tests
use Bonferroni-corrected pairwise t-tests.
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Figure 4.8: Time Saved by model for 12 test runs spanning all conditions. The propor-
tion of print time saved by ad hoc objects varied depending on model and
how much default printing time is spent creating support. The default
print time for each model is shown in parentheses (in minutes).

4.5.6.1  Support Material Saved

Overall, replacement objects reduced support material by 52.0% (95CI [50.0, 54.1]).
Material Saved ranged from 20.2% (worst result for the Angled Cylinder model)
to 97.0% (best result for the Angle Bracket) (see Figure 4.7).

Increasing levels of user interaction saved more material, libraries providing
more versatile and adjustable ad hoc objects saved more material, and using
a more thorough PSO search saved more material (see Figure 4.9). There
was a main effect for Interaction Level (F,p3 = 29.1,p < .001), Library (Fyps =
42.2,p < .001), and Search Quality (F114 = 65.2,p < .001). Post hoc tests found
significant increases in material savings for Low (44.0%), Medium (53.8%),
and High (58.5%) Interaction Level (all p < .05) and significant increases for
the Simple (45.1%), Towers (50.6%), and Variable (60.6%) Libraries (all p < .05).
Search Quality had less of an effect, with 50.7% support saved for Fast versus
53.5% saved for Thorough.

With the Towers library, moving from a Low to Medium Interaction Level made
the most pronounced increase (14.6%), unsurprising as only Medium and High
Interaction permit the additional pauses required to construct towers, with
little or no additional savings moving to the highest level of interaction. For the
other libraries, there was a steady increase in average material savings ranging
from 4.7% to 7.9% when moving to the next higher Interaction Level. There
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Figure 4.9: Percentage of Material Saved for each combination of Interaction Level,
Library, and Search Speed. Error bars are 95% confidence intervals.

was a Interaction Level x Library interaction (Fy5¢ = 3.17, p = 0.048). Post hoc
tests examining Interaction Levels for each Library found significant differences
in all cases (all p < .05) except between Medium and High Interaction Level
with the Towers Library.

4.5.6.2  Time Saved

Overall, replacing support with objects reduced print time by 34.8% (95CI
[32.8,36.9)). Time Saved ranged from 9.8% (worst performance for the Stanford
Bunny) to 77.8% (best result for the Angle Bracket) (see Figure 4.8).

Additional print time was saved with increasing levels of user interaction,
with libraries providing more versatile and adjustable ad hoc objects, and
with a thorough PSO search. There were main effects for Search Quality
(Fi14 = 70.0,p < .001), Interaction Level (Fps = 17.3,p < .001), and Library
(Fops = 22.5,p < .001). Post-hoc tests found Time Saved increased with each
Interaction Level: Low (29.7%), Medium (36.1%), and High (38.6%). The same
trend was found with Library: Simple (30.8%), Towers (34.4%), and Variable
(39.2%). Though significant, Search Quality had less of an effect, with 34.4%
time saved for Fast versus 35.2% time saved for Thorough.
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Simple Towers Variable

Fast 9.2 (8.6) 14.5 (15.0) 12.7 (10.9)
Thorough  20.6 (20.4) 39.9 (36.8) 28.8 (25.0)

Table 4.1: Search Time by Library and Search Quality (mean time in seconds, stdev in
parenthesis).

4.5.6.3  Search time

On average, Search Time took 20.9s (sd 23.5 s, (95CI [18.1,23.7])). Search Time
ranged from 0.9 s (Angle Bracket, fast, simple, low interaction) to 124 s (Bike
Helmet, thorough, towers, low interaction), 18 searches took longer than a
minute. For comparison, the average slicing time without using our system is
16.7 s. Table 4.1 summarizes Search Time results.

Searching the Simple library was consistently fastest and, as expected, a
Thorough search takes more time. There were main effects for Library (Fp 25 =
6.32,p = .016) and Search Quality (F;14 = 19.5,p < .001). Post hoc tests found
Simple (14.9s) faster than Towers (27.2s) and Variable (20.8 s) (all p < .05).
Search Quality was unsurprisingly faster on average with Fast (12.1s) than
with Thorough (29.7s).

Interestingly, the most versatile Variable library actually reduced search time
compared to Towers with ad hoc object stacking. This makes sense, as objects
with variable height may already reach up to the desired height, avoiding the
need to construct towers recursively in many cases. Within each library, Fast
quality search times are approximately half those of Thorough quality search
times. There was a two-way interaction effect for Search Quality and Library
(Fo28 = 10.5,p < .001). Post-hoc tests found that for Fast search, Tower (14.5s)
and Variable (12.7s) were significantly longer than Simple (9.2s) (p < .05) but
not different from each other. However, for Thorough search, all three values
were different: Towers (39.9s) was the longest, followed by Variable (28.8s),
then Simple (20.6s) (all p < .05). For all libraries, Thorough search took longer
than the equivalent Fast search.

4.6 DISCUSSION

Replacing support material by involving the user in the fabrication process
rather than using automated motion controlled mechanisms provides addi-
tional flexibility. Unlike previous solutions, this approach is not limited to a
rectangular grid. This enables custom object shapes and arbitrary positions
for support replacement, which can reach and replace additional support
material. The flexibility comes at a cost of increased computational complexity.
By applying domain knowledge and placement heuristics to streamline the
optimization, and careful pruning to shrink the solution space to a manage-
able size, our system overcomes the complexity to provide the sustainability
benefits of reusing support to anyone who owns a FDM 3D printer.
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Figure 4.10: Examples of solution variations: (a) a fast search solution for Angle Bracket places a single wood replacement
with sub-optimal height; a thorough search solution finds a more optimized object constructed with toy bricks;
(b) using a library of simple objects, a single block of wood is used to save some support; using the variable
object library, non-rectangular objects are available to better fit the curved surface of the Angled Cylinder; (c) a
solution restricted to low interaction can still replace a large volume of support with multiple objects placed
during a single pause; a solution that permits a high level of interactions can replace even more support, but
requiring 7 print pauses for this example.

Our system must consider the importance of a user’s time. With decreasing
size of print models, the benefits of using the system can become small
enough that they might not justify any additional user interaction. The system
avoids interactions that only save a token amount of support and exports
the unaltered slicing result if no worthwhile user interactions can be made.
Though not being able to save support for any model is an undesirable
outcome, the affected small prints produce less waste from support material
in the first place. In contrast, the system is most effective for large models
that would generate excessive amounts of waste. Overall, the system provides
the most benefit per user interaction for models that require large amounts of
continuous support.

4.6.1  Ad Hoc Objects for Sustainability

From our 15 diverse models, using ad hoc objects reduced support material
by 52.0% and print time by 34.8% on average. The best cases for all models
allowed replacing more than two thirds of support material on average. Print
time has a lower effect generally, since the print time depends on both support
and model material. Other techniques, such as in-fill optimization [120] or
objects being inserted inside the model could further reduce print time, as
shown in Chapter 3.
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The efficacy of using ad hoc objects as support replacements depends on
the specific arrangement of support material. In some cases, the effects can
be dramatic. For models with large, planar overhangs like the Angle Bracket,
using replacement objects can remove almost all support material (97.0%
savings), and reduce printing time by more than half (77.8%). However, in
other cases, results are limited. In some models much of the support material
is build on top of model geometry and unreachable from the build plate.
Given the proposed “usage space”, extensions can make it possible for ad hoc
objects to also replace support in these situations, but likely with some added
interaction complexity. Figure 4.10 illustrates more examples of solution
variations.

4.6.2  Comparison with Previous Approaches

Comparing our average savings to previous work is problematic, as each
work uses a very different set of test models. Xu et al. [121] test 5 models and
Yigit et al. [123] test only 2. We use a larger dataset of 15 models and many
are more complex in terms of support requirements. This is an argument to
standardize test model datasets.

Perhaps most instructive is to compare using a common model. From the
models tested by Xu et al., we were able to source the “gymnast”. With this,
our system achieves maximum support material savings of 93.5% compared
to their 78.1%. From models tested by Yigit et al., we were able to source the
“bunny”. Here, our system achieves 72.2% savings compared to their 85%.
However, even these more direct model comparisons are limited by system
evaluation conditions, with different slicers and different slicing settings. For
example, more than 19% of support is located above the body and below
the ears of the bunny in the slicing result used in our evaluation. Those
upper support regions are unreachable for both our system and the Yigit et
al. system, so it is unclear how more than 81% of material could be saved.

In terms of run time, Xu et al. report an average optimization time of 27.4 s,
which is longer than our average run time of 20.9 s, despite our more complex
set of test objects. For simple test models, our system can deliver results
orders of magnitude faster: our lowest search time is less than 1 second,
compared to their 25.6 s.

4.6.3  Alternative types of support structures

We used the default kiri:moto supports in our evaluation, which generates
support towers that are shaped to match the outline of model parts that
require support. This resembles “Snug” supports in the Prusa slicer [83].
Other types of support structures, such as Prusa Organic or Cura [108]
Tree supports can further reduce the amount of support material. The slicer
estimates for printing time and material used by kiri:moto, Prusa, and Cura
and each of their respective support types can be found in Appendix B. The
data suggests that there is no single optimal type of supports. One model
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failed to slice with Cura Tree supports. Printing Prusa Organic supports
requires additional printing time, and for some of the models, they also
required more material than Prusa Snug supports.

Comparing “between-slicers” is less controlled than the “within-slicer”
comparisons above and in our submission, as slicers may use different ap-
proaches to calculate the material and time cost estimates. The slicing results
alone also provide little insight whether or how much the supports impact
printing reliability and visual print quality. By correcting for relative differ-
ences in support weight using a per-model ratio of material used by Prusa
Snug to kiri:moto supports, we can estimate material savings of our system
over Prusa Organic supports. The estimated maximum material savings of
our system are 63% on average, ranging from 37% to 95%. Using the worst
case material savings of our system, the average improvement drops to 26%.
Interestingly, Prusa Organic support is estimated to outperform the worst case
of our system for the Nefertiti and Angled Cylinder models. Our method is
in principle compatible with any software support generation method. Based
on the Prusa and Cura slicing data, we estimate an additional 3-8% of all
support beyond our presented results can be saved by combining advanced
support generation methods with support replacements.

4.6.4 Cost-Benefit of Mid-Print Interactions

Correlated with support material saved, using replacement objects can have
dramatic results on printing time. For example, reducing print time from
31.5 h to 14.3 h with the Arch Bridge model (45.4% savings) or from 16.1 h
to 9.7 h with the Beast model (60.4% savings). The lowest time saved in
the test set was 15 minutes. User insertion time is not included in these
values, but since insertions take less than a minute to complete, time savings
remain relevant even for small models. Our system prints the names of all
replacement objects on the first layer, so the user can search for all objects
during printing and place them nearby ready to be inserted. The dimensions
of stacks of objects are printed on the build plate as well, so they can also
be assembled ahead of time. A specific assembly order is not required. For
example, a stack of toy bricks can have multiple holes and cavities without
issue, as long as the stack meets the overall dimensions and has a solid top
surface. In addition, the effort to manage a library of ad hoc objects is more
of an up-front setup cost. We use the library management interface from
Scrappy (see Chapter 3) which has a relatively easy way to enter and locate
objects, so in practice this is not a time-consuming aspect.

The main cost is not the time to complete the interaction, but when the
interaction must be performed. With our approach, someone has to manually
insert objects at one or more intervals during a long print job. We note that
similar kinds of interruptions exist for manual tasks with appliances: for
example when loading and unloading clothes into household washing and
drying machines. The scheduler in our system can ensure that interruptions
occur at more convenient times, such as during daylight hours. One can
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(a) bridge

(b) adapter plate

Figure 4.11: Mock-ups of more complex replacement objects: (a) combinations of
objects to reach internal support structures like through-holes; (b) a
custom adapter printed to perfectly fit into irregular object profiles.

imagine design solutions for further reducing the disruptive nature of the
notification: setting up timers or calendar alerts to facilitate scheduling, or
even recruiting passersby to insert the objects in a public area or shared
workplace. Finally, the adaptability of our fitness function allows minimizing
this cost, even restricting solutions to a single mid-print interaction if desired,
while still providing worthwhile material and time savings.

Future work could more closely examine the associated cost-benefit trade
off. We imagine two complementary approaches: releasing the software to
log actual users as they choose different schedules to trade-off interaction
complexity; and a longitudinal study using a generic interaction task that can
be controlled for density and complexity.

4.6.5 More Complex Replacement Objects

Further increasing the complexity of interactions could replace support mate-
rial at places that are otherwise unreachable. For example, an ad hoc bridge
could be constructed from three objects, such as a thin piece of wood taped
onto two construction brick stacks (Figure 4.11a). This could enable support-
ing a model with large openings. To save even more support, a thin plate
could be custom printed to perfectly fit into irregular object profiles (Figure
4.11b). Depending on the size and height of the supported area, the overhead
to print this kind of custom object before the main print could still save
overall time and material, especially when manufacturing multiple copies of
the same model.

4.6.6  Improving Mechanized Approaches
Our more advanced optimization method system is versatile enough to find

object placement solutions to work in tandem with automated approaches
from prior work. For example, Yigit et al. [123] propose using standardized
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cubes placed over a 1 cm grid resolution by a robot arm. This major simplifica-
tion would reduce the search time for solutions, but our results show that ad
hoc objects that are not restricted to a grid or a standardized shape are more
flexible in placement and can save more material. Using a robot arm (or even
the printer itself [47]) to place heterogeneous objects would be challenging,
and robot actuators likely lack the dexterity to use our printed holders for
object stability. However, our approach would enable more variation in block
size and height, and eliminate the limitation of a 1 cm grid resolution. Our
optimization algorithm could also be modified to find the optimal positioning
of a model on an actuated build plate [37, 121] by treating each grid cell as
an adjustable height object at a constrained location. Our approach of relying
on users to insert replacement objects could enable a lower-cost alternative
to an actuated build platform. Instead, users could place a collection of stan-
dardized raised platforms on top of the build plate. Systems that rotate the
build platform [31] to avoid printing support may still require some support
structures to print complex models. As our printed holders can hold objects
even when the build plate is flipped upside down, our approach could work
at steep angles in conjunction with such systems.

4.6.7  Practical Considerations

Although pausing a print is common in certain applications, such as printing
ranges of layers in different colours, or may be required to continue a print
when the filament spool runs out, some users may be unfamiliar with the
process. To make best use of printing pauses, they should be dialed in like any
other slicing parameter. For example, our system includes machine commands
to prime the nozzle after a pause, but users may wish to adjust the details
of this process based on the type of extruder used. The primed material
may be loosely attached to the print. Although easily removed and typically
attached to a support tower, custom adjustments to the pausing instructions
could prevent such minor blemishes. Our system inserts pauses prior to
printing support material. Should a pause cause blemishes, they will typically
be constrained to the support material itself. If the build plate is movable,
inserting objects may push the build plate out of position. After a pause, the
build plate axis is homed to reset its location and avoid issues from accidental
movements. Using printing materials that require a heated build chamber
might necessitate custom pause handling for prolonged pauses. Maintaining
a minimum temperature during the pause or adding delays to allow the
temperature within the enclosure to equalize slowly before resuming the
print could prevent deformations. The system includes a basic scheduler to
help avoid long idle periods.

Using support replacement objects offers additional modes of printing
failure recovery. If a user notices a lack of adhesion on the object after a pause,
they may still be able to adjust the height of a screw-jack or add layers of blue
tape to match the current printing height to restore adhesion after skipping
some layers.
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Printed supports sometimes stick thoroughly to the supported part of the
model. Replacement objects can in some cases essentially allow supporting
the area with blue tape rather than filament. The tape is easier to remove
sequentially which may prevent damaging fragile models. The smooth finish
of the supported area may also be desirable. Support material can typically
be removed cleanly from the replacement objects by hand or with a knife.

4.6.8 Limitations

Depending on the build plate and filament colour, the printed instructions
can be difficult to read under certain lighting conditions. Users may require
hand tools such as calipers to measure replacement objects with sufficient
accuracy.

The system slightly adjusts the thickness of some layers, which are usually
imperceptible, but may still be undesirable when printing mechanical objects.
Instead of adjusting layer thicknesses, it would be possible to print a layer of
material underneath inserted objects to raise them to the desired height. This
solution however would come at the cost of using some additional support
material.

