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Abstract

People should be able to create anything they can imagine.

Toward that vision, people need tools to augment their ability

to turn an idea into a prototype.

Recently, hardware improvements in fabrication tools, such as

3D printers, have decreased the cost of prototyping. Compu-

tational improvements have enabled new ways to model and

analyze designs. However, the interfaces that people must in-

teract with to prototype an idea are lacking. Current interfaces

are too complex for novice users and too weak for advanced

users.

In this thesis, I start by describing a vision of the future to show

why people should have the tools to create anything they can

imagine.

Then, I provide two novel interaction models, along with their

implementations. First, I present WYSIWYFab: a method that

unifies the 3D printing pipeline, by merging the steps of model-

ing a 3D object and slicing a 3D object into a single step. Sec-

ond, I present CSlice: a method that inverts the traditional slic-

ing workflow, by optimizing slicing based on user constraints,

instead of imperative parameters.

Finally, I discuss the results of these methods, and suggest fu-

ture work for improving the interfaces of rapid prototyping and

personal fabrication.
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We make, not just to have,

but to know.

Alan Kay
The Early History of

SmallTalk (1996)

3D printers make rapid prototyping more accessible than it has

ever been.

3D printers — and other fabrication tools — have dramatically

decreased in price. Recent consumer grade 3D printers have be-

come so accessible that a movement towards personal creation

has developed known as the "maker movement," which relies

heavily on 3D printing.

Computational tools have also improved people's ability to cre-

ate physical objects. Better, more accessible software tools have

enabled people to design 3D models and share designs around

the world.

However, the interfaces for creating physical objects are still

lacking. The majority of work in the field of Human Computer

Interaction has gone into improving software and interactions

that are limited to the digital world. However, as the desire and

need for physical creation increases, interfaces will need to be

re-thought and imagined for the physical world.
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One of the keys to improving the creation of physical objects is

to make rapid prototyping faster, easier, and a more integrated

aspect of the design process. People need to be able to think of

an idea, and quickly test it. Currently, it's too difficult to quickly

prototype something to determine whether a concept will work

in the real world. Interfaces must be designed that let people

quickly prototype their ideas.

In this thesis, I attempt to provide two steps towards an improv-

ing interfaces that enable rapid prototyping. In the long term,

this ability to rapidly prototype will help people be able to create

anything they can imagine.

The first step is a method and implementation called WYSI-

WYFab. WYSIWYFab stands for What You See is What You Fab-

ricate. This tool combines two common steps in the 3D printing The name WYSIWYFab is derived

from classic HCI work in graphical

user interface editors that were

known as WYSIWYG editors,
which stands for What You See Is
What You Get.

pipeline: 3D modeling and 3D slicing. Combining these steps

into a single tool enables novice users to have an easier time

preparing a 3D print. It also enables more advanced users to

have more immediate feedback on the designs they are creat-

ing.

The second step is a method and implementation called CSlice,

or Constraint-Slice). This project inverts the traditional work-

flow of 3D slicing. Traditional workflows require users to input

slicing parameters into the slicer, and the slicer will inform the

user of the requirements of the print (such as the print time,

and amount of material). CSlice enables users to tell the sys-

tem their constraints, such as a time limit, and CSlice will de-

termine what slicing parameters are needed to print within the

constraint.

In the remainder of this chapter, I provide more background

information on 3D printing and personal fabrication, as well as

describe the organization of the rest of the thesis.

8
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For those unfamiliar with the basic concepts of 3D printing, this

section is a brief primer on the terms and concepts of 3D printing

that will be used throughout the thesis. The terms surround-

ing digital fabrication and 3D printing are relatively new and

are therefore imprecise. I will define the terms as I apply them

throughout this report, but reasonable people could have dif-

ferent definitions of these terms.

Digital Fabrication is the collection of processes for creating phys-

ical objects using computational methods, such as using computer-

aided-design (CAD) tools to model an object before producing

it. One of the most common methods of digital fabrication is

3D printing.

3D printing is a general term for process of creating three di-

mensional physical objects by way of additive manufacturing.

Additive manufacturing is the process of creating physical ob-

jects by starting with an empty space and adding material over

time to form an object. The alternative to additive

manufacturing is the more

traditional subtractive
manufacturing, which starts with

a block of material (often wood or

metal) and removing material

from the object until the desired

shape is formed.

One of the most accessible and common methods of 3D printing

is fused deposition modeling (FDM), also known as Fused filament

fabrication (FFF)33. I will use FDM to refer to this type of printer

throughout the report. FDM printers work by moving a filament

material (usually a thermoplastic) through a tube and heated to

a melting point at an extruder, which adds the filament to the

existing model in a precise location.

�F� �$8/( �:7<7<C8/6,

This thesis could have been titled "Improved Interfaces for 3D

Printing" as opposed to "Improved Interfaces for Rapid Prototyp-

ing". The methods and implementations described in this thesis

apply directly to 3D printing.

However, I hope to make it clear that the reason these meth-
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ods are implemented for 3D printing is because 3D printing is

currently the cheapest and most accessible form of rapid proto-

typing. I hope the thesis reveals that while these concepts are

currently implemented for 3D printing, they apply generally to

rapid prototyping and personal fabrication. In chapter 6, I dis-

cuss how the concepts described in earlier chapters could apply

to other personal fabrication devices.

�F� �><3/6)

In chapter 2, I describe a vision of the future in which people

are able to create anything they can imagine. I explain how

that could impact on both global challenges (such as climate

change) and personal challenges (such as creative expression).

In chapter 3, I describe related work that stem from two areas

of research. First, I review a work related to user interfaces, hu-

mane interfaces, and interaction models of Human Computer

Interaction (HCI) The second area of research is the HCI re- This early HCI work, starting as

early as the 1960s, is referred to

as classic HCI throughout this

thesis.

search in the subfield of personal fabrication.

In chapter 4, I discuss the WYSIWYFab project. I provide the

motivation, a walkthrough of the system, and a user study eval-

uating the system.

In chapter 5, I discuss the CSlice project. I repeat the format

of the previous chapter by again providing the motivation, a

walkthrough, and an evaluation of the system.

In chapter 6, I discuss the results of both of these two systems.

I also describe a range of future work. I first describe short-term

future work: implementation improvements to WYSIWYFab and

CSlice. I then describe medium-term future work, including fur-

ther research that was inspired by these projects. Finally I de-

scribe some possible long-term work that will help enable the

vision described in chapter 2.

In chapter 7, I conclude the major findings of this thesis and

summarize my contributions.

10
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The purpose of computers

is human freedom.

Ted Nelson
Computer Lib (1974)

In the future, people must be able to create anything they can

imagine. The ability for individuals to create what they need

and want will have a positive impact on climate change, self-

reliance, and creative expression.

The vision of creating anything

you can imagine stems directly

from Professor Stefanie

Mueller's original vision of the

HCI Engineering group at MIT

CSAIL, in the future anybody

will be able to create anything

anywhere anytime.27

In this chapter, I describe vision of the future in which per-

sonal fabrication is accessible and ubiquitous. I also discuss

both global and individual impacts that could occur. Finally,

I outline how more advanced interfaces are a necessary compo-

nent of that vision.

�F� �):;76$3 �$&:/'$</76

Neil Gershenfeld defines personal fabrication as "the ability to

design and produce your own products, in your own home, with

a machine that combines consumer electronics with industrial

tools."11

In his 2017 book, Designing Reality12, co-written with his broth-
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ers, Niel Gernshenfeld describes the opportunities and challenges

of what they call the third digital revolution — that is, the ability

to digitally fabricate physical goods. In the book, they describe

the rise of the maker movement and FabLabs (Fabrication Lab-

oratories) that are increasing in number and decreasing in cost

exponentially. They argue that — in the future — fabrication

technology will be as ubiquitous and necessary for modern life

as the internet is today.

The key insight in the digital fabrication revolution is that atoms

travel very slowly, while bits (literally) travel at the speed of

light. That is, the transportation of physical goods is time and

energy consuming while the transportation of digital informa-

tion is nearly free and nearly instantaneous. Therefore, it's much

better to only send the information about a physical object, and

have the object physically created near its final destination.

This dream of digital fabrication has many applications. How-

ever, Gernsheld claims that the ultimate goal of digital fabrica-

tion is personal fabrication: individuals making things of their

own design. In Designing Reality he says:

[...] just as the killer app for digital computing

was personal computing, the killer app for digital

fabrication is personal fabrication.

�F� �3/5$<) �.$6,)

Climate change is one of the greatest existential threats to hu-

manity. In 2012, the Bulletin of the Atomic Scientists's "Dooms-

day Clock" — a metaphor for global threats — moved one minute

closer to midnight, in part due to concerns that "the pace of

change may not be adequate and that the transformation that

seems to be on its way will not take place in time to meet the

hardships that larges-scale disruption of the climate portends."4

The 2018 report17 from the Intergovernmental Panel on Cli-

mate Change outlined the catastrophic potential of unchecked

global warming. As a society, we are not concerned enough

12



about climate change, even when considering that we are not

concerned enough.

While technological solutions are not sufficient to reduce the

impact of global climate change, they are necessary. With such

an urgent threat, all work should3 take climate change into con-

sideration in thinking about the vision of the work and the ef-

fects the work could have.

In the 2015 article "What Can A Technologist Do About Climate

Change,"43 Bret Victor considers not only the direct actions that

technologists can take towards climate change, but also the in-

direct44 projects that can have indirect but large impacts. In it,

Victor describes the need for tools that interact and engage with

the physical world:

... software engineers find a fluid, responsive

programming experience on the screen, and a crude

and clumsy programming experience in the world.

It’s easier to conjure up virtual fireworks than to

blink an LED. So more and more of our engineers

have retreated into the screen.

But climate change happens in the physical world.

The technology to address it must operate on the

physical world. We won’t get that technology with-

out good tools for programming beyond the screen.

The sections of "What Can Technologist Do..." involving "Tools

for Scientists and Engineers" and "Media for Understanding Sit-

uations" directly inspired the WYSIWYFab and CSlice projects.

There is also a secondary motivation for these projects, from

a climate perspective. That is, tools that help personal fabrica-

tion will enable more people to create the things they need, and

in turn, those people will be less reliant on major corporations

and mass manufacturing, which impacts the environment. This

increase in an individual's agency to create what they need is

discussed more in the following section.

13
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Currently, people are dependent on corporations to be able to

obtain the goods they need. Increasingly, companies are mak-

ing it difficult for consumers to modify the products they buy.

In many aspects of society, there is a large divide and large un- There is some fight against this, in

a movement that's known as the

Right To Repair16, but the

movement has not gotten the

attention it deserves.

balance between consumers and producers.

Personal fabrication presents the chance to increase an indi-

vidual's agency. The lines between consumers and producers

can be blurred so that people can produce the things they need,

want, and imagine. In short, personal fabrication "provides the

means to make."12

Gershenfeld questioned the status quo of relying on corpora-

tions to produce what individuals need by describing the con-

cept of a post-profit world. In Designing Reality12, he described

the following (emphasis mine):

The loss of jobs to globalization and automation

and the damages done by an economic race to the

bottom underpin social and political unheavals around

the world. Yet implicit in all sides of the debate over

competing financial and social models is an assump-

tion about the nature of work.

For many people, it means traveling away from

home to get a job they'd rather not be doing, produc-

ing a product designed by someone the don't know

for someone they'll never see, to make money to buy

what they need and want.

What if you could skip all that and just make it

for yourself?

Personal fabrication enables this vision to become a reality. If

people can create what they imagine, the control and power

returns to the individual. Gershenfeld, again, says that we will

be able to "dream, create, and shape our world with individual

and collective action."

14



Returning control to the individual from concentrations of power

is generally good, but can have unintended consequences. The

ability for you to create what you can imagine also means that

bad actors have the ability to create weapons and destructive

things that they can imagine.

While this challenge is much greater than the projects here are

able to tackle, I address this concern briefly in the following

section.

�F� �),$</@) �583/'$</76;

The vision of creating anything you can imagine comes with

a downside. Some people can imagine some very destructive

things.

The projects described in this thesis are too small to be effected

by this possibility, but since they take steps towards a vision

of creating anything imaginable, it's necessary to consider the

potential downside of this vision.

Like all technology, fabrication tools are just an amplifier of hu-

man motivations. They can be used to benefit the world or to

be destructive, depending on the user's intents.

There are two steps, in general, that can be taken to mitigate

the negative implications of personal fabrication. Both steps are

effectively in the category of "improving education" — the main

method for elevating humanity throughout history.

However, Gernshenfeld does

this discuss this in depth in

Designing Reality12 and

Stefanie Mueller addresses the

issue as one of the core

problems of personal

fabrication in Personal

Fabrication2.

First, we can improve literacy; not only in terms of the written

word, but a fabrication literacy and cultural literacy. A fabrica-

tion literacy can help reduce the chance of dangerous objects be-

ing created, and for objects being created in a dangerous man-

ner. For a fabrication literacy to exist, a fabrication literature

needs to be developed, which is an under examined area of the

field.

Second, — as Vi Hart has said13 — "we must ensure that human

15



wisdom exceeds human power." That is, we need to be able to

reason and consider possible options more powerfully than the

creation tools we have at hand.

Some fabrication research, described in the next chapter, at-

tempts to improve the knowledge of what we can build, but

more fundamental work is needed in augmenting human intel-

lect10 to ensure that we aren't able to build things that we don't

understand.

16
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An interface is humane if it

is responsive to human

needs and considerate of

human frailties.

Jef Raskin
The Humane Interface35

(2000)

The early computer pioneers envisioned the goal of computers

as the ultimate tool to augment human intellect. Meanwhile,

advances in physical construction tools have made fabrication

cheaper and safer than ever before. Towards the vision of cre-

ating anything one can imagine, tools must be developed that

combine physical fabrication tools and digital software tools.

In this chapter, I describe two lines of previous research, and

their connection towards the projects described in later chapters

of this thesis. First, I outline the classic HCI research that envi-

sioned interfaces for people to enhance their creative thought.

Then, I draw on more specific and more recent fabrication work,

which attempts to address modern challenges in personal fab-

rication.

17



Figure 1: Ivan Sutherland using Sketchpad, a lightpen in his right

hand to manipulate the CAD drawings on the screen in front of him.

Image from Sketchpad. 40
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In 1963, Ivan Sutherland wrote what is sometimes called the

greatest PhD thesis of all time. In it, he "invented the first inter-

active graphics program, the first non-procedural programming

language, and the first object oriented software system"22.

In it, he described Sketchpad, the first true "Computer Aided

Design" (CAD) tool. Not only did it inspire generations of CAD

research, but it also began the first close look at human com-

puter interaction.

Many others in this period made major contributions in the

then-nascent field of Human Computer Interaction (HCI).

Vannevar Bush's 1945 article As We May Think5 theorized many

modern concepts of HCI. In it, he envisioned:

[...] a future device [...] in which an individ-

ual stores all his books, records, and communica-

tions, and which is mechanized so that it may be

18



consulted with exceeding speed and flexibility. It is

an enlarged intimate supplement to his memory.

Licklider also provided an early

and even more direct

motivation to CSlice (see

Chapter 5), when he said that

"instructions directed to

computers specify courses;

instructions-directed to human

beings specify goals." CSlice

aims to enable users to dictate

instructions to the computer by

goals, instead of courses.

J.C.R. Licklider also provided a very early vision, in a seminal

article called Man-Machine Symbiosis24, which described how

humans and machines can have complementary relationship by

each focusing on their strengths. He said:

The main aims are 1) to let computers facilitate

formulative thinking as they now facilitate the solu-

tion of formulated problems, and 2) to enable [hu-

mans] and computers to cooperate in making de-

cisions and controlling complex situations without

inflexible dependence on predetermined programs.

And most famously, Douglas Engelbart proposed and demon-

strated the oN-Line System9, with the fundamental goal of aug-

menting human intellect10. He explained:

[...] population and gross product are increas-

ing at a considerable rate, but the complexity of his

problems grows still faster, and the urgency with

which solutions must be found becomes steadily greater

in response to the increased rate of activity and the

increasingly global nature of that activity. Augment-

ing man's intellect, in the sense defined above, would

warrant full pursuit by an enlightened society if there

could be shown a reasonable approach and some

plausible benefits.

All three of these visionaries — Vannevar Bush, J.C.R Licklider,

and Doug Engelbart — had a dream of computing that involved

enhancing society by creating tools to improve one's ability to

think and create. This is a vision that seems all but forgotten in

the current technology field. However, the work is still aspira-

tional and inspiring, and has motivated — at a very fundamen-

tal level — the work in this thesis.

19



Figure 2: A Chart showing the six challenges in the field of per-

sonal fabrication. Chart created by Stefanie Mueller and originally

appeared in Personal Fabrication. 11
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In Stefanie Mueller's Personal Fabrication, she discusses six of

the largest challenges facing the field (seen in Figure 2). Three

of the challenges described helped directly motivate the projects

in this thesis.

All three of the challenges that this thesis tried to address are in

the "software & user" section of the stack: domain knowledge,

feedback & interactivity, and machine knowledge.
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A large number of tools have been developed that support users

in designing physical objects.

Uncertainty in Measurement19, for instance, compensates for

measurement errors beginners tend to make by integrating post-

adjustment mechanisms.

RetroFab34 uses 3D scanning and a sketching interface to sup-

port novice users in retro-fitting existing interfaces with new

functionality.

SketchChair38 allows users to sketch chair designs and provides

analysis tools to determine if a chair is stable enough to hold a

person.

20



Mechanical Characters7 supports users in designing animated

toys with working gear and linkage mechanisms solely based

on an input motion path.
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A range of tools help users in optimizing designs for fabrication.

For instance, for objects that are too large to fit into the build

volume, Chopper26 splits the model into smaller parts while en-

suring that the parts are easy to assemble and the seams are un-

obtrusive. Dapper6 follows a similar goal but packs parts effi-

ciently with respect to different printing processes. To optimize

print speed, Wang et al.45 print low-detail regions as thicker lay-

ers, which saves up to 40% print time. Researchers have also

developed methods for reducing support material using novel

types of support structures, such as branching support39 42 and

bridging support8, or by laying out support material to reduce

visual artifacts48. Since objects break more easily along the

interface of two layers, researchers also proposed to re-orient

objects to increase stability41 14. To reduce infill material re-

searchers demonstrated how to use custom infill patterns opti-

mized for mechanical load (Build-to-last25) and how to print the

infill directly underneath an object’s surface (Skin-frame struc-

tures46. Finally, researchers have also investigated how to op-

timize the print path to improve fabrication results (Connected

Fermat Spirals49).
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Many existing 3D editors provide plugins to check if a model

has broken geometry and thus cannot be sliced and fabricated.

Blender’s ‘3D Print Toolbox’ plugin and SketchUp’s ‘MakePrint- Blender

https://www.blender.org/able’ plugin , for instance, help users to identify manifold geom-
SketchUp.

https://www.sketchup.com/
etry. Finally, tools, such as MeshMixer , help repair this broken

MeshMixer, Autodesk.

http://www.meshmixer.com

geometry by converting surface meshes into solids for 3D print-

ing.
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More recently, 3D modeling tools also started to integrate in-

formation about the fabrication device into the modeling envi-

ronment. The 3D editor SketchUps, for instance, now provides

a static MakerBot template that displays the build volume in

the modeling view. Most closely related to our approach is an

open-source effort to create a slicer within the 3D editor Blender

called Dicer . The goal of the project is to provide a gcode ex- Dicer, https://github.com/

Rylangrayston/Dicerport button directly in the 3D editor, i.e. rather than exporting

an .stl file, the button would export gcode that can be directly

loaded into the 3D printer. However, the project never finished

and was discontinued.
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In the investigation of this space, we explored previous work

related to tools that support users in creating objects for 3D

printing, improved slicing tools, and research that helps users

to explore speed-fidelity trade-offs. In this section and the sec-

tions that follow, we document some of the previous work that

inspired CSlice.

Hudson et al.15 were among the first to provide an in depth

analysis of the issues novice users (‘casual makers’) encounter

when using 3D printers. They explored the creation of the 3D

model itself and the subsequent 3D printing process.

In recent years, much of HCI research has focused on supporting

users in the modeling process:

RetroFab34, supports users in creating 3D models that act as

augmentations for existing devices; and Lamello37 enables users

to create 3D designs with interactive input components using

only a microphone. While there is a large body of work in HCI

on improving 3D modeling tools, only a few research projects

have focused on facilitating the slicing process.