Our findings, especially trends within our dataset, may not generalize to
all models. Prior work often used very small sets of test models and models
chosen or built to demonstrate benefits. We intentionally chose a diverse but
representative set of 15 models, and we were able to observe a wide range of
outcomes. The current system would be unable to save any support material
for pathological examples like a hollow egg model, which only includes
internal support. In the worst case scenario where the system fails to find
an opportunity to replace support material, the unaltered slicing result is
exported instead.

4.7 CONCLUSION

We introduced a practical software-only solution where people manually
insert ad hoc objects to replace support material during a FDM 3D print.
A technical evaluation shows support material is reduced by an average
of 52.0% across 15 models (ranging from 20% to 97%) and revealed how
model characteristics influence support savings. Possible future improvements
include using a print head depth probe to work with non-planar replacement
objects and to measure replacement objects with the printer itself, perhaps
circumventing the need for an object library. Regarding user interaction, a
single basic mid-print interaction saved 39.1% of support material on average,
but with increased density and complexity of interactions, average savings
increased to 60.1%. By involving users even a little bit during the print job,
3D printing can be faster and more sustainable.
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4.7.1  Summary

The Substiports system demonstrates that the benefits of intermittent in-
teraction can scale with user involvement, and offers options for users to
find a trade-off between their involvement and the benefits that they prefer.
However, a handful of interactions typically suffice to achieve the maximum
possible benefits as they stem from preventing a specific source of waste, and
additional involvement will not provide further benefits beyond a handful
of interactions. As a result, the next chapter explores a different use case
that does require high levels of user involvement. We present FabricAtion, a
method to extend the capabilities of FDM 3D printers to include sewing capa-
bilities like crafting clothing, performing alterations, and repairing textiles. We
introduce 3D printed needles and thread to create stitches, and pattern-based
seams that can recreate all common classes of traditional hand and machine
sewing patterns and can produce novel seam types. This software-only system
assists in translating common traditional sewing patterns, or ‘flats’, into a
fabrication workflow that crafts the same items without the need for a sewing
machine or sewing competency. Fabrication steps are ordered and merged
to maximize automation while following traditional sewing sequencing that
simplify handling the fabric. During fabrication, the system requests user
assistance to place and align pieces of fabric, and directs the process using
registration marks and 3D printed guides. We present a set of artifacts created
with the system that demonstrate crafting, alteration and repair of clothing
and present a usability study to discuss the practicability of the manual user
interactions.
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Tools such as a chisel or a sewing machine have very specific purposes and
their usage is typically limited to this purpose. A chisel removes a plane
of wood when pushed by a user. A sewing machine joins pieces of fabric
together with thread or decorates fabric with thread patterns. In contrast, a 3D
printer can produce almost any three dimensional geometry. This breadth is
achieved through mechanical precision and continuous iteration. The output
is however still limited to producing 3D objects.

In combination with a hammer, a chisel can be used as a slot-punch. Or
in combination with a lathe, the chisel can carve out curved features rather
than straight planes. For digital fabrication tools, it can be sufficient to simply
provide new software in lieu of another tool to support different use cases.

We propose extending the capabilities of commodity 3D printers to sewing
through software and manual user assistance. We provide a software tool
that allows translating sewing patterns called ‘flats” into 3D print jobs and
assembly instructions. Rather than modifying machine hardware, we propose
extending the capabilities of the machine as needed by recreating physical
end-effectors on the fly. Through custom G-Code, our system 3D prints
freestanding sharp needles. The printed needles replace the role of the end-
effector of a sewing machine. Instead of re-using the same metal needle, our
system generates a 3D printed needle on demand for each stitch. Similar to
traditional sewing, the user provides pieces of fabric during the assembly. The
user pushes the needles through the fabric, or aligns them with pre-cut holes.
By remelting the needle after it has been pushed through pieces of fabric, the
needle itself becomes the thread that joins the fabric layers together.

When interactions are intermittent, the user is afforded downtime during
the process. Our software system combines and merges compatible steps
of the fabrication process to maximize user downtime. Since our system
uses digital fabrication tools and integrates some sewing domain knowledge,
it allows fabricating highly precise seams and garments without sewing
proficiency.

Beyond creating basic seams between two pieces of fabric, our system aims
to comprehensively translate sewing into digital fabrication. We provide a
modular pattern for printed seams that is able to recreate many classes of
traditional sewing seams. Just like with a sewing machine, the seam width and
length (i.e. “stitches-per-inch”) of these patterns can be adjusted to fit the use
case. The provided patterns allow printing temporary basting stitches, flexible
seams for stretchy fabrics, and even ornamental patterns. The modularity
of the patterns allows extending their use cases beyond traditional seam
patterns. For example, it allows creating stiff seams to shape and reinforce
sections of a garment or to include as boning.

65



5.1 RELATED WORK

We evaluate the strength of printed seams in comparison to traditional
thread, providing a “thread strength” value that is commonly used to approx-
imate seam strengths. Our results show that stitch for stitch, printed thread
can be stronger than real thread used in commodity sewing machines. Unlike
a sewing machine, the distance between stitches is not limited for printed
seams, which for example allows creating wider ornamental patterns along a
seam.

5.1 RELATED WORK

There are examples of prior research and commercial products that allow
using fabrication machines for additional purposes. While this may match
the high-level approach of our system, prior solutions tend to require exten-
sive setup, often with specialized hardware accessories, to enable or switch
between functionalities. Prior work also has made use of sheets of fabric
during 3D printing, or has reproduced textiles by printing it directly. While
approaches may in specific use cases circumvent the need to work with fabric
entirely, they do not reproduce a sewing style of fabrication as our system
does.

5.1.1  Multipurpose Fabrication

Prior work has transformed personal fabrication machines like 3D printers
and laser cutters to allow them to automate tasks beyond typical use cases.
Jubilee [112] introduces automatic tool changing to re-use the 3D gantry of
a 3D printer to perform other tasks, such as plotting or fluid manipulation.
Commercial products, such as SnapMaker [99] use the same approach to
perform 3D printing, laser cutting, and CNC machining in one gantry, but
require changing the different end effector tool heads manually. Through
complex additions, a 3D printer can be used to hook and move objects similar
to a robotic manipulator [48], and a laser cutter can be used to perform simple
automated soldering and assembly tasks [73].

Similar to our system, these projects allow fabrication machines to perform
additional purposes. However, unlike our approach, they require extensive
changes to the existing hardware, or they limit the original functionality of
the fabrication machine, such as limiting the build volume to avoid collisions
with the additional hardware, or by reserving areas to store or operate the
added mechanisms.

5.1.2  Working with Layers and Fabric

Conceptually related to the user interactions in our approach, Lamifold
[58] allows users to assemble functional objects by inserting layers of wood
and paper into the build volume of a laser cutter. Lamifold however uses
intermittent interactions to simplify and streamline the assembly of laser
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cut mechanisms, rather than enabling the fabrication of a new category of
outputs.

Other prior work directly 3D prints onto fabric, either to supply novel
textures to the exterior of 3D printed objects [113], to add printed mechanisms
to prototype actuating fabrics [71], or to join the outputs of 3D printing
with the outputs of other devices, such as an embroidery machine [87]. In
these projects, users insert a layer of fabric to enhance the final product, but
traditional sewing devices would still be required to craft fabric items such as
clothing.

Finally, prior work has shown that textiles can be 3D printed, either by
printing a weave of disconnected strands of filament [103], or by strategically
forcing gaps via under-extrusion when printing a sheet of material [28]. Unlike
working with traditional fabric, the outputs can be limited in flexibility,
durability and feel of the textiles, and they still require further assembly
or sewing steps to create shapes other than simple strips or cylinders. 3D
printed textiles also could combine well with our system, for example by
printing patches for repair applications directly, or for alteration applications
by extending garments, or to join sections of fabric with strips of printed
fabric that are included as stylistic features.

5.2 APPROACH AND DESIGN SPACE

The FabricAtion system assists users that have basic competency in using a 3D
printer in performing sewing tasks without access to a sewing machine. Our
system frequently prints multiple small features, so users should be able to
identify and rectify basic printing issues, such as improper first layer adhesion.
The system allows the creation of cloth items based on sewing instruction
“patterns”, or “flats”, which contain the shapes that need to be cut out of cloth
in preparation for sewing. Sewing then creates seams, that is, areas where two
or more pieces of fabric are sewn or stitched together. An FDM 3D printer is
used to create printed seams that connect pieces of fabric, and a laser cutter
or scissors can be used to cut the fabric into pieces. During fabrication, users
assist in the process by manually placing pieces of fabric onto half-finished
printed seams. Sewing domain knowledge is integrated into the system to
better assist users that lack sewing experience. For example, the system can
automatically determine a beneficial order of fabricating the seams based
on their purpose, such as handling internal features like darts and pleats
before joining the outer shell of a garment. Many more sewing specific details
are handled through the system, such as ensuring seams are “tied off” at
the start and at the end. The printed seams need to be able to follow and
fit arbitrary shapes and sizes to match sewing patterns, and machine code
has to be generated for each printed seam. Different stitch types may have
to be used for specific seams, for example temporary basting seams that are
removed partway through the crafting process, or highly flexible stitches for
garments that are designed to stretch. Stitch patterns may need to be adjusted,
for example by using a tighter pattern with a higher number of stitches per
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inch (SPI), for high-strength applications. Our software system makes sewing
with unmodified commodity FDM 3D printers possible.

5.2.1  Overview

The system supports three common use cases of conventional sewing. It can
be used to create cloth items from start to finish, such as a T-shirt or a plush
toy shown in Figure 5.1. It can also be used to repair damaged fabrics, for
example by printing iron-on patches to match and surround the damaged area.
Finally, it can be used to tailor existing clothing. This is enabled by setting
up certain types of printed seams in existing garments, such as incorporating
darts and tucks to change the shape to adjust the fit of a garment.

(@) (b)

Figure 5.1: Fully fabricated fabrics, such as a (a) T-shirt with printed seams revealed,
or a (b) fish plushie.

To prepare for fabrication of a cloth item, the system ensures overlapping
seams do not obstruct one another and renders previews for the fabrication
steps. During fabrication, the system provides a control page to help the user
keep track of the progress, export cutting and printing jobs, or connect with
fabrication machines to start jobs directly from the control page. Fabric can be
cut either by hand using scissors and paper print-outs of the desired shapes,
or by using a laser cutter. Laser-cut fabric pieces include small pre-cut holes
for each printed needle to simplify aligning the fabric, and engraved markers
to help identify and align pieces. When exporting or running fabrication jobs,
cuts and prints are combined into groups based on the available work area of
the chosen machine to minimize the amount of necessary user interactions
and maximize the pause duration between interactions. On the control page,
users may also override the recommended procedure, for example to change
the ordering of fabrication steps on the fly, or to repeat steps when necessary.

5.2.2 Sewing with a 3D Printer

To make performing sewing tasks with a 3D printer possible in the first place,
the printer needs to be able to fulfill the primary purpose of a sewing machine,
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which is to join two or more pieces of fabric together. Sewing with thread
uses one or more continuous strands of thread which are woven through
fabric to join them together. A needle is used to pass the thread through the
fabric, where it is then looped around itself or another strand of thread. In a
lock stitch, which is common for home sewing machines, one strand of thread
on top of the fabric is looped around a second strand of thread below the
fabric so that they interlock at each stitch location where the needle pierces
the fabric.

3D printers are not equipped with needles. During regular operation,
printing starts and stops regularly instead of continuously extruding filament.
Continuous extrusion is only used for printing parts specifically designed
for this “vase” or “spiral” printing mode, where only a single outline of the
shape is printed to craft a one-body hollow object. In short, 3D printers do
not offer a direct equivalent to the threads and needles used in sewing. We
introduce the concept of 3D printed needles and thread, which are fabricated
directly at the location where they are needed. Printed needles and thread
allow FDM 3D printers to take the place of a sewing machine in tailoring
tasks and other crafting tasks that use fabric.

@ A A A A4 A A A A4 A A

| | | | | | | | | 1

Figure 5.2: Layout of printed needles and thread with (a) needles and bottom half of
the seam printed, (b) layers of fabric inserted by a user, (c) Fully printed
seam joining the fabric layers together permanently. Base flare of needles
is exaggerated for visual clarity.

5.2.3 3D Printing Needle and Thread

Printed threads are essentially just thin traditionally printed features that
are placed in precise locations. In the simplest form, printed thread can be
created by extruding one to a few parallel lines, one to a few layers high.
Initially, printed thread for a seam is placed wherever traditional thread
would be visible when looking at the bottom of the fabric. Printed needles
are created using custom G-code that uses relative movement commands
instead of absolute locations. We provide the specific commands for a sharp
needle in Appendix B.3. Printing a needle starts by anchoring it to printed
thread. The hot printing nozzle is pushed slightly into the existing filament
and digs through it in a grid pattern. Then, decreasing amounts of filament
are extruded while the printing nozzle moves upwards to form the shape of a
needle that comes to a sharp point. Retractions are included in the G-code to
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avoid stringing at the tip of the needle. Throughout the process, the movement
speed of the nozzle is adjusted and brief dwell commands are inserted to
provide time to either heat up the existing thread filament, or to allow parts
of the needle to cool and avoid drooping.

Modular options for printed needles can be used for different usage scenar-
ios. For example, based on the print head geometry, the maximum height of a
printed needle can be limited before they may collide with the print head. For
needles made from flexible filament like TPU, collisions are typically not a
concern, as they simply flex out of the way. Shorter needles can avoid collision
issues altogether, but taller needles can simplify aligning fabric pieces onto the
seam and can help keep the fabric in place once fabrication is resumed. The
printed needles can also be adjusted in other ways. For example, including
hooks or blobs as part of the body of the needle can further secure fabric
pieces in place after placement by the user. A hook shape can be created by
briefly moving the print head down sideways and back while printing the
needle, and blobs can be formed by slowing the needle extrusion movement
down briefly to gather excess filament into a blob.

One printed needle is created for each stitch location where thread would
normally be woven through the fabric. While printing the needles, printed
thread is also created in between each stitch location to connect the needles
as shown in Figure 5.2 (a). This printed thread is placed wherever traditional
thread would be visible when looking at the bottom of the fabric. With the
help of a user, layers of fabric are then placed on top of the needles. The fabric
is aligned to ensure each needle mates with a mark or cutout in the fabric,
and the fabric is pushed down below the needles as shown in Figure 5.2 (b).
To complete the seam, printed thread is created on top of the fabric wherever
traditional thread would be visible when looking at the top of the fabric, as
shown in Figure 5.2 (c). The existing printed needles are re-melted to fuse the
printed thread and printed needles permanently. The printed needles remain
in place extending through the fabric, forming the part of traditional thread
that passes from one side of the fabric to the other. At the end of this process,
the pieces of fabric are joined together permanently with printed filament
weaving through the fabric in place of traditional thread. By following this
process, FDM 3D printers can create structures that fulfill the same purpose
as traditional seams sewn from thread.

5.3 WALKTHROUGH

Making something from fabric using our technique follows two overall stages,
preparation and fabrication. Preparation means making the information from
the sewing instructions available within the system, and fabrication means
turning the digital layout into a physical object.
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5.3.1 Starting from flats

The first step to craft fabric items is the same as it is for traditional sewing,
to make or acquire a set of sewing instructions or fabric flats. The essential
part of the sewing instructions are the outlines of the fabric shapes that need
to be cut, as well as the seam allowance or hem allowance included in the
outlines, if any. The seam allowance describes how far away from the edge of
the fabric seams are placed when sewing this pattern. We will walk through
creating a a simple fish plushie using the system.

The web-based FabricAtion software system and interface is an extension
and conceptual repurposing of the Joinery system introduced in prior work
[126]. All the original functionality of the Joinery system remains available,
such as loading line drawings, selecting pairs of lines to create a “joint”
that connects them, saving the current state as a project file for re-use, and
exporting an adjusted line drawing including the planned joints. The system
has been extended to allow the fabrication of 3D printed seams, default to
recommended sewing practices, and guide users through batched assembly
steps of larger sewing projects, among other changes.

5.3.2 Defining seams

To start the making process, a user loads line drawings that contain the fabric
shapes into the system. For example, for the fish plushie example, there is
one flat provided for the body and one for the eyes as they are intended to
be cut from two different types of fabric. The shapes can then be arranged
manually to organize them.

Before fabrication, all seams that need to be fabricated need to be defined.
To do so, the user selects two compatible lines of the loaded line drawings,
or selects one line and clicks a button to connect a line to itself. This is
common when cutting a shape “on fold”, where the shape is placed along
the folded edge of a piece of fabric to cut two copies at once. A stitch type
can be assigned to each connection afterwards. For the fish plushie we use
the running stitch from the set of default stitches, and assign this stitch type
to each seam. If necessary, parameters for the stitch type can be adjusted, just
like changing the length or width of a stitch when using a sewing machine.