Existing work on helping users to convert an object into machine

instruction, has mainly focused on laser cutting (e.g., VisiCut31,

PacCam36).
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Over the last years, several research projects in computer graph-

ics have investigated how to improve the algorithms underlying

various slicing parameters. For instance, novel print path al-

gorithms lead to better print quality (Connected Fermat Spi-

rals49) and novel support structures generate faster printing

supports (e.g., branching support39 42, bridging support8). Sim-

ilarly, novel algorithms to split objects into parts to fit them

into the build volume ensure that the parts are easy to assem-

ble (Chopper26, Dapper6). Researchers also developed algo-

rithms to optimize slicing for visual quality, i.e., they reduced

artifacts by either laying out the support material in those re-

gions least visible to the user45 or by stacking high-resolution

and low-resolution layers depending on visual features on the

model48. To improve durability against forces from a specific

direction, researchers also proposed rotating the 3D model in-

side the slicing tool41 14 or to use custom infill patterns that op-

timizes the strength-to-weight ratio (Buildto-last25). Finally, to

make an object stand or spin after fabrication, researchers opti-

mized the infill distribution to shift the center of mass (Make it

Stand32 , Spin-it1). Rather than inventing new algorithms for

individual slicer settings, our method searches for a combina-

tion of existing settings to match a user’s external constraint.
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Supporting users in finding the best speed-fidelity tradeoffs has

a long history in HCI research and has recently also been ex-

plored in the context of 3D printing. Low-fidelity fabrication

techniques28, such as WirePrint29 and Platener3, for instance,

allow users to determine which parts of the prototype should be

fabricated in fast low-fidelity and which in slow high-fidelity.

Similarly, tools, such as SPATA47, allow users to trade-off de-

sign and speed by visualizing the support material during 3D

modeling. This allows designers to make an informed decision

about either modifying the design to avoid supports or spending

extra time on printing them. Our work also supports users in
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finding the best speed-fidelity trade-off but applies it to the slic-

ing process, in which users’ trade-off different quality settings

with print time, material, and cost.
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The defining application

emerging for digital

fabrication is personal

fabrication.

Neil Gershenfeld
Designing Reality12 (2017)

In this chapter I describe WYSIWYFab, which is a concept for

integrating two steps in the 3D printing pipeline into a single

step, as well as an implementation of that concept that enables

users to model and slice in the same application. I first discuss

the environment and walkthrough how the system works. Then,

I discuss how the system was implemented. Finally, I discuss the

results and describe possible future steps.

This project was designed and implemented during the Fall 2017

and Spring 2018 semesters. The project was implemented by

myself and Carolyn Lu, under the supervision of Professor Ste-

fanie Mueller. The implementation was done collaboratively,

but I focus on the parts of the implementation that I focused on

throughout the project.

The work was submitted as a full paper to the Proceedings of the
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Figure 3: WYSIWYFab Overview: We integrate 3D modeling and

slicing into a single editing environment: (a) While modeling, we

notice that our model extends beyond the build volume and that sup-

port material will be generated at the bottom. (b) We scale down

the model to make it fit. (c) To better understand, how much time

the support material will require and thus, if it is worth changing the

design, we hit the ‘slice’ button in the 3D editor. We notice that the

support material adds 2 hours of printing time, thus we go ahead and

slightly change the angle at the bottom of the cup to not require sup-

port anymore.

31st ACM Symposium on User Interface Software and Technol-

ogy, abbreviated UIST 2018. The paper was not accepted, but

a revision of the paper is planned to be submitted to a future

conference.
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Current 3D editors do not know about the constraints of the

fabrication process. Instead, users have to export the model at

the end of the design process and load it into a slicing program.
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Figure 4: WYSIWYFab vs. Traditional Workflow

Only then can users see if the model fits inside the build volume,

where support material is generated, and how much printing

time and material their design requires. Users then need to re-

peatedly switch between the 3D editor and the slicer to fix the

issues in the model. This makes the process of optimizing a

model cumbersome and time-consuming and potentially leads

to suboptimal designs.

In today’s workflow, 3D modeling and preparing a 3D model

for fabrication are seen as two independent steps (Figure 4a).

If users notice a mistake or need to optimize their design for

faster printing and lower cost, they have to go back to the 3D

editor, change the model, and then export again. This is not

only a cumbersome and time-consuming process, but since 3D

modeling and slicing are separate steps, problems tend to get

noticed only at the end of the design process when it is increas-

ingly difficult to make changes.

In this project, we argue that by combining 3D editing and slic-

ing into a single integrated editing environment, we can elim-

inate many of these issues (Figure 4b): With integrated mod-

eling and slicing, users get an accurate preview of the required

printing time and material cost early on. They can see which

parts of the design cause support material to be generated and
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which parts of a model extend beyond the build volume. Thus,

users are able to identify problems in the 3D model early on

when changes are still easy to make. In addition, integrated

editing and slicing allows users to optimize their design for bet-

ter cost-time-design trade-offs, i.e., when deciding how much

of the design and which parts should be adjusted to reduce ma-

terial consumption and required printing time.

To illustrate our idea, we built WYSIWYFab, What-You-See-

Is-What-You-Fab, an integrated editing environment that com-

bines 3D modeling and slicing. With the example of an end-to-

end design process, we show how this enables users to create

working designs faster while making the designs more cost and

time efficient to fabricate. We also tested our integrated edit-

ing tool in a user study with 12 participants and show how par-

ticipants were able to create working designs in less iterations

while creating better models.
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To integrate 3D modeling with slicing, our WYSIWYFab edit-

ing environment is built on top of the 3D editor Blender. When

users hit the slice button, our Blender plugin queries slicing data

from the slicer Cura . It then displays the printing time and Cura, https://ultimaker.com/en/

products/ultimaker-cura-softwareamount of material directly in the 3D modeling view, and ren-

ders the support material around the 3D model by processing

the returned gCode.

While our current system requires users to hit the slice button,

future versions will have the slicing and modeling seamlessly in-

tegrated. That is, every time the model geometry changes, new

slicing data — including printing time and material cost — will

be generated in real-time. However, to date, slicing is too slow

for real-time processing since even small models take seconds

to minutes to slice. We discuss further possible improvements

to the system in Chapter 6.

In the following sections, we provide a walkthrough of our sys-
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Figure 5: Initial setup when using WYSIWYFab

Figure 6: WYSIWYFab Printer Selection

tem at the example of modeling a trophy cup.
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To begin, we load a basic model for the trophy cup that we

found on the internet into the modeling view. Before refining

and customizing the geometry, we decide to configure our in-

tegrated editing environment for the 3D printer we have avail-

able. By default — as seen in Figure 5 — the MakerBot 2X is

selected from the menu.
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Figure 7: WYSIWYFab Build Volume

However, our lab uses Ultimaker 3s for 3D printing, so we de-

cide to change the fabrication device by selecting our 3D printer

from the dropdown menu (see Figure 6a). Selecting the Ulti-

maker 3 3D printer automatically loads all key properties, such

as the build volume, layer height, support material angle, infill

density, print speed, number of extruders, and available materi-

als, and displays them in a menu right next to the 3D modeling

view (Figure 6b).

Loading the properties causes the 3D modeling view to also up-

date the build volume to match the selected 3D printer (Figure

5). In our case, rather than showing a build volume of 24.6cm

x 15.2cm x 15.5cm for the MakerBot 2X, it now shows a build

volume of 21.5cm x 21.5cm x 20.0cm for the Ultimaker 3 (see

Figure 5 vs. Figure 7). In the current version of our system, the

measurements seen in the figure are not actually displayed to

the user. The dimensions are included in these figures because

it is hard to tell the change in print bed size from a screenshot.

Like the build volume, all other settings that are typically avail-

able only in the separate slicing program, are integrated into

our WYSIWYFab environment. For instance, while the standard

layer height we started out with was 0.2mm, we decide to set it

to 0.1mm since we would like to print the trophy in high-quality

resolution. We can see how the change in layer height results

in a slower printing time being displayed in WYSIWYFab’s user

interface (Figure 8).
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Figure 8: WYSIWYFab Layer Height: Changing the layer height up-

dates the time.

Figure 9: WYSIWYFab Support Material: (a) Red highlights show

where support material will be required. (b) After hitting the ‘slice’

button, we can see the support structure and the printing time.
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Next, we start refining the trophy cup as illustrated in Figure

9. We start by adjusting the bottom part of the model, but then

realize that our change in the geometry causes red highlights on

some of the faces on the model. This indicates that these parts

of the model would need support structures printed underneath

them. We hit the slice button to get an estimate for the printing

time this extra support would add.

As a result of slicing, we can see that this model would require

an additional 1 hour and 7 minutes of printing time (5h 8min vs.

4h 12min) and would increase cost by $0.95 in material ($5.37

vs. $4.35 from the previous version). We also see the support

structures rendered in the view. Using the ‘show support’ check-

box, we can turn the support material geometry on/off to have

a clear view of the model. We decide that we are satisfied with
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Figure 10: WYSIWYFab Support Geometry: Creating the wing ge-

ometry, it needs support. Modifying the wing geometry to not require

support.

the printing time/cost including the support material and that

it is more important for us to keep the design as is including the

steep angles.

We continue our design and create the decorative wings that

attach to the cup. While we are working on the wings, we now

also see that some faces on the wings turn red as an indicator of

support material (Figure 11). Again, we query the printing time

to see how much time this extra support would require. The

printing time increases from 5h 36 min to 6h and 49 min and the

cost increased from $5.37 to $5.95. Since this will take too long,

we decide to modify the wing geometry until the red highlights

are gone. We hit the slice button again now fabrication time and

cost are significantly reduced, i.e. only 5h and 10 min to print

and $4.71 of material.
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Next, we want to integrate the award name on the trophy. While

we are working on the text, we notice that there is not enough

space for placing the text in sufficient size. To fix this issue, we

decide to scale up the trophy cup (Figure 11).

As we scale, we notice that the wings that extend from the cup

are being highlighted in red since they are reaching beyond the

build volume (Figure 11a). We thus scale the model down until
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Figure 11: WYSIWYFab Volume Highlighting: (a) Too large for build

volume. (b) Now it fits.

Figure 12: WYSIWYFab Material Color: (a) A dropdown allows the

user to select from the available materials for a given printer. (b)

Selecting a material renders it in the right color.

it fits (Figure 11b).
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In the last step, we want to try different materials for our trophy

cup. Using the ‘materials’ menu, we go through all the materials

available on the Ultimaker 3 and then select ‘BlueABS’ for the

main body of the sculpture (see Figure 12).

Before exporting our design for 3D printing, we want to do a

final check on the model and hit the ‘render in high quality’

button. This provides us with a more realistic preview of how

the material will look like when printed. We notice that the

text is very hard to read when the model is printed in blue since
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Figure 13: WYSIWYFab Material Color: (a) Blue vs. (b) yellow for

readability.

Figure 14: WYSIWYFab Model vs. Actual: (a) Rendering before

export, (b) printed.

shadows do not add contrast to the material (Figure 13a). We

thus decide to try a brighter color and select yellow, which after

rendering turns out to be more readable (Figure 13b).

Finally, we get a request from one of our friends who asks us

to use a different color for the wings than for the main cup

body. Since two colors plus the support material required for

the bottom part of the cup would require more extruders than

we have available, we decide to adjust the remaining geometry

that needed support until it is no longer required.

We are now done with our design and send it to the 3D printer.

Figure 14a shows the final rendering of the object before export,

and Figure 14b the final printed object.
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Our integrated editing tool is implemented as a plugin for the

3D editor Blender, i.e. it uses the Blender Python Library (BPY

library ) to interface with Blender’s modeling tools and user in- Blender Python Library.

https://docs.blender.org/api/current/terface. For slicing, we use the Cura Engine API that processes
Cura Engine.

https://github.com/Ultimaker/CuraEngine
a 3D model into fabrication instructions (.gcode).
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Before we can call Cura Engine’s slice() function, we need to

generate a .json file for each 3D printer. The .json file contains

the print settings, such as layer-height, print speed, and support

material angle. This only needs to be done once at the beginning

when a new 3D printer is added to the WYSIWYFab editor.

This is an example of a step

that could be automated in a

future version of the system,

discussed further in Chapter 6.

To generate the .json file, we proceed in the following way:

First, we manually open Cura, select the desired 3D printer

(e.g., the Ultimaker 3), and load an .stl file. This automati-

cally starts the slicing process in Cura and generates a log of

all printing parameters in the cura.log file. On our operating

system (macOS High Sierra), the file is located in the folder:

Library Application Support Cura 2.3 cura.log. In the log file,

the printing parameters are listed in the following format:

support_bottom_height="1" raft_acceleration="4000"

layer_start_x="213.0" etc.

We copy-paste this part of the cura.log file into a text file. Next

time we open our main application, it automatically converts

this parameter list into the .json file we need for the Cura En-

gine’s slice() function.
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When the user hits the ‘slice’ button in our user interface, our

system first exports the current model as an .stl file by using the
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Figure 15: WYSIWYFab CuraEngine: WYSIWYFab queries informa-

tion from the Cura Engine.

BPY library’s functions for exporting meshes, and then calls the

Cura Engine for slicing (Figure 15).

Giving subprocess a terminal

command as a string, it will be

executed in the terminal. For

instance, to start the Cura

Engine we give it the command

‘curaengine slice’ and give it

the following parameters:

location of the 3D model .stl

file, location of the printing

parameter .json file, and

location of the .gcode output

file.

To make a call to the Cura Engine, we use the subprocess Python

library from within Blender. Subprocess allows us to interface

with the MacOS terminal.

While the .json file provides our baseline printing parameters for

slicing, we can overwrite individual parameters by appending

a parameter on the command line. For instance, if the user

changes the layer height from fast 0.2mm to fine 0.1mm we

can append '-s layer_height=’0.1'.
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When the Cura Engine is slicing, it prints the results for time

and material onto the command line in the following format:

;TIME:3056; MATERIAL:200

Where time is reported in seconds and material is reported in

milimeters of material. Using the subprocess library, we can
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Figure 16: Processing GCode

read these strings from the command line and process them fur-

ther in our main application.

During slicing, the Cura Engine also prints a range of other

strings onto the command line. For instance, it reports which

layer it is currently slicing, which we use as a time estimate for

how long the slicing is going to take. We display the current

slicing progress in the user interface.

Finally, the .gcode that the Cura Engine produces as a result

of slicing is written into the output location we specified in the

previous step.
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In the next step, we parse the gcode to be able to render the

support material in the Blender viewport (Figure 16). Since

we only want to consider gcode commands that relate to sup-

port material and not to the infill or shells, we search for the

‘;TYPE:SUPPORT’ command in the .gcode file. We extract all

gcode commands after this line until the gcode type changes,

which is indicated by a line, such ‘;TYPE:INFILL’ or ‘;TYPE:SHELL’.

Now that we have extracted the gcode commands that relate to

the support material, we still have to distinguish between G0

commands (travel move to a point, no extrude) and G1 com-

mands (move to a point and extrude on the way).

When we first encounter a G1 command, we create a new point
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Figure 17: (a) The support material, extracted from processed gcode,

is a series of connected points. (b) Adding thickness and texture for

a more realistic look.

list and add the first G1 as the first point (see Figure 16). All

subsequent G1 commands are then added as additional points

to this list until we reach a G0 travel command. We end the

current point list, and create a new one for a second path. We

then repeat the process as described above with the next G1

commands. At the end of the process, we have a list of all paths

that are being extruded.

The G1 command comes in the form G1 X5 Y7 E0.2. The G1

command does not contain a z-coordinate. Instead, the z-height

is given via a layer number in the format of ‘;LAYER:37’. Since

we know the layer height from our .json file, we can infer the

z-coordinate by multiplying the layer number with the current

layer height.
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After parsing the .gcode, we still need to render the support

material in the view. For this, we generate a ‘curve’ object in

Blender and add to it a set of paths, each path representing one

of the lists that contain the G1 extrude commands. As a re-

sult, the support material is displayed as 2D lines in the Blender

view (see Figure 17a). In the next step, we give the 2D paths a

thickness to render them as volumetric objects that more closely

resemble the support material structure (Figure 17b).

Finally, we still have to translate the curve object that represents
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the support material along the x and y-axis since the coordinate

system of the Cura Engine does not match with Blender’s coordi-

nate system. We manually determined the translation factor by

creating a cube at (0,0,0), exporting the cube as .stl file, slicing

it with Cura, and then reimporting the .gcode and comparing

the two positions.
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Regions of the model that are outside the valid build volume,

or have overhangs that will require supports are marked in red

based on the printer’s settings. We generate a procedural ma-

terial based on these settings, so that users can view how their

changes introduce or fix problems in real-time, without the need

to slice the model.

To color regions of the model in red, all procedural materials are

generated with additional node groups. The material is setup

in the following way: node group #1 has the regular printing

material and is shown by default. Node group #2 has the bright

red color and is only shown when a face is outside the bound-

ing box. Finally, node group #3 has the dark red color and is

only shown if a face is steeper than the currently setup support

material angle, and not at the lowest point on the model, which

would not require supports as it is against the build plate.
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We ran a user study to compare our integrated editing approach

to the traditional two-step process of first 3D modeling and then

slicing.

In our user study with 12 participants, we found that knowing

about fabrication constraints early on helped users avoid mis-

takes that led to non-working designs and that it enabled them

to fine-tune the geometry better than in the traditional approach

in which modeling and slicing are separate steps.
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In the rest of the section, I outline how the user study was con-

ducted, and I explain the results in more detail.
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Our hypothesis was that with our integrated editing environ-

ment:

1. participants would be able to identify problems in the de-

sign faster, i.e. if the model is too large for the build vol-

ume and which faces cause the support material to be gen-

erated.

2. participants would be able to fix the problems faster, i.e.

find a working configuration that would stay within size

constraints and minimized printing time by removing sup-

port.

We collected both quantitative data and qualitative feedback to

answer these questions.
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Our study had two conditions:

1. 3D Editor + Slicer: In the 3D editor + slicer condition

participants used the standard procedure in use today. Af-

ter changing the 3D model in the 3D editor, participants

had to export the model as an .stl file, and then load it into

the slicer to see the printing time, where support material

is generated, and if the model fits into the build volume.

They then had to go back to the 3D editor to fix the issues

and then export and slice again.

2. Condition 2 WYSIWYFab: In the second condition, par-

ticipants used our new integrated editing environment,
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Figure 18: Vase models used for the study

i.e. in the 3D editor they were able to see the build vol-

ume and support material angle violations in real-time

and they were able to use the ‘slice’ button to request the

current printing time.

We ran a within-subjects experiment, i.e., participants partici-

pated in both conditions but were randomly assigned an order.
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In the study, participants were given a 3D model of a vase and

were asked to make the vase as large as possible while making

sure that it would still fit inside the build volume. In addition,

we asked participants to optimize the design for fast 3D printing

time. We told them that minor adjustments to the 3D models

are ok but that the base of the vase should keep its size.

The initial versions of the 3D models that we gave participants

at the beginning of the task are shown in Figure 18 with their

respective problem areas highlighted in red. Both models had

parts that had angles steeper than 45 degrees and thus gener-

ated a lot of support material. One vase was too large for the

build volume while the other was smaller and thus could have

been increased in scale.

They used a different 3D model for each condition, but always

used 3D model #1 first and then 3D model #2. The task for
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both models was the same.
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We conducted our study in the following phases:

Phase 1: Pre-test Questionnaire: We first collected basic infor-

mation about participants’ skill level. In particular, we asked if

they had any prior experience with 3D modeling and 3D print-

ing and if yes, how much and which tools they had used.

Phase 2: Introduction to 3D Modeling in Blender: After assess-

ing their skill level, we gave participants an introduction to 3D

modeling with Blender. In particular, we explained the ‘move’

and ‘scale’ tools that allowed participants to change the existing

geometry of the 3D models we provided. Since the vase models

were setup as a number of extruded circles (see Figure 18), all

that participants had to do for the task was to move the circles

up/down or scale them along the zaxis to change the steepness

of the angle to prevent support material from being generated.

Phase 3: Introduction to 3D Printing: We then gave every par-

ticipant an introduction to 3D printing. In particular, we ex-

plained that 3D printers only have a particular build volume

and thus cannot print arbitrarily large. We also explained what

support material is, that it takes a lot of extra printing time, and

showed a picture that explains why the angle affects the need

for support material (angles >45 degrees).

Phase 4: Explanation of Slicing: After that, we explained how

to convert a 3D model for fabrication. Participants received the

explanation for their corresponding condition:

In the 3D editor + slicer condition, we explained how partici-

pants can import an .stl file into the Cura slicer and how they

can slice it. We pointed them at the time and material display

inside of Cura and also showed that Cura will show a warning

as a popup if the model is too large for the build volume. We

also told them that they were not allowed to change any print
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settings for the purpose of this study.

In the WYSIWYFab condition, we explained to participants how

they could request the support material to be displayed by hit-

ting the ‘slice’ button. We also showed them the time and ma-

terial display inside of WYSIWYFab. Finally, we demonstrated

how WYSIWYFab highlights parts of the model in red as soon as

they extend beyond the build volume and also highlights parts

that are responsible for causing support material to be gener-

ated. Similar to the 3D editor+slicer condition, we told partici-

pants that for the purpose of the study, none of the print settings

should be changed.

Phase 5: Modeling Task: After this introduction, participants

were given the study task, i.e. we loaded the 3D model of vase

#1 and asked them to make it as large as possible while fitting

inside the build volume and making sure it requires minimal

printing time. Participants had 15 minutes to complete the task.

Phase 6: Post-test Questionnaire Single Condition: After par-

ticipants had completed their first condition, we gave them a

post-test questionnaire. The questionnaire asked them which

functionality in the tools they used helped them to get their task

done, which functionality held them back, and what function-

ality they wished they had.