Defining seams can be done by setting up each seam as they are mentioned
in the sewing instructions, which ensures a correct order of operations when
making the seams, as the default setting follows the order of definition. For
the simple fish plushie, the eyes need to be connected to the sides, the long
seam around the body needs to be done afterwards, and the small seam at the
tail fin needs to be done last to close the plushie after filling it with stuffing.

5.3.3 Printing the lower “threads” and the “needles”

After setting up all the seams, the project is ready for fabrication. Clicking the
fabricate button opens a control panel in a new browser window that shows
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previews for all planned fabrication steps, including fabric cuts to be made
and seams to be printed. Fabrication steps are laid out in the recommended
order of operations. Printing seams requires access to the fabric cut-outs,
so the printing operations are laid out in groups underneath the cutting
operation that enables them. For the fish plushie, both types of fabric for the
body and for the eyes need to be cut before the eyes can be attached to the
body. The control panel always recommends both a cutting and a printing
operation, as printing takes time and is largely automated.

The user starts the first printing operation by clicking the “print now”
button next to the first highlighted printing step, which sends a print job
directly to a 3D printer using a connected OctoPrint server [39]. For the fish
plushie, the first two recommended printed seams fit on the build plate of
the user’s 3D printer, which are the seams used to connect the eyes to the fish
body. The machine commands for both printed seams are combined into a
batch, such that the 3D printer completes as much of the print job as possible
before the first user interaction is required. In particular, all printed thread,
printed needles, and all markers for all seams that are part of current batch
are fabricated autonomously. This setup maximizes the length of the break
between starting the print job and the first user interaction.

5.3.4 Cutting fabric shapes

While the 3D printer is working, the user handles cutting out the fabric shapes.
The shapes can be exported for paper printing to cut them out using scissors
as in traditional sewing, or as line drawings for laser cutting. The exported
shapes contain additional line features to simplify the assembly, such as
pre-cut holes for each stitch needle location and cutouts along the fabric edge
to match 3D printed markers. The markers and also the needle holes ensure
the correct selection and alignment when placing fabric pieces, especially
when assembly requires handling multiple similar fabric pieces. When using
scissors to cut out fabric shapes, a hole punch can be used to cut out holes
at needle locations. The user can also skip this step and instead push the
sharp 3D printed needles through the fabric during assembly, which requires
minimal effort for many types of fabric, but the fabric alignment may be less
precise when done this way. When using a laser cutter, the system optionally
also exports engraved markers to avoid fabric cut-outs along the edge. Placing
painters tape on top of the fabric at marker locations can prevent marring the
surface of the fabric.

With the fabric pieces for the body and the eyes in hand, the user is free
to take a break until a 3D printer requests user assistance. The time until
the next planned user interaction is constantly updated on the printer status
display. The progress percentage status is set to show the percentage of how
much of the print job as a whole has fabricated already, as usual.
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(a) (b)

(c) (d)
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Figure 5.3: Layers of fabric may be secured in place using (a) magnetic clamps, (b)
rubber pin backs attached to needles, (c) platelets that merge with the
printed seam, or (d) common tools such as magnets or tape.

5.3.5 Printing the upper thread onto the needles

With a message and a beep, the 3D printer will request user assistance after
printing the bottom seams, needles, markers, and ID written on the build
plate. Given the ID of the seam, the user can check the control page to see
a preview of the fabricated seam to simplify picking the right fabric pieces.
The user then places the fabric pieces onto the build plate, making sure that
the printed markers match the fabric cut-outs, and that the printed needles
slot into the pre-cut holes. The printed needles help keep the fabric in the
correct location, but depending on the seam and type of fabric, the fabric
layers may need to be secured in place further. To do so, the user can apply
rubber pin backs shown in Figure 5.3 (b) to printed needles to lock fabric in
place underneath temporarily, but the pin backs need to be removed before
the print head reaches the places where the pin backs have been applied, as
they would physically disrupt the printing process. Alternatively, fabric may
be secured with magnets or clamps, shown in Figure 5.3 (a) and (d), or by
applying painters tape as demonstrated in prior work [71, 85, 113]. We also
provide options to lock the fabric in place with thin discs made from the
fabrication filament itself, which merge into the printed seams during the
process, or to hold the fabric in place using magnetic clamps, shown in Figure
5.3 (c). After clicking a button on the printer, fabrication continues to “pick
up” the printed needles from the top side of the fabric, which can be done
by just re-printing the needle shape again, as well as printing the remaining
seams on top of the fabric.

5.3.6 Subsequent Interactions

For the fish plushie, completing the first print job attaches both eyes to the
body halves of the fish. The next recommended fabrication step is printing
the seam that forms the outer shell of the plushie surrounding the fish body.
The user repeats the process of starting a print, taking a break, and placing
the fabric onto the build plate during an intermittent interaction. Since this
seam forms the outer shell of the plushie, it will be turned inside-out later,
so the outsides of both layers of fabric should be touching as the two layers
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of fabric are placed onto the needles on the build plate. Once this seam is
finished, the fish plushie can be turned inside-out, stuffed with filling, and
fabricating the last seam closes the last opening, which traps the filling and
finishes the plushie, which can be seen in Figure 5.1 (b).

5.3.7 Repair and Alteration using Making Tools

It is also possible to use the system for alterations or to repair damaged fabric
items. The tools and stitch patterns offered can be used to create iron-on
or sewn patches to reinforce damaged areas, or to make garment shape
alterations such as darts, tucks or pleats. These operations will typically
require making a specific line drawing appropriate for the specific use case.
For alterations, this is typically just a straight line of a specific length. For
repair, an outline of the damaged area of the clothing can be used.

5.4 STITCH PATTERN DESIGN SPACE

There are many different stitch type options available when using a sewing
machine and when sewing by hand. The different stitch types provide a vari-
ety of aesthetic and mechanical options, as well as special use cases, such as
providing reinforcement surrounding a button hole. We briefly describe how
sewn seams are created and then explain how our pattern-based approach
can recreate existing seam types.

5.4.1 Seam types

3D printed seams can recreate the majority of class 100 to class 600 ISO
standard stitch types. This includes hand stitches and chain machine stitches,
which use a single thread and are typically fairly flexible, but prone to
unraveling after a single breakage of the seam. Figure 5.2 (c) demonstrates
an example of recreating a simple running stitch with a single continuous
printed thread. Unlike traditional thread, printed seams are less prone to
unravel after a single breakage as printed seams can adhere to the fabric,
making them resistant to slipping through stitch holes after breaking.

Lock stitches use two or more continuous strands of thread which are
interlocked regularly. Lock stitches can be recreated as printed seams by
simply adding additional connections between printed needles. In particular,
a lock stitch is formed if a closed loop exists that starts at a printed needle,
visits both sides of the fabric by following along printed seams or needles, and
returns to the starting printed needle. Lock stitches using traditional thread
are resistant to unraveling from a single thread breakage, but the breakage
may still propagate with agitation over time. A local breakage in a printed
lock stitch can never propagate globally, but printed lock stitches tend to be
stiffer than traditional ones.
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5.4.2 Parameterized stitch pattern

The FabricAtion system can be used to define a variety of different stitch
types using a parametric pattern approach that places, orients and scales
modular low-level machine code “primitives” for printed needles and thread.
Each stitch pattern is primarily defined through three main factors, which are
the number and placement of “stitch lines” parallel to the fabric edge, the
placement of needle holes along those lines, and connections between those
needle holes. Each pattern also defines additional parameters, such as the
average distance between two stitches, which implicitly sets the SPI, or the
default width of the pattern.

On household sewing machines, the distance between stitches and the
width of the pattern can be adjusted to customize the predefined patterns.
The parameters of FabricAtion stitch patterns can be adjusted just the same
to alter the appearance and functionality of each pattern. As an example,
the class 304 machine lock stitch, or “zig-zag stitch”, alternates back and
forth between two parallel lines that are equidistant from the center of the
presser foot. To recreate this seam shown in Figure 5.4, two parallel lines that
are some distance apart have to be defined in the pattern, which is done by
providing a list of distances from the center, for example the list [2, -2] to
achieve a default width of 4 mm.

By default, needle holes will be placed along the first line based on the set
SPI. To match the zig-zag pattern, each odd-numbered needle hole should be
located on the second parallel line instead, which can be done by providing a
list of integers that selects which of the stitch lines should be used for that
hole: [1,2]. Patterns provide the option to slide needle holes back or forth
along their stitch line. Since stitches are placed at regular distance intervals in
the zig-zag pattern, doing this is not necessary, so this offset should be set to
[0,0]. Offsets are provided in units of the default distance between stitches,
so setting the offsets to [0, -1] would make sure the two needle holes are
right next to each other, perpendicular to the fabric edge.

Finally, connections between needle holes need to be defined to place
printed threads. Connections are provided as integers by targeting the n-th
next needle hole to connect to, by using o to denote a skipped connection, or
by denoting o.5 to “tie off” this needle hole without connecting it to another
one. Each stitch is connected to both nearest neighbors in the zig-zag pattern,
which can be recreated by providing the connection list [1,1]. The pattern
input definitions do not need to match in length, so simply providing the
connection list [1] achieves an identical result. Providing definitions with
mismatched length can also be used to create irregular patterns that only
repeat after several iterations.

A straightforward way to define patterns with multiple connections be-
tween needle holes, akin to a sewing machine going back and forth during
operation, is to duplicate and optionally adjust the provided pattern details
lists, and halve the average length between two stitches.

The far edge of a stitch pattern is typically located a given “seam allowance”
away from the fabric edge. To accommodate class 500 over-edge stitch patterns
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Figure 5.4: Printed stitch pattern overview and basic parameters to adjust their look
and functionality.

that extend beyond the fabric edge, the locations of stitch lines can optionally
be defined not based on the hem distance, but directly from the fabric edge.
For example, the list [0, "00"] would place one stitch line directly on the hem
line, and a second stitch line directly on the fabric edge, where the letter “0”
denotes targeting from the outside edge of the fabric.

Fabric may also be aligned and folded differently in preparation for sewing.
Printed seams can directly create superimposed and flat seams, and can
fashion lapped and bound seams by recreating them in multiple steps, for
example first creating a hem before finishing the full lapped seam.

5.5 IMPLEMENTATION DETAILS

Our system is based on joinery, a parametric joint generation tool for laser
cut assemblies [126]. Joinery provides a fixed set of joint profiles that are
specifically designed for use with a laser cutter. The tool allows designers
to define connections between parts of an assembly and then automatically
generates the joints. We provide an extension to the system to automatically
generate 3D printed seams, handle many classes of stitches through an
extendable pattern based approach, and allow the system to guide users
through the assembly process.

Within the software system, seams are assigned to lines or paths of an input
line drawing. To ensure compatibility with other seams, the specific layout of
all seams is re-evaluated whenever a new seam is added.

5.5.1 Planning seam locations

In traditional sewing, sewing seams that intersect are trivial, but for printed
seams, this could potentially cause problems during fabrication. For example,
when multiple printed needles occupy the same location on a piece of fabric,
this may make it difficult or impossible to properly insert and align the fabric
while the printer is paused, as previously printed needles may be physically
in the way. To avoid issues during assembly, the system scans for possible
collisions between printed areas and can skip affected stitch locations. The
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neighboring locations will be connected instead to still maintain the integrity
of the seam.

To plan printing a seam, the system first determines the location of stitch
holes along the fabric edge using the selected stitch pattern. A printed needle
will be placed in each stitch location. As many stitches as possible are fit into
the seam, while maintaining at least the length between two stitches distance
from the corners, to ensure stitches don’t cross past the fabric edge. The group
of stitches is centered, so the seam starts and ends the same distance apart
from the corners.

5.5.2 Machine code generation

Starting with a group of stitch locations, printed seams are then placed based
on the selected stitch pattern. Overall, the system performs custom low level
machine code generation rather than using a traditional slicing approach to
fabricate printed seams. Modular snippets of machine code to print the seams
are placed based on combinations of a start and a target stitch location. As a
convention, the code snippets are provided using relative distances, rather
than absolute locations. The origin of this set of machine code should match
the placement of the starting needle location, with the end needle location
placed straight to the right of the origin. An origin and rotation offset can
be provided to use code that does not follow these conventions, and we
provide a Visual Studio Code [63] plugin that can be used to automatically
turn machine code with absolute positions into relative coordinates.

To add printed seam machine code to the fabrication plan, the code snippet
is adjusted as needed. First, the print head is moved to the proper start
location, with optional filament retractions placed around the move to avoid
filament drooping during travel. Then, each line of the machine code snippet
is parsed to extract movement and extrude commands, separated into axes
and extrusion distance. Each machine code command is rotated around the
starting location and scaled as necessary to connect the starting and ending
stitch location through the printed seam, and optional extrusion and speed
modifiers can be factored in. The modular machine code snippets can be
provided with multiple variations that each create the same type of seam, but
along a different seam length. The system selects the variant with the default
length closest to the target length to avoid excessive scaling of machine code,
as advanced slicing features such as wipes at the end of a seam may not work
as well at a different scale.

5.5.3 Printed guides

Text guides and arrow markers on the build plate can be added in a similar
manner, printing lines that trace characters or shapes, which are repositioned
and scaled to place them next to the printed seams. Fabric cutout markers are
added directly to the line drawings that are either printed to be cut out with
scissors, or sent to a laser cutter for automated cutting. The simplest form of
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these markers is created by adding a circle to the fabric edge, which creates a
half circle shaped cutout. The 3D printed markers that fit into the cutouts are
generated on the fly to match the line data directly. The line data is sent to
a local web server that generates machine code to print a small prism that
tits perfectly into the cutout. In detail, the server uses the line data to create a
matching 2D polygon in Open-SCAD [52], which is extruded linearly, and
the resulting prism mesh is stored briefly. The server generates machine code
by slicing this mesh, and returns only the part of the code responsible for
printing the prism.

Typically, two simple circle markers placed at random locations along the
outline of the fabric piece are sufficient to match and align pieces determinis-
tically. For larger projects, additional markers can be placed, or the system
could place variations of cutout shapes, like wedges, squares, or assemblies of
cutouts. This generation process is performed for each seam that is selected
as part of a combined print job in preparation for fabrication.

56 TECHNICAL EVALUATION

We have demonstrated how 3D printers can join pieces of fabric in a manner
similar to traditional sewing, and that the 3D printed stitch types of that
approach are varied, versatile, and adjustable, much like machine sewing
stitches. However, 3D printed seams are likely only of interest to users if
they can also achieve similar durability compared to traditional sewing. We
provide a technical evaluation of the ultimate tensile strength (UTS) of 3D
printed seams compared to machine sewn seams. Overall, our evaluation
shows that 3D printed seams can provide comparable durability, as they can
be strong enough that the fabric itself may rip before the seam does, and
they can match the strength of the tightest available 301 lock stitch setting
on the sewing machine used for testing. We found no visible damage to
printed seams after washing and drying clothing with fabricated seams using
residential laundry appliances.

5.6.1 Apparatus

We created a device to measure the ultimate tensile strength of seams connect-
ing one inch strips of fabric modelled after the ISO 13935-1:2014 and ASTM
D1683 standards for testing seams until failure. During the test, samples
are pulled apart using slowly increasing static tension. Figure 5.5 shows the
layout of the test apparatus, which is operated by hand using a clutch clamp.
The fabric strips are gripped along the full width of the strip and to prevent
any slipping, strips are wrapped 180° around the grip bars, and sandpaper
has been applied to the gripping surface. The gripper that is being pulled is
attached to a sled that restricts its movement to a straight line perpendicular
to the seams. The second gripper is held in place by a tensile force gauge
set to measure the peak tensile force applied. We used a ZMF-500N digital
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force gauge, which measures up to 500 N in increments of 0.1 N, to measure
ultimate tensile strength.

grippers

T sled

" bracket

Figure 5.5: Test apparatus to measure ultimate tensile strength. The green and blue
grippers hold strips of fabric, and the pink sled is moved away in a
straight line from the strength tester behind the yellow retainer bracket.

For all following tests, we used a 0.8 mm thick 100 % woven cotton fabric
that was laser cut into 35.4 mm wide, which is one inch plus 5 mm free
space on both sides, and 130 mm long test strips cut at a bias of 45 °. This
rotation of the fabric before cutting the test strips avoids incidentally aligning
the pull direction with the fabric weave, which could otherwise considerably
compromise the performance of the fabric in tensile strength tests based on
small differences in the rotation.