Phase 7: Modeling Task in Other Condition: After this, we in-

troduced participants to the other study condition, i.e. if partici-

pants had done 3D editing + slicing first, they used WYSIWYFab

and vice versa. We repeated Phase 3, i.e. introduced them to

the other slicing tool and then repeated the modeling task, this

time with model vase #2. Participants again had 15 minutes to

complete the task.

Phase 8: Post-test Questionnaire Both Conditions: We then gave

participants another questionnaire asking them to compare both

tools they had used. In particular, we asked them, which of the

two tools they preferred and why, if they have any further sug-

gestions for improvement, and if they had any other use cases

for which they thought the tools could be useful. Figure 19
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Figure 19: Study Setup

shows the study setup we used throughout our experiment.
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For each participant, we saved the following data: First, we

took a screencast of the entire modeling session. Second, we

collected .stl files of all intermediate versions of the models. In

the WYSIWYFab condition those were generated each time par-

ticipants hit the ‘slice’ button, for the 3D editor+slicer condition

we asked participants to save the .stl file under a new version

number every time they exported the model (p1-v1.stl, p1-v2.stl

etc). Finally, we also collected the data from the different ques-

tionnaires.
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We recruited twelve participants (8 female, 4 male) from our in-

stitution. Participants’ ages ranged between 18-31 years (mean=23.25,

s=1.22).
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From our pre-test questionnaire, we found that most partici-

pants were beginners to 3D modeling and 3D printing. Only

1/12 participants stated that they felt competent in 3D model-

ing, 6/12 said they had done some 3D modeling by following

tutorials but that they cannot model something without instruc-

tions, and 5/12 participants had never used any 3D modeling

software. Similarly, for 3D printing, only 3/12 participants had

seen a 3D printer in action (but somebody else did the slicing

for them), 8/12 at least knew what a 3D printer is but had never

seen one in action, and 1 participant did not know what a 3D

printer is. From the participants who knew some 3D modeling,

nobody had used Blender before.

In the next step, we analyzed the screencasts. For this, we coded

the sequences by writing down the time stamps of the following

events: slicing (either export of .stl to Cura or ‘slice’ button in

WYSIWYFab), viewing slicing result (after slicing, was the build

size valid: yes/no, support material removed: yes/no), adjust-

ing angle, and adjusting size (every time the user moved a circle

on the model).

Since WYSIWYFab uses highlighting of problem areas even with-

out slicing, we found that when WYSIWYFab was used 7/12

participants immediately realized that the model had several

problems. They started fixing the build volume and support ma-

terial issues right away without querying time consuming slicing

results. Participants then used slicing only for the final export.

In contrast, in the 3D editor+slicer condition only 3/12 partic-

ipants started modifying the model right away. Rather the ma-

jority of participants (9/12) decided to first export an .stl file

and import it into the slicer to see what problems it had. From

the participants that tried to fix the model without getting slic-

ing results, nobody was successful. They all had to go back to

the 3D editor, change the model, and export a second time.

When counting how often participants had to query slicing re-

sults to fix the problems, participants in the WYSIWYFab con-
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Figure 20: In WYSIWYFab, participants needed less iterations to

solve all problems in the model.

Figure 21: Participant 11 in 3D editor+slicer tries to remove support

material: (a) start condition, (b) first model adjustment, (c) second

model adjustment.

dition needed significantly fewer iterations (Figure 20). 7/12

participants had fixed all problems in the model before any slic-

ing and thus only needed to export once, another 5/10 partic-

ipant sliced once mainly to know not only where but also how

much support material is generated. In contrast, in the 3D ed-

itor+slicer condition, nobody fixed all problems in the first it-

eration. Rather, in the 3D editor+slicer condition participants

often had to export multiple times to fix a problem.

For instance, in the 3D editor+slicer condition, p3, p9, and p12

had to export and modify their model twice to get the size for

the model to fit into the build volume (otherwise the Cura slicer
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Figure 22: Participant 2 fine-tuning the support material angle.

Figure 23: Participant 2 fine-tuning the size of the model to maxi-

mize its size while still fitting it inside the build volume.

would not even start to slice). Similarly, p4 and p11 had to

adjust the support angles twice to get it right (Figure 21).

As a result of the time pressure and the repeated failure, we ob-

served that several participants got impatient and made large

adjustments to their models to make them fit within fabrica-

tion constraints. As a result, models looked very different when

compared with the original versions we gave participants (see

Figure 21 for an example).

In contrast, in the WYSIWYFab condition, participants tended

to tweak the geometry to get the red highlighting to just disap-

pear without modifying the shape too much. Figure 22 shows

P2’s approach to removing the support material by iteratively

approximating the correct angle.

Similarly, adjusting the height of the model to fit into the build

volume was done in an iterative approach by repeatedly mov-

ing the top part of the model up and down. Figure 23 continues

with screenshots from P2’s screencast and shows how the par-

ticipant gradually adjusts the geometry.

We also analyzed the time participants needed until they were

satisfied with their result. For vase #1, participants in the WYSI-

WYFab condition were faster with 6.33 min on average (slowest
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participant 8 min) compared to 10.67 min for 3D editing+slicing

(slowest participants 15 min). Similarly, for vase #2, WYSI-

WYFab participants were faster than 3D editing+slicer partici-

pants but since the model was easier to fix the difference was

less pronounced (average time 5.83 min for WYSIWYFab vs.

6.2 min for 3D editing+slicing). Based on a t-test, the time

required in WYSIWYFab was significantly less than the time re-

quired with 3D editing + slicing with p value = 0.028.

Post-test questionnaires: In the post-test questionnaires, we found

that 10 out of 12 participants preferred WYSIWYFab over 3D

editing+slicing. When asked why, participants stated: ‘It's un-

necessarily redundant to go back and forth, and since you can-

not change the model in Cura, you can't maximize size precisely,

you have to guess and check.’ (p2) ‘It [WYSIWYFab] is much

more streamlined and involves less task-switching, making it

more convenient and easier to use.’ (p3) ‘[In WYSIWYFab] I

could see where support material would be needed before slic-

ing which meant I needed to go through fewer design iterations

which saved me a lot of time.’ (p4). ‘[WYSIWYFab] It saves

time and effort and much easier to operate.’ (p7) ‘Cura is not

[integrated] in the software Blender, so I need to compare the

model to edit in Blender and the layer view result in Cura to get

my task done.’ (p7) ‘The red coloring helped me keep the ob-

ject in the box and know where problem areas were in regards

to needing support material. The "slicer" button functionality

was also helpful in evaluating efficiency.’ (p10)

The reason one participant preferred 3D editing+slicing was

that the slicing time was shorter than in WYSIWYFab, which

is due to some of the custom processing we add on top of what

we receive from the Cura slicer. The other participant preferred

3D editing+slicing because he/she preferred the more colorful

user interface in Cura.

When other participants were asked which features they would

like to have in the future, most participants also focused on im-

proving the slicing time: ‘The slicing, especially in WYSIWYFab,

takes too long.’ (p4) ‘[...] making it faster would be the biggest

improvement.’ (p7)
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One participant had an interesting suggestion, i.e. to display

the time/material over multiple versions rather than only for

the current version: ‘It’s better to show the differences between

two results = how much time of 3D print has been saved after

the modification.’ (p9) We will integrate this feature in the next

version of our tool.

While this experiment only gives a first indication that integrat-

ing 3D editing with slicing allows users to identify problems

faster and fix them in fewer iterations, the results are promis-

ing as indicated by both our quantitative and qualitative results.
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The main contribution of this project is the idea to integrate 3D

modeling and slicing into a single integrated editing environ-

ment. Since integrated editing and slicing provides information

on printing time, cost, and fabrication constraints, such as the

build volume, early on, users are able to better trade off cost,

time, and geometry changes for a design.

To demonstrate the benefits of integrated modeling and slic-

ing, we implemented a system based on the 3D editor Blender

and the slicer Cura. In section user study, we show how 12

participants used our system to optimize a design. Participants

in the integrated modeling + slicing condition identified prob-

lems in the model faster and where able to fix them with smaller

changes to the geometry than participants that used the tradi-

tional workflow.

However, our approach is also subject to the following limita-

tions:

1. Slicing time: since slicing is still a time-consuming pro-

cess, users have to wait for the slicer to finish before they

can continue modeling. For the different models shown

in the above walkthrough, slicing took between 30 sec-

onds for the small initial model to 2.5 min for the slow-
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est model. An interesting area of future work would be

to explore different ways to optimize slicing time, for in-

stance, by providing users with a low-fidelity slicing first

(e.g., layer resolution 1mm) and then gradually refining

the precision. Another approach could be to only re-slice

the parts that actually changed and to reuse the informa-

tion from the rest.

2. Design Optimization for a Specific Machine: Since users

optimize the 3D model for a specific 3D printer, users have

to repeat the process if they change to a different fabrica-

tion device later on. One of our future lines of work will

thus investigate how to best translate a design from one

printer specification to another (e.g., if the user indicated

that the model should be as large as possible, we could au-

tomatically scale the model to the maximum build volume

depending on the selected 3D printer).

3. Influence on the Design Process: Knowing about the fab-

rication constraints early on might restrict the creative

process of designers. We thus think our editing environ-

ment is most suitable in the intermediate design phase,

i.e. when designers already have a rough design in mind

but are not set on the details.
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While our work has focused on fabrication constraints related to

3D printing with a hot extruder nozzle (FDM 3D printing), our

concept of integrating modeling and slicing goes beyond one

fabrication technology. For instance, one can imagine a similar

editing environment for powder-based 3D printing (e.g., SLS)

or resin-based 3D printing (SLA). Similarly, our work could be

expanded to work for subtractive fabrication processes, such as

laser cutting or milling.
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In this project, we focused on optimizing a design for a single

3D printer. Such a scenario is realistic for, e.g., home 3D print-

ing, when users only have one device available. However, in the

next step, we want to investigate scenarios in which users switch

between multiple devices. For instance, users might want to

first use a low-resolution 3D printer with low-cost materials for

the early versions of a design, and a high-resolution 3D printer

with more expensive material for the final versions. To allow

users to switch between different devices, we need to investi-

gate how to transfer a design from one representation to an-

other.
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We presented WYSIWYFab, an integrated editing environment

that combines 3D modeling and slicing to provide users with

a preview of how their object will be fabricated already while

3D modeling. We demonstrated how knowing about fabrica-

tion constraints allows users to identify problems in their de-

signs faster and allows them to find a working solution in less

iterations.
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What I cannot create, I do

not understand.

Richard Feynman
Machine That Changed The

World (1988)

In this chapter I describe CSlice, which is both a new slicer im-

plementation and a concept that reverses the traditional slicing

workflow. First, I then discuss the user study we designed and

carried out. Next, I discuss the interface and implementation of

the system. Finally, I discuss how CSlice can be improved and

expanded on in the future.