We validated our test apparatus with the help of a dedicated mechanical
engineering lab and their professional grade material testing equipment.
Members of the engineering lab confirmed that the design and operation
of our test apparatus is appropriate for the intended UTS tests. We also
performed three sets of three tensile strength tests both using their Shimana
SHPMFG177 1000N and our test apparatus to compare the results. For all
three test sets among the two conditions, the averages placed within the 95 %
confidence interval of the test set of the other condition.

For all following experiments, five repetitions were performed per condition.
For each test, a 1-inch long seam centered along the width of the strip was
used to connect two strips, using either traditional or 3D printed thread. All
following error bars show the standard error.
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5.6.2  Experiment 1: Seam Strength by Material

We compare the UTS of 1-inch long seams when using different 3D printing
filaments, as well as two types of traditional brand name thread as a baseline.
Each seam was made with an SPI of 7, which means that exactly seven stitches
form each of the seams, for both 3D printed and traditional thread. We test a
variety of 3D printing filaments, including different brands and types for the
most commonly used types of filament. As a baseline, thread with TEX values
between 25 and 35 are typically recommended for sewing garments, and most
stitches per inch values between 7 and 14 are recommended for most types
of clothing [40]. We used Double Duty 30 TEX polyester thread and Coats
and Clark 33 TEX cotton thread to test traditional seams, which is the highest
TEX that could reliably be sewn with the Janome C30 sewing machine used
during testing. The polyester thread caused regular jams while sewing, so the
cotton thread has been used in all further testing of traditional seams. The
301 straight line lock stitch, which is the default on the used sewing machine,
and its 3D printed equivalent were used during these tests. 3D printed seams
were fabricated on a Prusa MK3s 3D printer with a 0.4 mm nozzle, using 4
layers of 0.2 mm filament to print the seams, for a total height of 0.8 mm, at
a width of 1.6 mm. Nozzle and bed temperatures have been adjusted to a
recommended value for each filament.
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Figure 5.6: Experiment 1: Ultimate tensile strength of a 1 inch seam by material type. Green bars denote flexible 3D printing
filaments. Yellow bars denote traditional thread.

The results show that stitch-by-stitch, popular 3D printing filaments like
PLA+, TPU and PETG achieve a much higher UTS compared to traditional
thread commonly used in home sewing machines, as shown in Figure 5.6.
The filaments that achieved the highest UTS, like PLA+ and PETG, are
ductile enough to bend with the fabric before breaking and have great layer
adhesion. TPU provides a high UTS and is flexible, which can be desirable
for the flexibility of a seam. Materials that are brittle (PLA), have weak layer
adhesion (ASA), or are too ductile (TPE) are poor choices for 3D printing
seams.
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5.6.3 Experiment 2: Seam Strength by Hole Size

3D printed needles made from stiff filaments like PLA+ or PETG can easily
penetrate most types of fabric. Printed needles made from flexible filament
like TPU can reliably only be pushed through fabrics that are very stretchy,
or woven or knitted sparsely. Pre-cut holes in the fabric pieces allow using
any combination of fabric and printing filament and they simplify aligning
the fabric to the printed needles during fabrication. If the holes are small, it
can still be challenging to match them exactly. If they are too big, the spacing
around the printed needles offers a lot of play, which can make the final
alignment less precise. We found the ideal hole size range for both ease of
placement and precision to be between 1 mm and 1.5 mm.

The pre-cut holes also reduce the overall strength of the fabric itself, espe-
cially for fabrics that do not melt when heated, like cotton. We provide UTS
tests based on the diameter of the pre-cut holes in Figure 5.7. For the tests, we
used TPU filament with a 0.8 mm thick tightly woven cotton fabric, where the
printed needles can not be pushed through the fabric outside of the pre-cut
holes.
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Figure 5.7: Experiment 2: Ultimate tensile strength of flexible printed seams based on the size of pre-cut holes.

The results show that the tensile strength of the seams drop off considerably
when the holes are too small or too large. The 3 mm diameter holes essentially
fully break the weave of the fabric, as the center to center distance between
two holes at seven stitches per inch is only 4 mm. At 0.5 mm hole diameter
and below, the holes are too restrictive to reliably push the flexible needles
through to the other side. Functional seams can however still be created when
using very small holes or using no holes at all. Especially when using flexible
or thin fabric, both the printed needle and the printing nozzle can create and
widen the hole as needed.

5.6.4 Experiment 3: Seam Strength by Stitch Pattern Parameters
3D printed stitch patterns can be adjusted in width and length just like

machine stitches. We test the UTS of seams with varying pattern parameters
to show the effect of these adjustments on seam strength.
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In the simplest possible setup of a 301 lock stitch, where the stitches per inch
can be varied by changing only the distance between each stitch location on a
straight line, both printed and traditional seams show a linear progression of
UTS with varying SPI, as shown in Figure 5.8.

Sewing machines limit the width and length of stitch patterns based on
the available hardware. The maximum pattern width on the machine used in
the tests is 5 mm. For 3D printed seams, there are no hard limitations. When
using pre-cut holes however, the minimum distance between stitch locations
is effectively limited by the hole size. More generally, the relationship between
the number of traditional stitches in a unit length and seam strength is known
to be “complex and non-linear” [92]. For 3D printed seams, this likely also
holds true, but with different complex relationships.
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Figure 5.8: Experiment 3: Ultimate tensile strength shows linear progression for both printed and traditional seams.

The results show that printed seams can provide compression resistance,
especially with fully connected members like in the 3D printed zigzag lock
stitch used in the test. The stitches placed on the second zigzag stitch line
further away from the fabric edge contribute to the overall strength of the
seam, but for the 3D printed lock stitch, the UTS approaches the baseline
of only printing the stitches on the first line closer to the fabric edge with
increasing pattern width. In contrast, when a 304 zig-zag lock stitch becomes
wide enough, the stitches can almost fully collapse back onto a single line by
folding the fabric 180° within the width of the seam, as can be seen in the
non-linear progression of the cotton thread UTS in Figure 5.9. These complex
behaviours will differ with stitch types and the type of fabric used.

5.6.5 Additional Test: Needle Size

We also conducted a smaller test to examine whether the size of the initially
printed needle has a significant impact on the strength of a printed seam.
We tested small needles that are about 2 mm high and tall needles about
6 mm high and found no noticeable impact, with almost identical average
UTS results of 25.2 kg and 25.0 kg respectively.
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5.7 DISCUSSION

We introduced a software system that provides a direct mapping of the
majority of traditional sewing techniques afforded by a desktop sewing
machine. The system’s main focus is enabling a workflow that allows reusing
traditional sewing patterns and fabric flats, as well as following typical
sewing instructions. Our technical evaluation situates printed seams well next
to traditional seams regarding material choice and pattern parameters.

However, our approach and evaluation have limitations. Our evaluations
use a single baseline physical thread thickness. In traditional sewing, the
choice of thread can considerably influence the strength of a seam beyond
which material it is made from. The TEX, or “weight” of the thread, which
describes its density and thickness, can significantly alter the strength of a
seam, but using a higher TEX thread is not always possible. For example,
thread that is too thick may not fit through the eye of a needle, or a thread that
is too heavy can cause jams when using a sewing machine. We chose a thread
thickness that is commonly used in home sewing which is also the maximum
thread size that can be used with our given sewing machine without making
modifications.

Much like limits to thread thickness on a sewing machine, we chose a
“thickness” for the printed needle and thread that is well suited to commodity
3D printers equipped with a common 0.4 mm nozzle. Changing the TEX
equivalent of 3D printed seams requires both adjusting the width or thickness
of printed threads, and adjusting the speed and extrusion amount while
printing needles.

Varying the density of printed seams would be interesting for both high
strength applications or thin, lightweight garments, but may be challenging to
fabricate based on the available hardware. For example, significantly thinner
or thicker needles may be difficult to print with a 0.4 mm nozzle.

Overall, our results suggest that the combinations of printed string and
printed needles in our technical evaluation were adequate, as failures occurred
throughout all parts of the seam as well as the fabric within separate test sets.
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Figure 5.10: Printed seams can be designed to overlap and merge seamlessly to form
sturdy bars.

Although our system description and technical evaluation focus on recreat-
ing and comparing to machine sewn seams, our system offers many options
that extend beyond traditional sewing, alone, such as adding boning struc-
tures or apply embellishments that would typically require an embroidery
machine.

5.7.1 Additional variety in seam properties

By using thicker printed seams, the printed thread can be tuned to mechani-
cally behave more like a bar than a rope, resisting compression and bending
in addition to tension. Overlapping stiff printed thread can create a bar stitch,
which allows stiffening specific parts of clothing, as shown in Figure 5.10.
This allows for example to create features like shoulder pads or to stiffen
sections of a suit or to add boning to a corset directly through the choice of
stitch pattern.

In contrast, some applications and fabrics require particularly flexible seams,
to allow the cloth to stretch, compress or bend extensively. Printed seams can
add additional flexibility and extendability by connecting stitch holes through
curved or angled lines, instead of the straight lines necessitated by traditional
sewing. For example, printing thread in an S-curve pattern offers a longer
maximal extension without sacrificing ultimate yield strength. Printed seams
can also be crafted from materials such as TPU that naturally stretch under
load, further increasing the flexibility of a seam.

5.7.2  Printing beyond the seams

More generally, printed seams can follow arbitrary paths to connect stitches,
use patterns that fill areas rather than using lines, and add features that are
not directly connected to the stitch holes.

By making use of such options, the design space of printed stitches further
extends beyond recreating existing stitch types. For example, adding printed
thread far beyond the space between the actual stitch hole locations allow
including printed appliqué, embroidery, lace or tassels along the edge of the
fabric directly into the creation of a seam.

Finally, breaking up continuous sections of string requires tying off and
starting a new seam for every separate section. When using printed stitches,
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stitch holes do not need to be connected to any other ones. Fabric can for
example be joined together by printed rivets, where a thin disc is placed on
top of and below each needle to clamp the fabric in place. Using small discs
that can be pulled through the fabric creates a break-away seam, which can
be useful to create a temporary basting seam. The force required to break
the seam can be tuned by adjusting the size of the rivet discs, for example
to attach tear-away tags, or for safety seams that rip when excessive force is
applied.

Disconnected point connections can also be used to include 3D printed
button snaps or other accessories that are typically sewn in manually.

5.7.3 Future Work

Our system successfully recreates sewing tasks using fabrication machines,
but since these machines remain unmodified, they also offer the full range
of typical fabrication applications. Studying how sewing or fashion experts
would make use of the system or which additional functionalities they would
request could allow investigating how fabrication may not only recreate, but
also further benefit sewing applications.

The FabricAtion system can be used to alter or repair garments that are
damaged or do not fit properly by providing simple, custom line drawings
for each operation. For example, a simple straight line with the length of the
dart seam that will be added to the fabric can be used to set up this kind
of alteration. Or the outline of a damaged area of a piece of clothing can be
used to fabricate seams to apply a matching patch. In future work, the system
could be extended to include tools to directly support alteration and support
workflows, for example by allowing users to upload a picture of a garment
and draw seam lines directly onto it, to help visualize the intended changes.

Currently, to fashion seams that require folding the fabric requires creating
the seams in multiple steps, where the fabric is folded in between printing
seams, or for the user to create a fold by pushing the printed needles through
two adjacent rows of pre-cut holes at the same time while placing the fabric.
It may be possible to include non-printing moves when printing a seam that
move past the edge of the fabric, lower the nozzle down to the build plate,
and push up against the fabric edge to push and fold it over. The inclusion of
such custom moves to manipulate the edge of the fabric could allow printed
seams to create additional types of traditional sewn seams, beyond lapped
and flat seams, automatically.

A clothing iron can be used to apply heat activated patches and to make a
hem using hem tape. Theoretically, any tool that can provide sufficient heat
and pressure could be used for the same purpose. By supplying a custom
stitch type, the 3D nozzle of a printer may be used to both print a patch of
heat activated material, and then later push a layer of fabric onto the patch
and heat it to bind them together, replacing the role of the clothing iron.

It may be possible to make layers of fabric stick to each other by “injection
molding” a seam in between them, which may be another option to achieve
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Figure 5.11: Fabric can be joined with a laser cutter, using (a) a passive operation
laser tool head attachment, to create (b) a standing bag joined by welding
layers of fabric together.

an effect similar to using hem tape. By arranging two layers of fabric where
only the top layer has pre-cut holes, the nozzle could be lowered into the hole
onto the lower layer. Extruding filament in that location could spread a patch
in between the two layers that holds them together after cooling. By using
any of the above mentioned methods that use or replace hem tape, it may be
possible to craft “invisible” seams that are fully hidden when looking at the
clothing item from the outside.

Certain fabrics melt when heated to high enough temperatures. As demon-
strated in LaserStacker [109]. This effect can be used to weld layers of material
that are stacked on top of each other together at specific locations using a
laser cutter. This bond however can only form when the layers touch as they
are melted by the laser. A simple, passive attachment to the end effector
of a laser cutter can apply pressure to layers of fabric to ensure that they
make contact as they are cut. The attachment shown in Figure 5.11 (a) uses
spring-loaded ball bearings to gently press down on the fabric surrounding
the cutting location during operation, and can be used to join fabrics directly
within a laser cutter, as demonstrated by the standing bag in Figure 5.11 (b).

5.8 CONCLUSION

We have introduced a software only system that extends the functionality
of a FDM 3D printer to perform sewing tasks by incorporating brief user
assistance into the fabrication process. We show how modular pattern based
machine code generation can map the majority of the design space of stitch
patterns to 3D printed seams, and describe how the code can be dynamically
adapted to vary pattern parameters, printer and filament settings, and main-
tain a continuous timer to track the next planned user interaction. We have
compared the mechanical strength of printed seams to traditional seams and
shown that printed seams can match or exceed the strength of sewn seams
that follow industry recommendations for typical use cases. By enhancing
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the capabilities of commodity fabrication hardware, we increase access to
new making, alteration and repair options, promoting local alternatives to
unsustainably produced and quickly thrown out fast fashion.

5.8.1  Summary

With the conclusion of this chapter, we have investigated approaches to utilize
intermittent interaction in fabrication across the user involvement spectrum
while largely focusing on the outcomes of these processes. During personal
fabrication, users are involved in the process of creating the final outcome
and the level of participation can vary considerably. Fully automated fabri-
cation can approach almost as little involvement as buying an item from a
store. Interactive fabrication that is fully driven by the user on the other hand
approaches manual crafting, but with system guidance. Intermittent interac-
tion describes the full participation spectrum, and in the following chapter,
we investigate how people perceive manual involvement in semi-automated
creation tasks over extended durations across the entire spectrum. A LEGO
assembly task with timed lock boxes simulates human involvement with a
semi-automated machine process, similar to a 3D printer. This is used in an
in situ study with 12 participants over 4-hour sessions with experimental
controls for number of interruptions and step complexity. Complex inter-
actions during assembly can amplify the perceived value of the assembled
object and increase enjoyment. Participants used either a clustered or evenly
distributed strategy to schedule interactions; we show these can be modelled
with simple heuristics. We contribute evidence that intermittent interaction is
generally acceptable for creation tasks and practical guidelines for integrating
intermittent interactions into semi-automated fabrication systems.
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Many digital fabrication processes require a user to periodically intervene
to do something that would be impossible or impractical for a fabrication
machine. Consider using a fused deposition modeling (FDM) 3D printer. In
between starting a print and removing the result from the build plate several
hours later, the user may also need to replace empty filament spools, switch
between filament colours, and even handle issues like clogged nozzles or
collisions at various times during the print. Some of these manual tasks can
be automated with additional mechanical complexity and cost, like switching
filament colours, but this is often not practical for most printers. Moreover,
some tasks are almost impossible for a machine to handle, such as clearing
a clogged nozzle. Chapters 3 and 4 have proposed inserting scrap objects
into a partially printed model during a printing process, saving overall time
and material by using these objects as substitutes for printed infill or support
material. To make these approaches feasible with existing printers, the soft-
ware simply pauses the machine and notifies the user to insert the object. We
refer to this kind of turn-taking approach to interacting with semi-automated
fabrication processes where interactions can be initiated by the system after
a waiting period as Intermittent Interaction. In the context of personal fabri-
cation, intermittent interaction describes periodic user interventions during
an ongoing process with prolonged breaks between interactions, typically
lasting tens of minutes to several hours. The interactions allow accomplishing
tasks that would be impractical or impossible for an automated system to
perform otherwise.