This project was designed and implemented during the Fall 2018

and Spring 2019 semester. The project was implemented by

myself and Faraz Faruqi, under the supervision of Professor Ste-

fanie Mueller.

The work was submitted as a full paper to the Proceedings of the

32nd ACM Symposium on User Interface Software and Technol-

ogy, abbreviated UIST 2019. As of the time of writing this, the

paper is still under review.
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Figure 24: User-Facing CSlice Interface
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CSlice is a slicer that automatically selects slicing parameters

based on users’ constraints on time, material, and cost for a 3D

print (see Figure 24). Previously, a user that needed to print

within 2 hours would have to manipulate printer parameters by

guessing-and-checking. Instead, CSlice enables the user to sim-

ply input the "2 hour" constraint, and the printing parameters

will automatically be determined which will print the object on

time.

In addition to reversing the traditional slicing workflow, CSlice

also interpolates between slicing profiles (e.g., layer height of

0.175mm rather than only 0.1mm/0.2mm), which allows it to

further fine-tune the results.
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Figure 25: The traditional slicing workflow is shown in Part A. The

CSlice workflow is shown in Part B.

CSlice uses parallel slicing in the cloud to compute its results

and produces better quality-design trade-offs compared to tradi-

tional slicers, while only requiring a few cents of compute time.

When 3D printing an object, users often have to make trade-offs

between the quality of the fabricated prototype and the time,

material, and budget available2. For instance, a designer might

have to change a prototype quickly before a client meeting in 3

hours; a maker in a FabLab discovers that only 100g of material

are left from a roll of filament the maker wants to use; and

a student working on a tight class budget might only have $3

worth of material left for printing an assignment.

To find slicing settings that produce the object within those

time, cost, and material constraints, users have to manually

change the print settings in today’s slicers in a trial-and-error

process in one of two ways. One way is by selecting from a

range of pre-defined slicing profiles (fine, normal, fast). The

alternative is to change slicing parameters, such as the layer-

height and infill, one-by-one. After each change, the object is

re-sliced, which can take several minutes since slicing is slow,

and only afterwards the print time and required material are dis-

played. Thus, after guessing an initial set of slicing parameters

and seeing the slicing result, users have to iteratively narrow

down the search space until they find a working solution.

In this project, we suggest to reverse the workflow. Rather than
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having users guess the slicing settings that match their con-

straint (seen in Figure 25A), our slicer CSlice asks users how

much time, material, and cost they have available and then

suggests slicer settings that deliver the print within those con-

straints (seen in Figure 25B). Therefore users no longer have to

use a trial-and-error process to find a working solution. Instead,

they are presented with a working solution right away.

In this project, we contribute:

• an overview of current challenges when users try to slice

an object under time, material, or cost constraints, includ-

ing a formative user study with 12 participants

• the concept of constraint slicing, i.e. asking users for their

time, material, cost constraint first, then finding matching

slicing settings

• an implementation of a constraint-based slicer that uses

parallel slicing in the cloud

• an evaluation that shows that constraint-based slicing leads

to better quality design trade-offs when compared to users

using traditional slicers

Our work was initially motivated by our own experiences in us-

ing slicing tools to produce 3D prints on time (e.g., for a paper

deadline) or within a specific budget (e.g., when using an ex-

pensive 3D printing service, such as Shapeways). Below, we https://www.shapeways.com/

first report on issues we found when using traditional slicers to

estimate time and cost for a 3D print, and then discuss the re-

sults of a formative user study on users’ strategies when slicing

within a time or cost constraint.
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When slicing a model for a time or cost constraint, we found

several issues in today’s slicer:
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Figure 26: While one may expect that 0.1mm prints twice as slow

as 0.2mm, it takes almost 2.5 times as long making it hard for users

to predict the time.
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Since the print time and required material are displayed only

after slicing has completed, it is unclear which slicer settings

users should start with. Only after the initial slicing process

finished, users have enough information to subsequently select

a higher or lower resolution profile.
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Even when users know after the initial slicing that their print

requires a lower resolution profile to print within their time

constraint, it is unclear, which resolution profile to select next.

While one may expect that slicing with fine (0.1mm) takes twice

as long as slicing with fast (0.2mm), it in fact takes almost 2.5

times as long (see Figure 26, result from Ultimaker Cura, model

from Thingiverse). We found that the reason for this is that for https://thingiverse.com/

thing:151081profiles with different layer heights, other settings change as

well, i.e., finer layers require a slower print speed. Therefore,

the relationship between slicing profiles is non-linear, making

it hard for users to predict the print time for their model.
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Figure 27: Using the same resolution profile with a different material

leads to vastly different print times. Here switching from PLA to PC

adds 50% print time.
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Even when users found a profile that creates their 3D print

within the time constraint, it is likely that the profile will not

make optimal use of the available print time. The reason for

this is that existing slicing profiles provide only few options to

choose from (e.g., fast (0.2mm), normal (0.15mm), and fine

(0.1mm)). Thus, if users have 10 hours available, ‘normal’ may

produce the object in 11 hours (too slow), while ‘fast’ may pro-

duce the object in 7 hours (at the expense of a worse printing

resolution than necessary).
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Even when users have settled on a resolution profile (e.g., 0.2mm),

switching to a different material requires users to start all over

(Figure 27). For instance, switching from the standard PLA to

the stronger PC material increases print time by 50%; in the

case shown in Figure 27 this amounts to three extra hours of
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Figure 28: Since models are volumetric, it is difficult to estimate the

effect of scaling on time/cost. Here scaling the model by 5% reduces

print time by over 75%.

printing.

The reason for this is that each material requires different slic-

ing settings, such as different print speeds and wall thicknesses.

Thus, every time users switch the material, they have to restart

the entire process of finding matching slicing settings.

Effect of Scaling on Print Time/Material: Finally, as users scale

the model to save time and material, it is difficult for users to

estimate how much the model should be scaled. For example,

scaling a model by 50% may reduce the print time by 75% (see

Figure 28). Thus, users have to apply trial-and-error to find the

right trade-off between size and print time.
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While the above analysis demonstrates some of the issues in

today’s slicing workflow, we also collected quantitative data on

users’ slicing strategies to further motivate our work.

Tasks: We gave participants four 3D models and ask them to

slice each one within a specific time, material, or cost constraint.

The study was within-subjects, i.e. each participant completed
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all tasks but tasks were randomly assigned an order.

In task #1, participants were asked to slice the 3D model of a

shoe for a customer presentation on the same day. They were

asked to print the shoe with PLA material in under 11 hours.

In task #2, participants were asked to switch the material from

PLA to Nylon to print the shoe in a softer material. Since some

time had passed, we asked participants to slice the model so

that it prints in under 9 hours.

In task #3, participants were asked to print a Christmas orna-

ment with only 60g of material left, i.e., the FabLab they were

using was running out of the material.

In task #4, participants were asked to print the shade of an

interactive lamp with only $5 left, i.e. they had already spent

the rest of the budget for this class project on the electronics

and previous iterations.

We asked participants to print the objects as close in size as

possible while also ensuring high print quality.
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We recruited 12 participants (5 females, avg. age 23, std. 2.55)

with prior exposure to 3D printing and slicing.
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We first introduced participants to the Ultimaker Cura slicer, i.e.

we showed them how to import a model, how to move/scale/rotate

a model, and explained where to find the slicing profiles and

the individual slicer settings. We then assigned the tasks from

the scenarios in a random order. The tasks had no time limit

assigned, i.e. participants were allowed to take as much time

as they wanted. After they finished all tasks, participants filled

out a post-study questionnaire. The study took ca. half an hour
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(avg. 31.3min, std. 11.7min) and participants received $20.

�733)'<)( �$<$

We recorded screencasts and collected the .gcode files partici-

pants exported at the end of each task.
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We encoded the screencasts in the following way: Every time a

participant changed a setting, we noted the setting name, the

previous value for the setting, and the new value for the setting.

We also noted the resulting fabrication time and required ma-

terial for the model after each setting change. Finally, we also

noted how long it took participants to find a working solution.
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All participants found slicing parameters for each of the models

that would print the models within the assigned time, material,

or cost constraint.

Overall, participants employed the trial-and-error strategy as

one would expect from our previous analysis. We show the

results of two representative scenarios in detail in Figure 29

(task #1: time constraint) and Figure 31 (task #3: material

constraint).

As shown in the graphs, participants iteratively narrowed down

the search space. Across all four scenarios, participants sliced

an average of 8.1 times (std: 5.2 times) to check the result of

changing one or multiple settings. In total, they spent an av-

erage of 7.8 minutes (std: 4.1min) until they had finished the

task; the time was spent either waiting for the slicer or deciding

which settings to change.

The final slicing result participants generated deviated from the
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Figure 29: Results From Task 1: Participants iteratively narrowed

down the search space. Black line represents the time constraint

Figure 30: Results From Task 2: Participants iteratively narrowed

down the search space, but started at different points based on their

task 1 results. Black line represents the time constraint
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Figure 31: Results From Task 3: Participants iteratively narrowed

down the search space. Black line represents the material constraint

Figure 32: Results From Task 4: Participants iteratively narrowed

down the search space. Black line represents the material constraint

62



target by 6.82% on average (std. 6.73%). All 12 participants

used scaling as a means to reduce print time and required mate-

rial. 7/12 participants changed the slicing profile at least once.

Since we did not restrict participants to only use the slicing pro-

files, participants modified a wide variety of individual slicer

settings to find a working solution. In the individual slicer set-

tings, we found that infill density (12/12) was modified most

often. Several participants reduced infill density close to 0%,

which provided great time and material savings but likely re-

sults in an invalid print. Similarly, 9/12 participants changed

the layer height individually without making the necessary changes

to correlated settings, such as the print speed, likely resulting

in invalid prints as well.

This raises an important issue: While, as discussed, all partici-

pants found a working solution, i.e. slicing settings that would

produce the object within the time or material constraints, the

resulting prints may fail. Participants also expressed uncer-

tainty about their decisions: ‘When deviating from profiles, I

wasn't sure how my print would turn out.’ (p10), ‘[it would be

good to have] better suggestions on what is recommended not

to change’ (p2). In a study, Hudson et al.15, reported on similar

issues, i.e. in an interview with a shop manager, the shop man-

ager said ‘Sometimes we'll look at their file and say It might be

a good idea to add supports. But the supports and the raft add

time, so often they turn them off without really understanding...

that can produce a bad print.’ This was confirmed in our own

interview with a local shop manager who said that when users

go on to change individual slicer settings, they go to extreme

measures: ‘they make the wall thickness so thin to save time, it

will definitely break apart after printing’.

We next report on additional qualitative feedback from our post-

study questionnaire:

Qualitative Feedback: When asked what in the slicer held them

back from finishing the task, participants said: ‘no intuition

or indication of what would affect speed/weight and by how

much. Had to do ridiculous binary searching to find optimal
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values’ (p1), ‘changing things back and forth when I didn't know

what effect they were having.’ (p3).

Qualitative Feedback: When asked what in the slicer held them

back from finishing the task, participants said: ‘no intuition

or indication of what would affect speed/weight and by how

much. Had to do ridiculous binary searching to find optimal

values’ (p1), ‘changing things back and forth when I didn't know

what effect they were having.’ (p3).

When asked how they would improve the slicing tool, several

participants suggested: ‘If I can input a target print time, or fila-

ment usage, and it can recommend settings for me, then I have

a baseline to start with.’ (p11), ‘I put in my constraint (be it

time or material) and the slicer automatically optimizes the set-

tings to meet my needs.’ (p5) ‘I wish there was a more efficient

way to set specs (such as # of grams to use) and have the slicer

compute the settings based on some desired quality heuristics.’

(p10).
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Beyond the summarized results of the user study in the previous

section, we also recorded many granular details during the user

study. In this section, we report more fine grained results from

our user study.

Figure 33 shows how many times a given user study participants

used a given slicing parameter. This shows a wide range of

results. Some parameters were used by a single participant,

others were used by nearly all participants.

Figure 34 shows how many times a give parameter was used

across all participants and all tasks. Here, it's clear that certain

parameters, such as infill density were used very heavily.

Figure 35 shows how many times each participant needed to

reslice their object to meet the constraint for every task. This

shows that task 3 was the most difficult to complete, however
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Figure 33: Parameters Used By Participants: This chart shows which

parameters were used by which participants during the user study.

Darker blue is an increased usage of the parameter.

there was also variation between participants. For example,

many participants in task 1 were able to complete the task in

5 attempts, but Participant 12 required 20 re-slices.
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To solve the issues mentioned above, we developed CSlice, a

constraint-based slicer that asks users to enter their constraint

first and then finds matching slicer settings that fabricate the

model within the constraint.

In addition to facilitating the process of finding settings that

cause a 3D model to print within a time and material constraint,

C-Slice also guarantees a valid print since it only interpolates

between existing valid slicing profiles.

65



Figure 34: Slicing Parameters Count: Slicing parameters used, dis-

played by how many times that parameter was used across all partic-

ipants.

Figure 35: Re-Slices Per Participant: How many times each partici-

pant had to re-slice until the constraint was met, for each task.
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Figure 1 shows the user interface of CSlice: After loading a

3D model in the view, users enter their time, material, or cost

constraints in the corresponding text fields. CSlice then starts

searching the space of slicing profiles for profiles that have a

print time or material cost smaller than the entered constraint.

If multiple constraints were entered, CSlice only selects slicing

profiles that fulfill all constraints.

By default, CSlice picks the slicing profile that minimizes changes

in size at the expense of lower print. The reasoning behind this

is that many printed models are tested for ergonomic fit or me-

chanical function, which requires them to be printed in full size.

However, if size is not important, users also have the option to

trade-off size and quality using the sliders provided in CSlice’s

user interface. By dragging the ‘scale’ slider towards the lower

end of the range the model becomes smaller, which frees up ad-

ditional print time that in turn automatically increases the print

quality.
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CSlice populates the sliders based on actual slicing results, which

gives a more precise preview of the printing time and required

material than a prediction-based method could. To provide all

values for the sliders, CSlice slices the model several times at

different scales and across different profiles (in our examples,

we use 20 different scales and 20 different profile resolutions

leading to 400 slicing processes).

To keep the slicing time similar to traditional slicers, CSlice uses

parallel slicing in the cloud (see section ‘Implementation’). The

total slicing time therefore equals the time for a single slicing

process (i.e., the time required for the profile that needs the

most slicing time, which is the model at 100% scale at the finest

resolution) plus the time to upload the model in .stl file format

to the cloud. As we will show later in this chapter, using parallel
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slicing in the cloud only comes at the expense of a few cents of

cloud time when using Amazon Web Services and is even free

for the first 15 sliced models per month when using Amazon’s

fastest machines (37 hours free cloud time) or 36 sliced models

per month when using Amazon’s slowest machines (888 hours

free cloud time).

Since all slicing profiles are computed as soon as the user loads

a 3D model, no additional slicing is required when users change

the sliders to explore different size-quality trade-offs. Thus,

users can explore different trade-offs at interactive speeds, which

is not the case in today’s slicers. Even when users decide to

change the constraint, no additional slicing is required since

CSlice only has to select from the already computed results for

print time and material cost for each profile.
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Task #1: To 3D print the shoe on time, we enter our time con-

straint, i.e. 11 hours, into the corresponding text box in CSlice

and hit the ‘slice’ button (Figure 1). After 4.25min of slicing,

CSlice presents us with a solution that requires 10.85/11h print

time. The solution minimizes scaling, i.e. is able to keep the

model at 100% while printing at 0.175mm layer resolution.

Since keeping the size is the most important factor for us, we

are all set.

Task #2: To print the shoe in a more flexible material, we next

select Nylon as the material (Figure 36). Since Nylon uses dif-

ferent slicing settings, CSlice recomputes the slicing results in

the background and then updates the sliders to still match the

11 hours time constraint. Since some time has passed and we

only have 9 hours left, we next update the time constraint in the

text box and CSlice updates the slider values for us at no extra

time. After 3.75min of slicing, CSlice presents us with a solution

that requires 08.72h/9.00h print time. The solution minimizes

scaling, i.e. is able to keep the model at 100% while printing at

0.2mm layer resolution. Since keeping the size is still the most

important factor for us, we are all set.
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Figure 36: CSlice recomputes the scale and resolution when we

switch over to Nylon as the material.

Task #3: To 3D print the Christmas ornament with the material

available, we first load the new 3D model and then enter our

material constraint, i.e. 60g, into the corresponding text box in

CSlice (Figure 37). After 2 minutes of slicing, CSlice presents us

with a solution that requires 53.2g/60g material. The solution

scaled the model to 65% to make it fit within the available ma-

terial. Since print time was not a constraint, the solution uses a

layer resolution of 0.08mm.

Task #4: To make the lamp shade print for $5 budget, we en-

ter the cost in the corresponding field and hit the ‘slice’ button.

After 7 min of slicing, CSlice presents us with a solution that

requires $4.98/$5.00 material. Since cost is a function of ma-

terial use, the solution scaled the model to 80% to make it fit

within the budget. Since print time was not a constraint, the so-

lution uses the highest layer resolution available, i.e. 0.06mm
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Figure 37: CSlice recomputes the scale and resolution when we

switch over to Nylon as the material.

(note that layer resolution has a small effect on amount of ma-

terial used, thus the resulting layer resolution for this scenario

is different from the layer resolution in scenario #3).

For the scenarios illustrated above, we found that CSlice’s re-

sults deviate less from the target than participants’ results in the

formative study (CSlice 3.95% vs 6.82% for participant results)

while also ensuring valid print outcomes.
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There are three major components that enable the CSlice slicer:
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Figure 38: Result for printing the lamp shade with only $5 worth of

material left.

1. a web based, front-end user interface built on top of ThreeJS

2. a backed Flask server written in Python 3 and using the

Flask web server

3. a cloud-based CuraEngine, hosted on Amazon Web Ser-

vices (AWS)

The web based user interface enables users to enter their con-

straints and select between different size-quality trade-offs. The

cloud-based (AWS) CuraEngine computes the slicing results in

parallel. The flask backend, finally, connects the user interface

to AWS.

In the following sections, I discuss the three subsystems in depth,

and how they interact with one another, and why certain tech-
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Figure 39: The Three Major Systems in CSlice.

nologies were selected for the implementation.
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CSlice's user-facing interface is a web-based UI. The front end

stack uses HTML, CSS, and Javascript as base languages. The

3D graphics are built on top of ThreeJS, a 3D graphics library

written in JavaScript (JS).

I choose a web-based implementation after considering both the

ease of development and ease of use for users of the system.

From a development perspective, the combination of HTML,

CSS, and JS make rapid-prototyping and iterating on the sys-

tem very fast. Because JS is an interpreted language, there is

no wait time while the software compiles. JS is also a dynami-

cally and weakly typed language, which decreases the amount

of time needed to program data transformations.

The ability to display any

graphic on screen is a major

improvement from the original

WYSIWYFab interface, which

was implemented to a single

pane in an existing application.

From a GUI perspective, web-interfaces allow the specific ma-

nipulation of any button, object, or even pixel in the browser

window. This provides a great deal of freedom to implement

the interface exactly as designed. This feature of web based in-

terfaces should not be overlooked, and future projects should

ensure their implementation method will allow them to create

the software as close to its ideal form as possible. That is, de-

velopers should ensure that they have the optimal amount of

control over the systems they are building, and are not limited

by abstraction barriers or dependency idiosyncrasies that will

impede their vision of the system.

From a user perspective, web-based interfaces have many ad-

vantages. Web interfaces are platform agnostic. As long as a

user has access to a standards-compliment browser, the under-
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lying operating system and hardware are irrelevant. There are

also no dependencies needed to run the software.

There are limitations to a web based interface for developers

and users. For developers, the ease of prototyping in JavaScript

needs to be compared it's relatively weak debugging tools and

increased likelihood of run-time errors from type errors. JavaScript

is also (infamously) single threaded, and the modern attempts

to allow parallelization are quite poor compared to other lan-

guages. Finally for developers, JavaScript is much slower than

alternate possibilities, and optimization is much harder.

For users, the biggest cost to web-based interfaces (besides speed,

already discussed) is the requirement of a network connection.

The only alternative to a network connection access the inter-

face is to locally host the system, which requires users to interact

with a command-line interface.

For CSlice, the developer benefits far outweighed the costs —

 but the costs were carefully considered. For users, an internet

connection is necessary to access the cloud-computing slicing,

so the network requirement is irrelevant.

The front end system has a number of distinct components that

interact with each other. The 2D buttons, sliders, and text-boxes

are "plain vanilla" HTML elements, decorated with CSS. The 3D

view is a ThreeJS scene which loads data passed to it by an

STL/OBJ parser.
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The intermediary backend is a Flask server. The Flask server

can run locally on the same computer as the user, or on any

computer with Python 3 and Flask. The role of the backend is to

serve the front end in the browser, and to connect the frontend

to the cloud slicing by passing the 3D object to the cloud slicer,

and returning cloud slicing results back to the front end.