Beyond personal fabrication, many kinds of making processes share sim-
ilarities in their user interactions with intermittent interaction as well. In
traditional craft, makers have to wait for glue to set, for paint to dry, for tools
to heat, or for casts to cool. In fact, researchers have proposed many semi-
automated approaches that depend on some form of intermittent interaction
for making and fabrication. For example, to improve crafted objects [3, 17, 22,
27, 30, 34, 53, 54, 80, 95, 97, 118, 125, 127], increase creative user agency [102,
117], and enable novel fabrication methods [2, 18, 70, 78, 87, 91, 104]. All these
systems rely on the user to complete some part of a semi-automatic process,
often over a long duration, but prior work typically does not consider the
required user effort to perform these interactions. To close this gap, we report
on a controlled study to investigate how people perceive the subjective cost
of intermittent interactions, when they prefer the interactions to occur, and
what effects varying levels of intermittent interactions have on the subjective
value of the object being made.

Our study protocol asks participants to assemble LEGO models at con-
trolled time intervals over several hours. LEGO makes it feasible to conduct a
long-duration take-home study, and it makes it possible to strictly control the
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complexity of each interaction (i.e. the number of LEGO bricks placed per sub-
assembly step) and the density of interactions during the making process (i.e.
the frequency and distribution of LEGO sub-assembly steps). Not only has
LEGO been used before to represent other materials in production tasks [91],
but assembling LEGO parts has been used directly for intermittent interaction
in Chapter 4. Moreover, the goal of a semi-automated digital fabrication pro-
cess (and many crafting processes) is to produce a completed tangible item,
typically involving manual dexterity and precision, and requiring following a
series of steps. Assembling a LEGO model also has these characteristics.

We recruited 12 participants to each assemble three different LEGO models,
with the assembly steps of each model distributed over a 4-hour time frame.
This was accomplished using 2 to 8 custom “lock-boxes”, each containing
LEGO pieces and a link to online assembly instructions. SMS notifications
were sent to the participant at controlled times with a combination code to
unlock the next box in sequence. By manipulating the frequency and schedule
of notifications, and the complexity of LEGO assembly steps in each box, we
could represent different levels of interaction density and interaction complex-
ity. Density and complexity are design parameters identified in Chapter 4 for
a semi-automated 3D printing process. Our system logs how long it took to
respond to each step notification and when the step was completed. After all
steps for a model were completed, we ask about mental demand, annoyance,
enjoyment, and feeling of contribution. A post-study interview asked how the
participant valued their completed LEGO models, their general experience
for this style of intermittent manual tasks over a long period, and what kind
of task schedule they preferred.

Overall, our results identify themes for intermittent interaction: the pro-
gression of making an object over time was enjoyable; higher task complexity
can increase enjoyment due to greater engagement with the process; and
although performing an assembly task as an infrequent sequence of steps
can feel rewarding, it can also be annoying, even stressful, depending on
how the steps are distributed over time and whether the overall goal was
worthwhile. Using a standard methodology, we demonstrate that the “IKEA
effect” of self-assembly enhancing object valuation [74] extends to partial
assembly over time, even when the maker contributes only a small portion of
the assembly. We also identify two main types of scheduling strategies and
propose simple prediction heuristics to identify or generate desirable sched-
ules. Finally, we contribute guidelines to consider when designing systems
that use intermittent interactions.

6.1 BACKGROUND AND RELATED WORK

Our work relates to the use of Al agents, notifications, slow interactions, and
the value of manual participation. We contextualize our contributions within
these domains, outlining how our study augments or confirms previous find-
ings. Finally, we examine semi-automated fabrication where our contributions
can be used to justify, improve, and extend this family of approaches.

89



6.1 BACKGROUND AND RELATED WORK

6.1.1 Al Agents

Turn-taking style interactions between humans and machines exist in the
space of Al agents, such as querying smartphone assistants or large language
model chat systems. These systems typically respond in real time, and in-
teraction patterns differ without the need to address waiting periods. In the
context of Al, the term intermittent interaction describes a fully user driven
turn taking approach to interaction [15]. This differs from our definition in the
context of making physical items, where prolonged processes are common
and where the interaction can be initiated by the system after a waiting period,
for example in the form of requesting manual assistance from the user.

6.1.2 Notifications and Interruptions

Our study makes extensive use of phone notifications. Prior work shows
that the majority of notifications are either handled immediately, i.e., within
30 seconds, or after a long time, i.e., over eight minutes [9o]. Though smaller
in scale, our study confirms these findings. The related work further finds that
notifications are only considered bothersome if they are deemed superfluous,
such as ads, uninteresting content suggestions, or reminders for expected
events. Although the notifications in our study were expected, they were
typically still deemed important and addressed promptly.

6.1.3 Slow Interactions at Home

Technology that acts autonomously can change the behaviour of people within
its vicinity. Many makers regularly approach their 3D printer to check the
progress or simply to observe the process. Photobox is an interactive piece of
furniture designed to reflect on the role of technology at home [75]. The box
occasionally prints randomly selected photos from the user’s past and stores
them within itself. Most users regularly checked the box for new photos.
Photobox demonstrates that users will change their routine to include tech-
nology without being prompted to if the encounters with it are meaningful.
Otherwise, the same technology may become a nuisance or is simply tolerated
and fades into the background. Our study also invites participants to live with
technology, but it actively prompts interactions following a known schedule.
Beyond changes in routine in response to technology, we observed partici-
pants structuring their day around the scheduled interactions. Similar to the
interactions with Photobox, participants experienced anticipation towards
coming study tasks and to see the final outcome.

The Reflexive Printer [107] also regularly prints pictures, but does not
allow storing the pictures within the device itself. Handling a large number
of pictures can cause clutter and was identified as a source of annoyance.
Participants also handle a large number of items in our study, and we designed
our study material with storage options to avoid clutter.
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The Slow Game by Odom [76] studied slow, intermittent interactions out-
side of fabrication at home. Interactions that can be delayed for many hours
without any downside lack a sense of urgency. That does not mean, how-
ever, that they are unimportant. There was no fixed deadline to complete
our study, so participants could freely delay tasks. Tasks were typically still
considered to be both important and urgent, as delays add up between tasks
and participants aimed to complete tasks within self selected time frames,
such as before the end of the day. Odom describes intersection (rather than
interactions) with technology. In the case of slow fabrication machines, inter-
sections could account for glancing at the machine to detect errors that the
machine misses, or simply watching the machine’s steady work as a mindful
distraction. Our study aims to determine whether prompting interactions
alienates users. Cumulative intersections, or “ensembles” as described by
Odom, could occur for shared fabrication machines in maker spaces. They
may materialize as a form of unseen, crowd-sourced failure recovery. Given
sufficiently simple pending user interactions, even passers-by may be able
to perform tasks similar to low complexity tasks in our study and assist
in turn-taking fabrication processes. The interactions with Slow Game are
expected, but don’t necessarily align with the users” available time. In our
study, notifications were similarly expected, but users had limited control
over their timing, which allows us to investigate strategies and challenges in
handling slow schedules. Slow Game was designed as “[...] a bridge between
intersections and rich, yet highly minimal interactions.” Our study aims to
determine whether minimal interactions with making processes can achieve
similarly rich connections with the made item.

6.1.4 Labour leads to love

The IKEA effect [74] is the idea that assembly effort increases the perceived
value of an item, and that this increased valuation only persists as long as
those items remain complete, that is, have not yet been disassembled again.
The study determined a 63 % increased valuation when asking participants
that had assembled a piece of furniture to rate and bid on the piece, compared
to participants that had only inspected the same furniture before bidding.
We study a similar effect, but in a different context and scale. In particular,
in our study, the finished models are always complete, but participants only
performed a part of the assembly. Similar to the IKEA effect, we perform an
incentive compatible value elicitation method where the dominant strategy is
bidding the true value associated with the assembled model. We modify the
procedure to avoid the need for participants to carry currency to participate.

6.1.5 Guiding Assembly Processes
Assembly processes can be error prone and need to be carefully guided to

limit the chance of failure. Mobile Fabrication [89] envisions and prototypes
portable personal fabrication devices, such as extruding a handheld 3D print-
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ing pen directly onto a smartphone that displays model outlines. Similar to
Mobile Fabrication [89], we provide visual instructions via smartphone that
the user has to match to perform the manual construction parts. Our instruc-
tions closely match official LEGO instructions, but deviate in the number of
parts per step.

Being the machine [21] also puts the user in the place of the physical
actuator of a 3D printer. The system visualizes machine code through a laser
pointer, fully relinquishing the physical crafting process to the user. Similar
to intermittent interaction, Being the machine relies on human assistance
to complete the crafting process, but the system furthermore abandons all
automation options.

Exquisite Fabrication [87] and smARt.Assembly [91] guide users to assem-
ble pieces from multiple sources. The smARt.Assembly system uses LEGO
bricks as their assembly medium to mimic industrial assembly stations where
parts or bricks are assembled one at a time. We also use LEGO bricks to
mimic tasks that require some manual dexterity, but deliberately combine
multiple assembly steps into one instruction image to adjust the interaction
complexity. The Exquisite Fabrication system allows users to coordinate and
combine the outputs of multiple fabrication machines. Such a setup requires
turn-taking interactions to orchestrate the different machines, demonstrating
one of the types of use cases we investigate.

6.1.6 Semi-Automated Fabrication

Semi-automated fabrication processes require some form of user interaction
to succeed. This broad category spans from interactive fabrication, which
requires the user’s constant attention, to merely resetting the system at the
end of batch processes to enable repeated execution.

Mueller situates how the speed of fabrication allows different kinds of
user interaction, from hands-off automated processes, to turn-taking, to di-
rect manipulation [66]. Increasing the speed and interactivity of personal
fabrication has been framed as one of the key challenges of the technology
[12, 13]. Intermittent user interactions can speed up the fabrication processes
that are traditionally fully automated, for example by replacing internal or
external support structures with user-placed objects (see Chapters 3 and 4).
The replaced structures do not need to be fabricated, which can significantly
decrease fabrication time. Substiports requires the assembly of LEGO pieces
during fabrication, which closely matches the interactions in our study. User
involvement can also allow for more expressive, faster design iteration, as
demonstrated by ReForm [117] and 3D Pen + 3D Printer [102]. These systems
allow design adjustments by manipulating clay prototypes, or by manually
adding elements with a 3D printing pen. Similarly, Encore [18] and Patching
Physical Objects [104] allow adjusting existing objects, instead of recreat-
ing them entirely, by involving manual interactions. These examples show
that this kind of interaction can improve existing processes, open up new
fabrication options and enable more creative control.
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Involving the user during fabrication can provide further benefits by ma-
terially improving the fabricated object. For example, including objects that
provide mechanical functionality with Medley [17], or creating custom fits
for existing objects with Fitter [3], FusePrint [127] or MixFab [118]. When
fabricating fluidic systems, manually incorporating fluids [53, 54], stir bars
[95], micro channels [30] or membranes [80] can enhance object function-
ality. Similarly, Printy3D [125], HotFlex [34] and further systems [22, 27,
97] incorporate electronic components and sensing devices to enhance the
functionality of fabricated objects significantly. These and other systems that
involve turn-taking user input make use of a limited number of intermittent
user interactions. Our study provides in-depth insights into user experiences
in the space between fully automated and fully user driven systems.

Systems that enable rapid prototyping are often fully driven by the user,
but may still incorporate autonomous fabrication machines, and may involve
waiting periods to allow the machines to catch up to the latest user input.
Examples of such systems are On-The-Fly Print [79], RoMA [78], Interactive
Construction [68], Turn-by-Wire [105], Protopiper [2] and Fabrickation [69].
The shortest wait times included in our study are 3 minutes long, which
may still be relevant for such systems. For example, FormFab [70] allows
shaping acrylic plates into 3D models by applying either a vacuum or positive
pressure to a heated section of the plate. After designating an area that the
user intends to reform, they have to wait for a few minutes while the system
heats up the area, before they can take direct control of the shaping process.

Our study aims to provide empirical data for a wide variety of systems
that use intermittent interactions by distinguishing interactions based on their
complexity and rate of occurrence. We identify insights and guidelines that
help design turn-taking systems, particularly in the context of fabrication.

6.2 STUDY

This study examines how the density of interactions with extended waiting
periods, and the complexity of each interaction, can affect user experience,
perceived value of an assembled item, and the effort required to complete the
assembly. We also observe trends for what participants prefer when selecting
a schedule of interactions distributed over a long duration.

Participants were asked to assemble three LEGO models in three different
4-hour “assembly sessions”, each scheduled with 2, 4, or 8 user interactions.
This represents low to high interaction density. To draw an analogy with 3D
printing, starting a session represents starting a print, and the final user
interaction represents retrieving and cleaning up the finished print. The final
interaction is always at the end, so a schedule of 2 interactions means a single
interaction somewhere between the start and end of the session. During each
interaction, the participants had to place 1, 4, or 12 bricks (or sub-assemblies
of bricks) representing low to high interaction complexity.
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This study took place over multiple days', so we had to create a portable,
low-cost system for participants to take to their home or workplace. We used
locked and labelled wooden boxes, each containing LEGO pieces and a QR
code. SMS notifications with a box ID and lock combination were sent at
controlled intervals to prompt an interaction. The QR code inside each box
linked to a web page with assembly instructions for the LEGO pieces in the
box. Our experiment software recorded when the instructions were retrieved
after sending the SMS and when the task was marked as completed on the
web page. The participant also had to take a photo of their partially assembled
model so we could log when they finished the interaction.

We use a LEGO model assembly task for reasons provided earlier: it makes
the study feasible and controllable, and building a LEGO model shares many
characteristics of semi-automated digital fabrication processes (and we have
used LEGO directly in some Chapter 4). Like a semi-automated 3D printing
process, the session progress is paused while waiting for the participant to
complete an interaction task. This matches the dependent sequential nature
of an intermittent interaction 3D printing process where the printer is paused
until the user completes an interaction like changing the spool or inserting a
scrap object [115, 116].

6.2.1 Participants

We recruited 12 participants without any specific requirements for recruitment.
Eight self-reported their gender as men and four as women. One of the men
self-reported as transgender, and all others were cisgender. Six participants
were between 18-24 years old, and six were between 25-34 years old. We
asked about their occupation and to describe and rate their crafting and
fabrication experience. Our participants had diverse levels and types of
experience in fabrication and crafting, from none to expert for various manual
tools and digital fabrication machines. We also asked participants whether
they practice sustainability effort and found that the set of participants was
also very diverse in this regard, ranging from taking no sustainable action
to performing extensive daily effort to act sustainably. Six participants were
graduate students, five were undergraduate students, and one was a working
professional. Recruitment was executed through email and word-of-mouth.
Participants were remunerated with $30 and one of the assembled LEGO
models.

6.2.2  Apparatus

To control the timing and availability of LEGO pieces, we employ an array of
individually locked boxes (Figure 6.1a). Each box is secured with a combi-
nation lock and labelled appropriately. Additional boxes contain a reminder
letter and replacement pieces. Each individual box is large enough to store

The extended duration of this study protocol was approved by our institution’s Research
Ethics Board.
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Figure 6.1: Apparatus: (a) example of individually locked boxes, in this case the 4 boxes are used to control 4 interactions
during a session with this density level 4; (b) an unlocked box during an interaction task. The QR code leads to a
logged webpage with instructions to assemble part of the model using the pieces inside the box.

Figure 6.2: LEGO car MODELs used in study, referred to as: (a) blue; (b) green, and (c) black & white.

locks and intermediate assemblies to avoid clutter during the study. A server
tracks participant progress throughout the study. The server monitors partici-
pant access to web pages to retrieve instructions or once they confirm task
completion on the same page after each interaction task, and it sends SMS
notifications according to the controlled schedule.

There were three different LEGO models, all race cars, one green, one blue,
and one black & white (Figure 6.2). They have between 85 and 96 pieces and
each can be assembled within 15 minutes. The maximum number of pieces in
a model informed the maximum number of pieces used per assembly session.
For some conditions, parts of the models were pre-assembled to control the
number and complexity of steps in an interaction.

6.2.3 Procedure

The procedure had three parts: initial setup and instructions, completing the
three sessions of assembly tasks, and a final interview.
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6.2.3.1 Initial Setup and Instructions

For the initial setup, participants visited a university lab to pick up the the
study boxes. During the meeting, they were also briefed in detail about what
to expect during the study, and received training how to use provided QR
codes; how to open the number locks; how to log in to the study server
with a password; how to interpret and select a notification schedule for a
session; and how to change the mobile phone number used during the study.
A reminder sheet with relevant information was placed into a study box.
A researcher emphasized that it is up to the participant when to start each
session; that each session is scheduled to last 4 hours, but that it is fine to
delay tasks or to leave the location of the study boxes at their discretion; that
they have to complete three sessions to complete the study; and that they
can contact the researcher anytime if they have questions. The researcher
then noted participant demographics and asked the participant to set up the
study boxes at home or at work, and to leave the boxes there until the final
interview.

6.2.3.2  Assembly Task Sessions

Each participant completed three 4-hour assembly task sessions. Most did
one session per day over 1 to 4 days. Four hours was chosen to represent
the duration of moderately sized 3D prints. When the participant was ready
to start an assembly session, they used a QR code to log into the server
and select a schedule. They were given a choice of four pseudo-random
notification schedules generated according to the experimentally controlled
number of interactions during the session and three conditions for notification
distribution: one notification must occur at the very end of the session; the
other notifications must not occur within the first 10 minutes or last 10 minutes
of the session; and there must be a minimum period of 3 minutes between
any two notifications. Enforcing minimum periods between notifications
approximates turn-taking with semi-automated machines like 3D printers,
and 10 minute boundaries at start and end approximates startup and cool
down times of 3D printers.

Once the session started, participants received SMS notifications according
to their chosen schedule. Each notification provided a lock code and box label
to open a specific box. The box contained LEGO pieces and a QR code that the
participant scanned to open a web page with assembly instructions (Figure
6.3). The number of LEGO pieces to assemble determines the complexity of
the task. The web page also provided a form for the participant to confirm
they completed the assembly task for the current interaction. In addition, the
participant was instructed to take a picture of the model after completing each
interaction. Picture time stamps were examined to ensure that the assembly
task was performed when indicated by the web page form. This verified
all participants followed the instructions and the assembly schedule. After
confirming the interaction task was completed, the number of minutes until
the next scheduled interaction notification was displayed.
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Figure 6.3: Example task instructions showing current model state at top, and the target state with list of pieces at bottom: (a)
a low complexity task adding a single sub-assembly; (b) a high complexity task with 12 individual pieces.

This process repeats until the last interaction task is completed with the
submission of the web page form. After completing the last task in a session,
the participant answered a post-session questionnaire with four subjective
measures: mental demand, annoyance, enjoyment, and sense of contribution.
Each had seven options presented equidistant on a number line with Likert-
type labels ranging from “Strongly Disagree” to “Strongly Agree”, with a
“Neutral” option in the middle. After submitting the post-session question-
naire, the next session was unlocked for the participant to begin when they
wished.

6.2.3.3 Final Interview

Post study interviews asked participants about their general experience, their
scheduling preferences, and their perceived value of each LEGO model. The
latter used a standard method variant [14]. In this variant, the participant is
initially gifted the item, allowing them to participate in the following auction
without carrying currency. First, the participant is told they can chose one
assembled model as a gift to keep. Then, the researcher offers to “buy back”
the chosen model in an auction. After the auction process was explained, the
participant was asked to value their chosen model in dollars. This was noted
as the model worth, which can be higher than market value. The researcher
then rolled a 10-sided die: if the result was equal or higher than the model
worth, the researcher bought the model back from the participant for the
model worth. Regardless of the outcome of the auction, the noted model
worth was used to assess their perceived value of the model. After establishing
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this baseline, participants were then asked what the remaining two models
would be worth to them.

6.2.4 Design

This is a mixed design study with two primary independent variables: in-
teraction DENSITY (as 2, 4, or 8 interactions during a 4-hour session) and
interaction COMPLEXITY (as 1, 4, or 12 pieces of LEGO per interaction task). In
the within-subjects portion of the design, each participant experienced all lev-
els of both DENSITY and cOMPLEXITY variables, creating a total of three sessions
per participant. During each session, a participant assembles a LEGO model
with a total of DENSITY X COMPLEXITY pieces (or sub-assemblies of pieces). In
the between-subjects portion of the design, all possible combinations of the
DENSITY and COMPLEXITY were explored between three participants. Combina-
tions of the two variables were counter-balanced using a 3 x 3 Latin square
(Table 6.1).

Table 6.1: Within and between participants design. The left Latin square counterbalances combinations of DENsITY and
comPLEXITY. The right Latin square is flipped and used to ensure each MODEL type is assigned exactly once per
level of DENSITY, COMPLEXITY and per participant.

DENsITY DENsITY
interactions in interactions
2 | 4 8 2 4 8
COMPLEXITY COMPLEXITY
in pieces in pieces
1 P1 | P2 | P3 1 Blue | Green | B&W
4 P3 | P1 | P2 4 Green | B&W | Blue
12 P2 | P3 | P1 12 B&W | Blue | Green

A secondary variable, MODEL, was introduced through the three different
LEGO models. A second flipped Latin square was used to counterbalance
MODEL type. This ensures that every participant assembles each of the three
different MODEL types, and each model is assembled once with each level of
DensITY and COMPLEXITY between three participants. Using a different model
for each assembly session reduces learning effects between sessions. It also
maintains the purpose of creating a new item during each session, rather than
repeating the assembly of a known item. The inclusion of different models
helps participants differentiate the sessions based on unique visual memories
of assembling the distinct models. Finally, the inclusion of different models
allows gathering additional qualitative insights as participants can clearly
delineate between model preferences and process preferences.

Four subjective measures are created by the responses to the post-session
questionnaire, each are 7-level Likert-type questions:

mental demand “The set of tasks was mentally demanding”

annoyance “I was annoyed by the tasks”
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enjoyment “I enjoyed the tasks”

contribution “I feel like I contributed to the result”

Three objective measures were computed from timestamps in server logs
of user interactions:

delay time The interval from SMS notification until the QR code is
scanned to view instructions.

assembly time The interval from instruction webpage access until task
completion form was submitted.

session time The total duration from session start to completing the
last task.

In summary, each participant completed one session with 8 interactions,
one session with 4 interactions, and one session with 2 interactions, creating
14 data points for Assembly Time and Delay Time (168 data points across all 12
participants). In addition, each participant generated 1 data point for Session
Time and 4 data points for the subjective measures for each of the 3 sessions
they completed.

6.3 RESULTS

In this section we present results for objective timing measures from logs and
subjective measures from the post-session questionnaires. Emergent themes
from the post study interviews, an examination of scheduling preferences,
and perceived value of the final models are presented in a following section.

6.3.1 Mental Demand, Annoyance, Enjoyment, and Contribution

Complex tasks are more mentally demanding, but they also increase the
feeling of contributing to the result (Figure 6.4b,h). Higher task complexity
also increases enjoyment (Figure 6.4f). An analysis of variance based on mixed
ordinal logistic regression found effects of CompPLEXITY on Mental Demand
(x%(2, N=12) = 21.05, p < .001), on Contribution (x*(2, N=12) = 9.27, p < .01)
and on Enjoyment (x?(2, N=12) = 6.02, p < .05). Pairwise comparisons using
Tukey’s HSD test indicated that placing 1 piece provided a lower sense of
Contribution compared to 12 pieces: (Z = 2.88, p < .05). Pairwise comparisons
also indicated that placing 4 pieces required less mental demand than 12 pieces
(Z = 2.36, p < .05). The original LEGO instructions of our test models are
simple and intended for children 6 years and older. The 4 pieces condition
closely matched the original instructions. In contrast, the 12 pieces condition
far exceeded the number of pieces used per instruction step and illustration.

A high number of interruptions can cause users to feel annoyed. Figure 6.4c
suggests 8 interruptions was more annoying than 4 or 2 interruptions and
three participants noted that 8 notifications was more annoying (P5, P11, P12).
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Figure 6.4: Mental Demand, Annoyance, Enjoyment and Contribution by interaction DENSITY in interactions, and by interaction
COMPLEXITY in number of pieces. Plots with significant effect in ordinal regression are marked with *. Questions
for (a - d) are negative assertions, and (e - h) are positive assertions.

Analysis indicated a statistically significant effect of DENSITY on Annoyance
(x*(2, N=12) = 6.84, p < .05).

6.3.2 Delay Time, Session Time, and Assembly Time

The majority of notifications were either handled immediately, or after a
significant delay (Figure 6.5). This overall trend confirms results from prior
work, but the distribution of Delay Time in our study differs from prior work in
three ways [90]. In our data, no notifications were addressed within 30 seconds.
Unlocking the study box, scanning the QR code, and potentially logging into
the study server takes time. The shortest recorded delay time was 46 seconds.
Participants generally took longer to address phone notifications compared to
findings in prior work. Delay times for handling notifications were elevated
for time consuming tasks, as participants needed to wait until they have an
opportunity to address the notification properly. The peak of notifications
handled immediately is flattened. This is likely due to variance in the time
it takes to access the study box. The overall time to address notifications is
increased. On average, participants took 44.6 minutes to start the study tasks
(median 2.9 minutes, min 46 seconds, max 17.8 hours, sd 171.3 minutes). The
median delay time per step in a session remains consistent as the session
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Figure 6.5: Histogram of the distribution of the Delay Time participants took to address each notification.

progresses (Figure 6.6). User responsiveness to making tasks does not decrease
with repeated interruptions for at least up to eight interactions.

Each schedule spans a 4 hour period, so the theoretical minimum Session
Time time to complete a session is 4 hours. The time to complete a session
increases with interaction density (Figure 6.7). The median session time
increases slightly, since every interaction takes time to complete. The effect
on mean session time and standard deviation are much more pronounced. In
particular, the overall session time is dominated by long pauses, for example,
when the participant goes to sleep. The average time to complete a session
was 7.7 hours (median 4.7 hours, min 4.1 hours, max 40.7 hours, sd 7.5 hours).
The increase in mean session time instead is likely due to a higher likelihood
to include long pauses as the number of pauses increases.

The average Assembly Time varied between participants (Figure 6.8). P10
reported spending a lot of time attempting to fix assembly errors during
one session. P2, P5, P8 and P11 participated in the most labour intensive
combination of conditions with 8 interactions and 12 pieces per box. P11
noted assembling LEGO for relaxation. The average assembly time across
all participants was 3.0 minutes (median 1.5 minutes, min 4 seconds, max
46.4 minutes, sd 4.7).
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Figure 6.6: Delay Time by step number for DENSITY of 8 interruptions.
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6.3.3 Model Value

Overall, the perceived value of assembled models was dramatically higher
than the value of the model kit itself. The perceived value of a model was
indicated to be as high as $40. In six cases, even the lowest valued of the
three models was still valued higher than their retail price of $4.99. Models
were valued on average $9.31 (median $8.25, min $1, max $40, sd $7.58). The
median perceived value is 65 % above retail price, which closely matches
the 63 % increase in valuation determined in the “IKEA effect” [74]. Eight
participants chose to keep the green model. The blue and black & white
model were each chosen twice. Six participants chose to keep the model they
spent the most effort building. Nine participants chose the model to keep
based on a preference for the model itself.

64 CODES FROM PARTICIPANT INTERVIEWS

We analyzed audio transcripts and notes from participant interviews, which
lasted on average 45 minutes, using techniques from Thematic Analysis [16,
65]. We first identified meaningful statements made during the interviews
and clustered related statements together. During the analysis, participant
data was added using constant comparison while focusing on similar and
conflicting experiences and a priori questions (e.g., experience with fabrication
and location of study). We identified and developed five main codes by
looking at the structure of mapped thematic clusters. We present and describe
codes organized by topic below.

6.4.1 Enjoyment Through Engagement

All participants enjoyed the study and assembling LEGO generally. Various
sources of enjoyment participants experienced are directly related to their
level of engagement with the tasks.

Legend

—— Mean

-—- Median

Interruptions

Figure 6.7: Session Time by interaction DENsITY. Error bars show 95% confidence intervals.
The dotted grey line shows the minimum session time without any user
interaction.
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Figure 6.8: Mean Assembly Time of tasks per participant.

Challenge fosters engagement

Participants overwhelmingly enjoyed the complexity that came with assem-
bling more pieces (P3, P4, P6-11), describing them as interesting challenges
(P1), puzzles (P5, P12), and overall as the most enjoyable. P5 called the tasks a
“3D manipulation challenge.” One participant was even adamant that they had
performed only half as many of the most complex tasks than they actually
had done, suggesting time passing quickly due to elevated engagement levels
(P3), and they preferred identically coloured pieces and asymmetric models
for increased assembly difficulty.

Overcoming challenges bolsters accomplishment

Being fully engaged in a challenge allows feelings of accomplishment after
completing them (P10, P11). Two participants felt accomplished for correcting
initial mistakes (P4, Pg) and one participant described completing the complex
instructions as “defeating a Dark Souls boss” (P7).

Manual tasks evoke engagement

Participants appreciated the tactile experience, stating it engaged a different
part of the brain than passive activities like watching videos (P1, P4, Ps5).
Participants also found tangible satisfaction in putting on the pliable tires
or continuing to play with the completed models (P6, P8, Pg, P11). Two
participants however struggled with handling small building blocks (P2, P7).
P7 described the tasks as “tinkering with small pieces, with big hands.”

Partitioned tasks enable offline engagement

Spreading the assembly process out over a longer period of time allowed par-
ticipants to think about the tasks while not actively engaged in the assembly.
Three participants noted enjoying the anticipation and trying to predict the
next steps (Pg-11).
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6.4.2  Enjoyment Through Progression

Another source for enjoyment throughout the study was experiencing progress
when completing an assembly step. While partitioned assembly heightened
this sensation, it also delays the most gratifying part of completing the last
step.

Creation tasks tangibly track progress

Since the assembly is a physical item, the state of the item provides a tangible
progress record. It is enjoyable to see an assembly come together and to ob-
serve the impact each step makes (P1, Py). Participants especially appreciated
the final steps (P2, P5, P6) and likened them to “cutting the ribbon” or “putting
the cherry on top” (P4).

Partitioning delays gratification

Given that the last step is the most enjoyable, higher numbers of steps can
feel like a delay in getting to the finish line (P4, P11). One participant even
tried to ‘cheat’ the system by guessing the code for the very last box (P8).

6.4.3 Task Partitioning is Loved and Hated

Participants describe task partitioning as helpful and following the process
can feel rewarding. However, excessive partitioning into too small sub tasks
was the main source of annoyance during the study.

Partitioning processes promotes completion

Five participants found the segmented approach helped them finish the task,
as attempting to tackle the entire task at once may lead to abandoning the task
partway or being hesitant to start at all (Py7-10, P12). Due to the smaller sub
tasks, one participant was able to fit the assembly into a tight schedule (P9g). A
participant said that the study setup was “more engaging, more active and more
accountable than a to-do list.” (P7). Partitioning was also noted to help handle
task complexity, since it enforced a systematic approach and provided clarity
where to start (Py, P8, P10, P12). A participant estimated that performing the
same assembly in one go would take three times as long (P7).

Notification timing matters

Three participants noted that receiving multiple notifications within a short
period of time can be irritating (P5, P11, P12). On the other hand, long
periods between notifications can feel “like a slog” (P4). Waiting is harder
when not otherwise occupied. Only participants who performed the study
at home, rather than at work, lamented long waiting times (P3, P4, P6, P10).
Participants who noted a preference described 2, 3 or 4 notifications during a
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4 hour making process as ideal (P5, P6, Pg, P10), as fewer interactions create
pauses that are too long or offer “too little involvement” (Pg).

Every interruption should be worth it

Two participants complained that for tasks with minimal complexity, waiting
and being asked to interact was “not worth it” (P1, P10). Two participants
suggested that knowing the purpose of the task can provide additional
motivation (P1, Py). Notifications for more engaging tasks were met with
excitement (P10, P11), and were described as receiving a “dopamine rush” (Pg).
The notifications in our study mostly avoided being seen as annoying as
participants felt they served a purpose and were not repetitive (P1, P4-6, P1o,
P11).

Ongoing processes can be stressors

Some participants felt a strong sentiment to complete each step as soon
as possible to avoid compounding delays (P1, P2, P12). A large number of
interactions can increase the perceived urgency of the tasks, which can lead
to stress. Due to travel plans, a participant felt the need to “drop everything” to
respond immediately and avoid further extending the session (P5). Another
participant reported taking assembly pieces to the bathroom to save time
(P6). Participants were largely unconcerned with assembly errors, unless they
blocked further progress. Our study setup did not offer the option to restart
a session. One participant felt stressed when they were forced to continue the
assembly in an error state that they failed to fix (P10).

Partitioned tasks mean having to follow a schedule

Some users rely on mental math to follow a schedule (P6, Pg, P10), sometimes
exclusively when notifications are muted (P12). Forgetting about tasks can
be annoying and can cause delays. Very long breaks make forgetting more
likely (P12), and two participants noted that 3 hour long pauses between
interactions were too long to remember (P9, P10). Other participants praised
that the phone notifications allowed offloading the mental effort of following
a schedule (Py, P8).

6.4.4 Participants had Opposing Strategies for Picking Schedules

The majority of participants were satisfied with their chosen schedules and
felt four options were adequate. One participant desired additional options
(Pg), but many options can lead to choice paralysis. Three participants avoided
having to pick a schedule entirely by selecting a random schedule, or simply
the first schedule listed (P1, P2, P8). They still discussed strategies they would
consider using. Participants mainly relied on two opposing strategies while
adjusting their approach to schedule around fixed events.
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Clustering reduces perceived effort

A majority of participants preferred clustering tasks to minimize mental
burden of context switching. Six participants specifically preferred clustering
tasks at the start of the session, for example to not forget about the whole
process and to quickly get a sense of what they are building.

Spreading interruptions can be useful

Five participants preferred the directly opposing approach of spreading
interruptions evenly. They found short pauses distracting and preferred
longer 1-hour gaps (P2) or noted 45 minutes being a more “workable” pause
length (P12). One participant appreciated the uniformity of “good, logical
breaks” that a uniform distribution provided, but also favoured clustering 2-3
tasks within 20 minutes (P5).

Event scheduling overrules other strategies

Accommodating specific events, primarily lunch, was noted repeatedly as an
exception to other strategies. When applicable, event scheduling was always
the top priority (P1, P2, P12).

6.4.5 Participation can Increase Desirability and Perceived Value

Three participants explicitly stated that a model’s worth was proportional
to the time spent building it (P2, P11, P12) and participants typically value
the most desirable model the most. Monetary value is however not directly
proportional to desirability. Two participants wanted to keep a different model
than the one they valued most (P4, P10). In one case, the model was valued
low due to assembly errors, but the participant was fully engaged in trying
to overcome the assembly challenge and desired that model to try again after
the study (P10). For the second case, the participant desired the model as
a fan of the car that the chosen model was based on, but they had barely
participated in the model’s assembly (P4).

Participation threshold for ownership

Six participants noted a lack of ownership in conditions with low involvement
(P4, P5, P7-9, P11). They described the process as “repairing” rather than
“building” when placing only one piece at a time (P5), or as “playing with
someone else’s toy” (P11). A participant noted that they would pay more for a
kit than for a pre-assembled model they “didn’t build” (P8). Although partial
assembly of the models generally increased their valuation by participants,
the noted lack of ownership by some participants indicates the existence of a
minimum threshold of participation to trigger the IKEA effect.
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6.5 DISCUSSION

We discuss our results, thematic codes, and what they imply for intermittent
user interactions in the context of making tasks below. We propose guidelines
for systems with matching usage patterns. Additionally, we propose a method
to predict or generate preferred schedules heuristically.

Participants generally felt they contributed to the outcome, except for some
minimal complexity tasks for some participants. Perceived model value was
generally strongly elevated over the market value. Our results demonstrate
that the IKEA effect applies even for partial assembly of items over time above
a minimal interaction threshold. Our qualitative results also show that the
effect scales with engagement.

6.5.1 Guidelines

Based on our findings, we propose the following guidelines for designing
systems with intermittent interaction.

Minimize annoyance, not effort

Fewer, more complex interruptions are both more rewarding and less an-
noying. Avoid repetition, like performing the same operation twice for a
symmetric process. Minimal user interactions on the scale of placing 4 LEGO
pieces may be insufficient to instill a sense of ownership. Avoid using more
than 4 interruptions per project, or more generally, using more than one
notification per hour of process duration.

Allocate complexity

Handling highly complex tasks feels impactful and engaging. Interactions
that are too simple feel like wasted effort. Provide options to set an upper
limit on interaction complexity, or to adjust complexity according to user
preference, to avoid errors that lead to frustration.

Manage time expectations

Only inform users of upcoming tasks if they are imminent or urgent. Waiting
periods under 15 minutes are typically considered acceptable. To mitigate the
sense of prolonged waiting for tasks hours away, consider only informing the
user when the task becomes available or 15 minutes prior.

Design purposeful notifications

Clearly articulate the purpose and the value of user interactions. A sense
of contribution requires knowledge of what the user is working towards,
or what their efforts accomplish. Consider including information such as
material savings in communications with the user.
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6.5.2  Formalized Schedule Preferences

Scheduling strategies are personal and varied. We formalize the primary
objectives leading to the scheduling strategies participants used in Table 6.2
and provide a heuristic approach to support them.

Effort Minimization

Task Clustering
Edge Clustering
Front-Loading

Extended Pauses

Participants preferred grouping notifications closely together to mini-
mize the cognitive load from disruptive context-switching.
Interruptions anchored around forced start and end points reduce mid-
process disruptions.

Clustering at the start preserves engagement momentum while in the
task-oriented mindset of starting the process.

Clustering interruptions around the edges of the time frame incidentally
schedules long, uninterrupted periods that allow accomplishing more
demanding work.

Expectation Management

Uniform Distribution

Pomodoro Alignment

A consistent spread of interruptions allows for better anticipation and
planning around them.

Interruptions can be used to implement a 'Pomodoro’-style work
method, breaking up work into focused intervals.

Event Scheduling

Lunch-Break Scheduling

Events are Contextual

Users prioritize extended pauses during traditional break times, like
lunch, to avoid disruptions during those periods.

Scheduling around events required contextual information, which can
be entered manually, or for example by incorporating calendar infor-
mation.

Mental Overhead Minimization

Random Selection

Avoiding Overthinking

Users may choose random or first-available schedules to eliminate the
cognitive burden of planning.

A quick selection allows users to commence tasks more swiftly and
negates the need for detailed forethought.

Table 6.2: Scheduling objectives for planning brief intermittent interactions

Participants typically focus on either minimizing effort, or on making inter-

ruptions easier to manage and work around them by spreading them evenly
throughout the process duration. Scheduling around events supersedes other
strategies where necessary, but requires additional contextual information.

6.5.3 Predicting Preferred Schedules
We built heuristics that approximate two dominant scheduling strategies by

encoding the rules we found in our interview analysis. These can be used to
evaluate or generate schedules that can predict user selections well. A binary
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preference value is required to choose which heuristic to use, which can be
set simply by letting users choose between two indicative sample schedules.

One fourth of participants reported selecting random schedules to avoid
having to make scheduling decisions. To support this user group, we rec-
ommend providing fully automated schedules based on preference settings.
Other users can also benefit from strong default suggestions, for example by
simply accepting a suggested schedule instead of searching through a list of
options.

To evaluate the accuracy of scheduling predictions, we count the number of
times the heuristic function selection matches participant selection. A match
describes selecting the same one out of four options that were presented at
session start. The 9 data points of participants that selected randomly were
removed as outliers in this evaluation. After selecting a user preference to use
or avoid clustering based on interview transcripts, our suggested approach
matches user selection in 21/27 cases (77.7 % accuracy), compared to 40.0 %
accuracy when selecting the better out of two functions that select randomly).

Our approach uses cluster early and avoid short pauses heuristics to evaluate
schedules. The cluster early option counts and maximizes the number of
interruptions that occur within 15 minutes after session start and after one
another. The shortest total time length of this early cluster is used as a tie
breaker. If there are no pauses that are as short as 15 minutes, the shortest
pause length within the schedule is used instead of 15 minutes. The avoid short
pauses option counts and minimizes the number of pauses that are shorter
than the expected pause length if interruptions were distributed uniformly. A
measure of how much shorter these pauses are than expected is used as a tie
breaker.

Offering additional preference options, such as avoiding interactions during
lunch time, may further increase prediction accuracy and allow systems that
make use of intermittent interactions to better lift the burden of choosing a
schedule off of the user.

6.6 CONCLUSION

We investigated how people perceive intermittent interactions with manual
assembly tasks over long durations through a multi-day study. LEGO model
assembly was used to represent more general kinds of interactions, and the
context of 3D printing informed the design of the study and user interactions.
Placing LEGO blocks requires some manual dexterity and high precision
without being physically straining. These qualities match many types of
interactions with digital fabrication systems and intermittent interactions
within that space. However, our findings may not be applicable for certain
interactions, for example tasks that are highly physically demanding. On
the other hand, many tasks outside of the immediate context of digital
fabrication, such as household tasks and handling appliances have a similar
level of physical demand, and our findings may extend to other domains.
Future work could explore interactions based on tasks of other turn-taking
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scenarios like traditional crafts and arts or revising documents, or shorter
times frames that better match other types of digital fabrication, like laser
cutting.

Our results provide evidence that intermittent interaction is generally ac-
ceptable for long duration making tasks such as personal fabrication with a
semi-automated machine. We found that scheduling strategies are diverse,
but often predictable with simple heuristics. Using our guidelines, we hope
future designers feel more justified and informed when integrating intermit-
tent interaction into semi-automated fabrication systems and extend existing
workflows, perhaps even fostering more meaningful engagements with tech-
nology.
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Past research has largely avoided exploring the utility and characteristics
of intermittent interactions in long duration processes. In the context of
interacting with personal fabrication machines, almost no previous work has
proposed a system requiring more than a single interaction. Our research has
investigated this gap and found that intermittent interaction can make direct
and substantial improvements to the sustainability of FDM 3D printing. In
particular, returning to RQ 1, we show that including the user via intermittent
interactions allows making changes to the fabrication process itself. This
allows addressing shortcomings of the process directly, such as avoiding to
fabricate wasteful but necessary supporting structures, to reduce material and
energy usage of fabrication devices. We found that these process adjustments
can be achieved by customizing existing workflows, such as integrating
software support for intermittent interaction via plug-ins or software updates.

We can answer RQ 2, how intermittent interaction can enable novel output
options for unmodified personal fabrication devices, after demonstrating how
to perform sewing tasks using a commodity 3D printer. By including the
user, additive fabrication software need not rely on the established bottom-up
fabrication approach utilized by all common slicers. As a result, the fabrication
process can handle alternative sequential approaches, such as tracing along
a seams of cloth work pieces. Additionally, through user involvement, the
system gains access to handling new types of material, such as fabric, that
the automated machine itself is not equipped to manipulate.

Finally, we have identified subjective costs and benefits associated with
intermittent interaction and have demonstrated how to parameterize and
reduce the costs, answering RQ 3. To comprehensively consider user effort
when planning interactions, it does not suffice to simply count the number
of distinct actions to perform or to measure the time spent on these actions.
Users prefer fewer, more complex and at times challenging interactions to
addressing additional or simpler to handle interruptions. This preference
for few but engaging interaction can even persist if users would spend
overall more time interacting compared to less engaging options. Software
that supports intermittent interaction should be able to distinguish between
interactions of varying complexity, and should account for the number of
interruptions beyond counting the overall number of actions to perform.
We demonstrated that variations in these factors are relevant in how users
perceive intermittent interactions, and that making these distinctions allows
representing user effort during systematic optimization efforts.

All three system projects in this thesis have been designed to be compatible
with existing commodity hardware and to integrate as seamlessly as possible
into existing workflows to make them more accessible. By designing for
affordable hardware, the potential user base is large and varied, and we found
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that additional software considerations may be necessary to support this
variety. We found that baking in domain knowledge can help less experienced
users, such as including custom G-code for pausing a print job to perform
intermittent interactions. For example, we re-calibrate the buildplate axis
before resuming the print to ensure knocking against a movable buildplate
does not disrupt the print. Similarly, we ensure that the default starting setup
of our systems provide common options to minimize the initial cost to setup
and use them. For example, we provide the option to use LEGO as support
replacements without any additional setup in Substiports, and we provide a
variety of default printed seam types with FabricAtion, which allow creating
flexible, robust or temporary stitches right away.

In summary, we showed that intermittent interaction can improve fully
automated processes, lower the effort of fully interactive processes, and open
up novel interaction options in the space between. We found that people
are often eager to get involved hands on, especially when their participation
seems valuable, and challenging enough not to seem like busy work. We
demonstrated that brief user interactions with personal fabrication can pro-
vide multiple avenues for people to take tangible action towards sustainability.
Through participation, people can directly reduce waste material and can
gain access to new options to make and repair locally. This could avoid the
current status quo where people leave matters of sustainability to intangible
commercial entities.

7.1 THE FUTURE OF INTERMITTENT INTERACTION

The intermittent interaction systems presented here follow the typical current
fabrication workflow of planning the entire process ahead of time. Future
work could explore systems that adapt the fabrication process mid-fabrication.
Building on existing systems, this could mean offering interaction options
in the moment, when a user is around, which can be performed just then.
As a straightforward example, the screw jacks introduced in the Substiports
system have a variable height that could, in theory, be inserted at any point
during fabrication while the print height is within the extension range of
the screw jack. Such a system would require the ability to inject machine
code into ongoing fabrication processes, or might require machine firmware
updates to allow handling optional pauses and code segments.

Long form partially automated tasks are not unique to personal fabrication,
and the lessons learned how to design with human-in-the-loop in mind may
well apply to other domains. As a primary, daily example, many household
tasks such as cooking and baking, or household appliances with extended du-
rations like dishwashers or vacuum robots, follow similar interaction patterns.
Even outside of modern technology, intermittent interaction patterns find
applications in modern life, such as how growing sourdough starter requires
intermittent attention across multiple days. Future work could investigate ap-
plying intermittent interaction techniques to existing household applications
and other domains.
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Figure 7.1: Fabrication in the living room: (a) the printer acts as decoration while out of use; (b) it unfolds to become a fully
functional 3D printer. (Figure from [114])

Intermittent interaction requires users to be close by the fabrication ma-
chines. Currently, outside of workspace and makerspace environments, fabri-
cation machines are typically placed out of sight in workshops and cellars.
One of the reasons is that fabrication devices often appear as “large, clunky
cubes”, and the more capable a machine is, the larger it usually is as well.
Although the fabrication process may be interesting to watch, the machine
itself is typically not very decorative. Intermittent Interactions on the more
automated side of the spectrum still work well, similar to handling appliances
like laundry machines and dryers that are often stored away from living
spaces due to their size and noisy operation. Notable walking distances could
however spell too much effort for more frequent user involvement.

The spread of truly personal fabrication machines that share our living
spaces or are small enough to be carried around like a notepad could promote
all intermittent interactions. We performed a mechanical design study [114]
of how future fabrication machines could achieve a smaller form factor by
producing outputs beyond the confines of the machine itself. Such fabrication
machines could blend seamlessly into living spaces, for example replacing
the gantry of a 3D printer with a foldable pantograph that is taking the place
of a painting while out of use, as shown in Figure 7.1. Pen and book shaped
devices as portrayed in the study could even become portable enough to
become a daily accessory, which would ensure that they are always close at
hand.

7.2 TOWARDS THE PLENITUDE

In the modern life of Plenitude [32], people are surrounded by uncountable
items, mass produced and standardized. With a click of a button and two-day
shipping, almost anything can be added to the pile quickly and effortlessly.
This availability however is limited to “products”. Replacement parts are often
hard to find, if it all. Access to digital information is even faster, only limited
by server and network delays. Through Al systems, thoughts can be visualized
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as fast as their descriptions can be written down. The availability of data and
the access to digital products may however also be limited. Data is packaged
as “content” in an effort to monetize it. News, music and entertainment are
offered as a service that can only be accessed while online and authenticated.
Even packaged products, such as boxed games, can become inaccessible
overnight when a server that is pinged merely to confirm the latest software
version is shut down.

Personal fabrication can act as another vector for the Plenitude. Rather than
waiting days for shipping, items can be made available as soon as fabrication
is complete. It is easy to envision that machine instructions could also be
offered as a service, streamed directly to the machine. 3D printed articulated
trinkets made from reflective filament in printerfarms can already be found
in many gift shops due to eye catching colors and apparent novelty. But it
can also act as an opposing vector. It can alleviate planned obsolescence by
making it easier to repair items designed to fail. It allows designing lasting
custom solutions for local problems, rather than working through off-the-shelf
solutions to find the best fit. It allows labours of love of artists and meaningful
personal projects to compete with fast fashion.

Much of the value that can be derived from personal fabrication today is
based on access to open repositories of 3D models made by people who cared
enough to create something unique and present it, or to solve a problem and
make the solutions available publicly. Being part of the creation of something
makes it easier to care for that thing, rather than just owning it, and to
nurture the desire to contribute as well. Such contributions further increase
the value of personal fabrication, which can attract new users, forming a
positive feedback loop if they, too, care. As personal computation reaches the
physical world through fabrication, keeping the human in the loop can help
to ensure a positive impact of the technology.

7.3 FINAL WORD

Today, computation is ubiquitous. Yet, it is neither unlimited nor free. The
billion dollar cryptocurrency industry was built on commodifying digital
scarcity. Generative Al applications consume more energy than some countries
[132] and access to them is limited by usage through “generation tokens”.
Like computation, fabrication consumes energy and requires specialized
hardware, but additionally also consumes tangible resources. As such, it is
safe to assume that fabrication will continue to incur costs after reaching
ubiquity. Even in science fiction where any item can be “replicated” instantly
from energy, access to replicators often still remains rationed. Regardless of
the specific technology used, intermittent interaction will remain relevant
as long as it can provide options to reduce fabrication costs or increase its
sustainability.
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Figure A.1: The 40 objects that form the initial scrap library used during evaluation of the Scrappy system.
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This appendix includes details for all Substiports printing and slicing tests
and the model test set used in Substiports.

B.1 Substiports Model Test Set

¢

Angled Cylinder (57x40x82 mm)

#

Beast (113x48x104 mm)

o

Cow (104x34x64 mm)

Nefertiti (80x121x165 mm)

L4

Simple Bridge [13, 18] (80x20x40 mm)

Arch Bridge (192x51x54 mm)

Bike Helmet (111x142x70 mm)

*5/

Enterprise [7] (128x58x32 mm)

-

Angle Bracket [14] (30x25x25 mm)

b

Stanford Bunny [16, 40] (108x88x108 mm)

Armadillo [10, 16] (65x59x78 mm)

P x

Cheburashka (54x19x50 mm)

LE

Gymnast [7, 16, 39] (76x19x99 mm)

o

Rocker Arm (100x51x30 mm)

-

Fiducial Marker (51x60x114 mm)

Figure B.1: The 15 models that were used for testing the Substiports system.
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B.2 Testing Printing on Objects

Appendix B

This section reports on six tests related to printing on top of replacement
objects: adhesion to different materials and their re-usability; filament type;
tolerances; effects of extended idle periods; support structure type; and
tipping resistance of replacement objects. All tests use a standard 0.4 mm
nozzle and recommended print settings for the filament type used.

Table B.1: Object surface adhesion tests.

Material Adhesion Degradation  Notes Material Adhesion Degradation  Notes
PLA Strong Minor surface  Using support objects Medium Strong Surface Some compression
marring that match the printing Density marring during printing, some
(melting) material results in Foam (melting) minor melting due to
strong adhesion, but print.
can usually still be
separated easily by
hand, much like
regular printed
supports.
Low Warping Major melting  Even with tape
ABS Glue/tape Minor surface  Large assemblies of Density applied, the foam
required marring toy bricks should be Foam below may melt, which
(melting) tightened before use. can cause warping to
In case of the stacks the material above.
used, simply pressing For foam with large
down on the stack with pores, the tape itself
some force is may not adhere well to
sufficient. the foam.
PVC Strong Little to none  Surface ridges and Metal Glue/tape Little to none =
(Floppy paper labels have no required
Disc) noticeable effect on
adhesion, but the
metal shutter may
require glue/tape.
Medium Strong Little to none
Density Cardboard  Strong Surface Some compression IVLIVIU |
Fiberboard (box) marring during printing. Some
(MDF) delamination after
removing printed
Hardwood Recommend Little tonone  The level of adhesion
(Walnut) Elle/iaps depends on the type of Hardcover Recommend Surface To protect the cover
quOd and '?S surface Book Glue/tape marring from surface
finish, ranging from (delamination) degradation, blue tape
strong to poor. should be applied. The
level of adhesion
otherwise may also
Softwood Recommend Little to none  The level of adhesion depend on the cover
(Pine) Glue/tape depends on the type of material.
wood and its surface
finish, ranging from
strong to poor. Softcover  Recommend  Surface To protect the cover
Book Glue/tape marring from surface
(delamination) degradation, blue tape
High : Strong Surface Some compression ﬁ:vt:lgfb:dﬁsg;d' The
Density marn‘ng dl,_lnng prln_tlng, some otherwise may also
Foam (melting) minor melting due to depend on the cover
(isolation print. material.
board)
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B.2.1  Object Surface Adhesion

The approach relies on the ability to print on top of foreign support replace-
ment objects. We conducted tests to examine filament adhesion with common
replacement object materials. A 1 mm thick (5 layer) 2cm square of standard
PLA was printed on top of 14 different replacement objects with different ma-
terial properties. Additionally, 1 to 3 mm of support was printed in between
the square and the replacement objects. The level of adhesion was judged by
visual inspection and light forces applied by hand. In case of poor adhesion,
the print was repeated when object surface was covered in blue tape and
glue stick applied. The printed square was removed and the material surface
inspected for degradation to test for re-usability.

Results

Table B.1 provides details for the 14 tests. The results show good adhesion
when printing on objects made of PLA, PVC, Medium Density Fibreboard
(MDF), high density foam, medium density foam, and cardboard. Tape or
glue is required when printing on ABS, wood, metal, and paper book covers.
Low density foam is not recommended for replacement objects due to heat
warping.

Most object surfaces exhibited little or no degradation caused by printing
suggesting they can be re-used multiple times. Cardboard, high density foam,
and medium density foam had noticeable marring, but maintained structural
and dimensional integrity suggesting they could be re-used a few times. A
single layer of blue masking tape would reduce or eliminate marring for these
objects, and we found the same tape surface could be reused multiple times.

B.2.2 Adhesion with Different Filaments

We test printing different filament materials on top of PLA (a common
material used for replacement objects) and blue masking tape (which can
be applied to any object). A 1 mm thick (5 layer) 1.8cm square and 3 mm of
support (15 layers) were printed on a PLA calibration cube using PLA, PETG,
ABS, and TPU.

Results

Figure B.2 shows results. TPU, PETG, and PLA have strong adhesion. For
ABS, adding tape or glue is recommended. In principle, covering the top of an
object with tape or glue should enable printing with most types of filament
(e.g. soluble PVA, Nylon).

B.2.3 Object Measurement Precision

Printed holders ensure that replacement objects are securely held in position.
Fit depends on the size of the objects and the holders, so objects need to be
measured with a reasonable level of precision. Similarly, objects should have
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Figure B.2: Adhesion test: (a) TPU; (b) ABS; (c) PETG; (d) PLA.

the correct height to be able to print on top of them reliably. We adjusted
the “measured size” of a 4x4 LEGO block to cause deliberate “measurement
errors” and attempted inserting the block into the resulting printed holder
and then attempted to print on top of the block. The error was increased in
steps of 0.05 mm at a time.

Results

We found that a +0.25 mm error range around the true width and length
allowed for a secure fit. If smaller, the object can no longer fit inside the printed
holder. If larger, insertion will no longer have a noticeable snap. Eventually,
lightweight/tall objects may move or start to tip. Only one dimension has to
be in the 0.5 wide mm “snapping range” for the tactile insertion feedback.
If the holder is overall too large, or was accidentally knocked off the build
plate, it may still be used as a positioning guideline, while double sided
tape ensures that the replacement object stays in the correct position. For the
height of the object, printing was reliable between -0.2 mm to +0.3 mm error
compared to the actual height of the object. Below this range, a collision may
be detected by the printer, or the nozzle may dig into material that can melt.
At +0.35 mm, printing succeeded but adhesion started to become spotty, and
for larger errors adhesion will eventually fail fully. This range may depend
slightly on printing layer height, which was set to 0.2 mm for the tests. Based
on this range of acceptable heights, we were able to print on solid objects
with noticeably angled top surfaces, such as a rough-cut piece of wood.

Flexible materials (such as cardboard boxes or foam plates) may allow
successful printing even for very imprecise measurements (e.g. measurement
errors greater than 1mm), such as when squeezing the material with the
calipers during measurement. As the print head is lowered onto the support
replacement object from above, the print head can compress such objects with-
out triggering collision detection. Many slicers enable this movement pattern,
as they lift the print head during retractions (i.e., when switching between
printing locations). We found that top surfaces with extreme deviations that
exceed the lifting height (up to several millimetres) still do not cause issues if
the deformations peak near the centre and the surface is sufficiently pliable.
This is because the print head gradually pushes the object surface down as it
prints, essentially undoing deformations temporarily.
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B.2.4 Stability with Build Plate Movement

As replacement objects are located on the build plate, moving the build
plate could potentially tip replacement objects over. We placed an otherwise
unsupported 4x4 stack of LEGO into a printed holder. The stack was more
than twice as high as it was wide. The build plate was then moved back and
forth at the maximum speed allowed by the printer firmware. The length
of each movement was reduced consecutively each time after switching the
movement direction.

Results

The stack remained in its holder without tipping. Figure B.3 shows the test
setup.

Figure B.3: Stability test setup: a tall 4x4 stack of bricks held in place by a printed
holder.

B.2.5 Finish Quality after Long Pauses

If no user is available to perform an interaction, the printer may idle for
extended periods of time. We compare the same print job when a pause
is handled immediately and when a pause is handled after an 8-hour idle
period.

Results

Figure B.4 shows results. For standard PLA printing processes, rapid and
extended pauses (8 hours) seem to have no noticeable effect on print quality.
For processes that require for example a heated printing chamber, pausing
parameters may need to be customized, for example to ensure the tempera-
ture equalizes within the chamber after reheating when continuing after an
extended pause. Heating could be maintained for a while during the pause to
accommodate shorter pauses more readily. Any change in geometry may alter
the printing direction of outer perimeters, which may be visible at certain
reflection angles.
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Figure B.4: Finish quality after long pauses: (a) resuming printing immediately; (b)
resuming printing after 8 hours.

B.2.6  Compatibility with Support Structure Types

The approach should work with any type of support structure, as long
as printing on top of the chosen support replacement objects is possible.
The modified slicer currently only supports generating one type of support
structure. We tested extreme slicing settings of this type of support generation
to gauge whether the method is affected by different types of support. We
printed on top of support replacement objects with varied support slicing
settings: no support infill (i.e., printing support outlines only); 100% support
infill (i.e., printing solid supports); and thin support towers of 1 to 3 mm
width to emulate tree-style supports.

Results

Different support fill methods showed no impact on adhesion. When test-
ing the 1 to 3 mm support towers, all 37 adhered strongly to the support
replacement object.

Figure B.5: Adhesion using different support settings: (a) no support infill; (b) default
support infill; (c) 100% support infill; (d) thin tree-style supports.

139



B.3 Comparison with Other Support Generation Methods

Appendix B

Table B.2: Support Material in grams used by different slicer support generation methods and by our system.

Model Prusa Grid | Prusa Snug | Prusa Organic | Cura Normal | Cura Tree | Kiri Snug | Min. Replaced | Max. Replaced
Angle Bracket 3.4 3.1 1.9 3.7 1.8 4.3 1.0 0.1
Gymnast 9.6 6.3 7.0 8.4 5.2 5.9 3.0 0.4
Cheburashka 3.5 1.9 3.7 2.4 2.3 2.0 1.1 0.3
Fiducial Marker 15.2 9.8 7.0 13.7 4.9 18.1 12.4 3.7
Stanford Bunny 21.1 14.4 13.3 14.5 8.3 13.8 10.5 3.8
Armadillo 20.5 15.6 15.1 20.3 11.9 24.2 12.4 7.6
Simple Bridge 3.9 3.7 2.4 4.1 2.6 5.1 2.7 1.6
Enterprise 21.7 17.7 17.5 18.1 14.4 23.7 15.8 7.9
Nefertiti 96.8 70.8 40.7 33.8 23.3 20.9 13.9 7.0
Beast 30.2 22.2 16.4 27.4 11.6 38.0 27.1 13.3
Cow 13.4 10.1 9.2 11.2 6.3 12.7 9.2 4.7
Angled Cylinder 19.0 17.8 11.1 9.5 4.4 13.3 10.6 5.1
Arch Bridge 55.8 44.6 473 51.7 - 87.0 57.9 41.2
Rocker Arm 7.7 6.1 7.2 6.0 4.3 8.3 5.5 4.0
Bike Helmet 66.2 50.9 47.7 54.3 32.5 60.0 42.3 35.5

Table B.3: Support Printing Time in minutes used by different slicer support generation methods

and by our system.

Model Prusa Grid | Prusa Snug | Prusa Organic | Cura Normal | Cura Tree | Kiri Snug | Min. Replaced | Max. Replaced
Angle Bracket 9.0 8.0 21.0 16.0 15.0 57.3 21.4 1.7
Gymnast 73.0 45.0 60.0 66.0 37.0 162.5 82.6 7.4
Cheburashka 30.0 17.0 39.0 21.0 17.0 53.4 28.2 7.5
Fiducial Marker 104.0 58.0 94.0 65.0 27.0 324.4 224.7 79.0
Stanford Bunny 214.0 152.0 166.0 104.0 65.0 264.3 196.6 75.6
Armadillo 199.0 161.0 170.0 124.0 86.0 543.4 254.8 174.6
Simple Bridge 17.0 16.0 37.0 18.0 20.0 65.0 50.1 33.9
Enterprise 183.0 143.0 267.0 106.0 119.0 352.5 255.2 130.6
Nefertiti 840.0 626.0 437.0 293.0 175.0 467.2 323.4 160.4
Beast 259.0 188.0 186.0 163.0 82.0 845.4 517.5 261.9
Cow 123.0 93.0 129.0 71.0 57.0 255.1 189.2 105.4
Angled Cylinder 86.0 89.0 134.0 51.0 32.0 205.2 172.0 108.4
Arch Bridge 424.0 343.0 704.0 260.0 - 1610.1 938.7 751.9
Rocker Arm 71.0 55.0 113.0 144.0 153.0 124.9 92.4 71.9
Bike Helmet 628.0 492.0 621.0 346.0 258.0 1199.3 831.3 696.5

Some slicers offer a variety of support generation methods. We found the
kiri:moto method we used in our submission is most similar to Prusa Snug.
Prusa Organic saved an average of 30.9% material compared to Prusa Grid,
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but only saved 7.5% compared to Snug. In 4 models, Organic used 6% to
96% more material than Snug. Prusa Organic required an average of 18%
more time to print compared to Snug. Cura Tree saved an average of 39.5%
compared to Cura Normal, but the Arch Bridge model failed to slice with
Tree supports. Some slicers offer a variety of support generation methods.
We found the kiri:moto method we used in our submission is most similar
to Prusa Snug. Prusa Organic saved an average of 30.9% material compared
to Prusa Grid, but only saved 7.5% compared to Snug. In 4 models, Organic
used 6% to 96% more material than Snug. Prusa Organic required an average
of 18% more time to print compared to Snug. Cura Tree saved an average of
39.5% compared to Cura Normal, but the Arch Bridge model failed to slice
with Tree supports.
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APPENDIX C

We provide the custom G-code to print standing needles. The code uses
relative coordinates and expects to start from the X and Y location of the
needle, 0.8 mm above the previously printed layer.

G91

Gl Z-.85 E1.1 ; lowering nozzle slightly into layer below
Gl X1 Z0.05 F500 ; preparing the needle location surface
Gl Y-1 E0.05

Gl X-2.0 Y2.0 E0.05

Gl Y-2.0 EO.05

Gl X2.0 Y2.0 EO.05

Gl X-1 E0.05

Gl Y-2.0 EO.05

Gl X-1 Y1 E0.05

Gl X1 E0.05

Gl Z0.05 EO0.1

GO4 P1l00 ; heating the center of the needle location

Gl 7Z0.8 E0.8 F80 ; printing the needle

Gl Z1.0 EO.7 F80

Gl Z1.2 EO.6 F80

Gl Z1.4 EO.6 F80

Gl Z1 E-0.8 F120 ; retract upwards to create a sharp point
GO4 P800 ; dwell to stop further stringing

Gl Z4 E-0.2 F1200 ; repeat

Go4 P300

Gl 72

Go4 P100

Gl Y5 Z2 ; move sideways to remove leftover stringing
G90o
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