I choose Flask as the backend server for much the same reason
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Figure 40: Setting up CuraEngine on AWS Lambda in the cloud.

that JS was used for the UI: it makes rapid prototyping very fast.

Flask is a minimal micro-server built on Python. It is extremely

easy to set up easy, and the server auto-reloads every time a

change is made to the code.
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For slicing, we used CuraEngine an open sourced C++ library

that operates as a command line tool for slicing 3D models. Cu-

raEngine’s slice() function takes as parameters (1) an .stl file

for the 3D model and (2) a json-string containing the slicing

parameters. After slicing, it returns the print time and material

volume.

To prepare Cura Engine to run in the cloud on Amazon Web

Services (AWS), we used CMake to compile it into a binary that

runs on Amazon’s operation system (Amazon Linux OS). In ad-

dition to the binary, we created a python script with a main()

function that calls CuraEngine’s startSlicing() function when ex-

ecuted. We pack both the binary and the python script into a

.zip file.

On AWS, we create a new Lambda function, which takes as

input the .zip file we previously prepared (containing the Cu-

raEngine binary and the python script, see Figure 40).

From our backend, we can then call the Lambda function us-

ing the Boto python library’s invokeLambda() method. When-

ever the Lambda function is called, it copies the zip file on
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Figure 41: End-to-end slicing process in the cloud.

a new cloud computer on AWS, unzips it, and then executes

the contained python script’s main() function, which starts Cu-

raEngine’s slicing process. Thus, calling invokeLambda() mul-

tiple times from the backend allows us to run the same slicing

code on multiple computers.
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As mentioned above, calling invokeLambda() multiple times

from our backend allows us to execute CuraEngine on as many

cloud computers as we need (Figure 41).

To execute the slicing process with different slicing profiles, we

provide invokeLambda() with a json-string as input parame-

ter that contains the different slicing parameter. Since Lambda

does not allow passing files as arguments, we provide as a sec-

ond input argument the path to the .stl file of the 3D model and

then upload the .stl file separately to AWS’s file storage system,

called Simple Storage Service, or S3). To upload the file, we

again use the Boto python library but this time use its upload-

File() function. After each Lambda machine downloaded the

.stl file, it scales the model to the correct size and then slices it.

After slicing has finished, the results, i.e. the print time and

required material for the sliced model, are returned from the
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Figure 42: Returning the requested .gcode file.

invokeLambda() function via a json-string. Once the slicing

results are returned, CSlice populates the scale and resolution

sliders.
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After slicing has finished, the .gcode files of all processes are

saved back on the S3 server and named after the convention

(obj_res_scale_.gcode). Since returning the .gcode files of all

slicing processes would take a lot of time for downloading them

onto the user’s computer (400 .gcode files, each several MB),

CSlice waits until the user settled on a size-quality tradeoff and

only downloads the matching g.code file from S3 once the user

hits the 'export' button (Figure 42).

�F�F� 	)6):$</6, �6<):5)(/$<) �3/'/6, �:7ņ3);

While our approach of constraint slicing would also work us-

ing only the four standard profiles: “fast”, “normal”, “fine”, and

“extra fine” available on Ultimaker Cura, we wanted to enable

finer-grained control by interpolating between the profiles. Al-

though we can generate any number of intermediate profiles,

we decided on generating 19 profiles in total (4 standard pro-

files + 15 interpolated profiles) to have a reasonably high pa-

rameter resolution while keeping the cost per slicing process

low.

To create the new profiles, we first determined the specific pa-

rameters of the existing profiles in Ultimaker Cura. Since not
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all slicing parameters are exposed in the UI, we determined the

parameters by inspecting the Cura-generated log file (which is

stored at /Library/ ApplicationSupport /cura/ <CuraVersion>/

cura.log) that is generated at the start of every slicing process.

As an alternative, we also considered extracting the parameters

from the configuration files for each slicing profile (found in

the /Resources/ directory of Cura). However, we found that

the configuration files contain a series of internal dependencies

and formulas that are hard to reverse engineer.

Once we obtained the raw values of the parameters for each pro-

file, we created new profiles by linearly interpolating between

subsequent profiles on a per-parameter level. The resulting pro-

files were then saved as JSON files, that CSlice can pass to Cu-

raEngine.
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Next, we discuss the cost/accuracy trade-off when slicing in the

cloud.
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As discussed in the implementation, CSlice uses slicing in the

cloud through Amazon Web Services, which charges for its com-

puting time (see Figure 43). We next provide an estimate how

much slicing a model with CSlice would cost if CSlice was de-

ployed today.

Figure 15 shows the cost using either the slowest (but cheap-

est) or fastest (but most expensive) computing services Amazon

Web Services offers. Since each combination of slicing profile

and scaled model has a different slicing time (and thus AWS

cost), we provide both an upper bound (model sliced at 100%

scale and 0.06mm resolution) and lower bound (model at 5%

scale and 0.2mm resolution), as well as the average of the two.
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Figure 43: Computing cost for using constraint slice.

To generate the data for Figure 43 we proceeded as following:

When using the AWS ecosystem, users are charged N cents per

100ms of computing time, or slicing time. We first had to deter-

mine how long an average model needs to slice. To do this, we

downloaded 100 of the most popular models from Thingiverse

and sliced them on both the slowest AWS machine (avg. slice

time 433s, std: 567s) and the fastest AWS machine (avg. slice

time 77.7s, std: 120s) using as upper bound 100% scale and

the finest resolution profile 0.06mm and lower bound 5% scale

and the lowest resolution profile 0.2mm. We then converted

the resulting slicing times into ms and multiplied AWS cost per

100m/s to calculate the average cost for slicing a model once.

Depending on the slider resolution, we can now multiply this

value by the number of slicing requests required, i.e. to support
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20 resolution profiles at 20 different scales, we need to slice

400 times (slicing at only 10x10, i.e. 100 in total, would cut

the cost on AWS by 75% at the expense of more deviation from

the target constraint).

Therefore, the average cost of using CSlice on the slow machine

is $0.16 and on the fast machine $0.76. However, since AWS

provides 400,000 GBseconds free computing time every month,

in practice the first 36 models on the slow machine and the first

15 models on the fast machine are free.
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Depending on the desired deviation from the target, i.e. the

granularity of the resolution and scale sliders in the user inter-

face, slicing can come at a lower or higher cost. While we use

slicing profiles spaced at 20x20 resolution and scale, the gran-

ularity depends on the use case. For instance, while the 10x10

granularity may be sufficient for a Maker in a Fablab, a designer

who wants to maximize output for a high-paying customer may

be willing to pay for 30x30 to receive less deviation from the

target.
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We presented CSlice, a slicer that finds the best slicing param-

eters based on a user’s constraints on time, material, and cost.

We demonstrated how such a constraint based slicer can be im-

plemented using parallel slicing in the cloud, which provides

the user with slicing results across a large range of profiles and

model scales at only little extra time. We discussed the cost as-

sociated with slicing in the cloud and showed examples for both

upper and lower bounds of slicing time.
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Just play it grand: the way

to stay with the future as it

moves, is to always play

your systems more grand

than they seem to be right

now.

Alan Kay
The Computer Revolution

Hasn't Happened Yet21

(1997)
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In the short term, there are improvements that could be made

to both the WYSIWYFab and CSlice projects.

The limitations described in 4 involve two main problems:

1. a limited visual UI for the interface

2. slow speed of slicing

I describe improvements to the UI here as a short term improve-

ment, and increasing the speed of slicing in the following sec-

tion, as medium term improvement.
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WYSIWYFab's current implementation is built on top of Blender,

which restricts the options for the user interface in two ways.

First, Blender add-ons can only execute code when a user clicks

on a button. Therefore, WYSIWYFab is not able to execute back-

ground or event driven code. Second, Blender add-ons can only

add UI elements to a side pannel — therefore the UI elements

can only be in a small section of the window, they can not be

placed anywhere.

The biggest UI improvements to WYSIWFab would be to imple-

ment the system in an environment other than Blender. This

lesson was learned for the second project (CSlice) which was

implemented with web technology. WYSIWYFab could also be

implemented in the browser, however the biggest challenge is

the limited number and quality of existing web-based modeling

tools. Specifically, online modeling tools

that are open sourced. Tools such

as Onshape30 are fantastic web

based modeling tools, but they

can't be modified because they are

closed-source. The only decent

open sourced modeler we could

find was J-Sketcher18, but it's still

in development and serverly

under-documented.

From the lessons learned with WYSIWYFab, we were able to

address those problems from the start with CSlice. In the short

term, CSlice's future work involves making the interface easier

to user and more obvious, without the need for instruction. For

example, adjusting the scale of the model with a slider changes

the GCode behind the scene, but doesn't visually change the

model preview. In a future version, changes to the scale slider

will effect the 3D preview, to ensure user's can clearly under-

stand what's happening.
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As previously mentioned, one of WYSIWFab's biggest problems

is the speed of slicing — which forces users to wait while the

model slices. The solution to this problem is to slice in real time

or use just-in-time methods to slice. That is, new slicers need to

be developed that only slice the changes made to a model, in-

stead of re-slicing the entire model. This will significantly speed

up the slicing times, with the goal of working fast enough that

the user never has to wait for computation to finish. Research

into this topic should be done, but will take significant resources
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and time to implement.

In the future, CSlice can be improved in two ways. First, there

needs to be more granularity in the number of options presented

to the user. Currently, the user has 400 options (20 quality lev-

els and 20 scale levels). As compute costs decrease, it should

be possible to increase the number of options for a more de-

tailed level of control. Second, CSlice should enable users to

input more types of constraints. Currently, there are three con-

straints available: time, material, and cost. It is easy to imag-

ine (but harder to implement) many other constraints, such as

visual constraints (a minimum feature size or minimum wall

thickness) or physical constraints (an object that needs to be

able to width-stand a certain amount of stress and strain).
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In the long term, there are many steps to take towards the vision

of seamlessly prototyping ideas.

Many of the challenges described in Personal Fabrication2 can

be considered interface challenges. Towards that end, research

can be done on the full stack of digital fabrication, from oper-

ating system design to hardware machine design, with an HCI

perspective. Many lines of research already exist to improving

the technology stack, but they often evaluate their results quan-

titatively.

The biggest technique to improving personal fabrication in the

long term, is to simply consider the user as the core component

of the system, and to build tools and methods that fundamen-

tally augment people's ability to create. A deeper focus on the

human part of Human-Computer Interaction will enable a fu-

ture of interfaces that truly augment people's creative abilities.
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As always, the strongest

weapon we have to explore

this new world is the one

between our ears —

providing it's loaded.

Alan Kay
User Interface: A Personal

View (1989)

In this thesis, I claimed that people should be able to create any-

thing they can imagine. I envisioned the impact of that vision

on both personal and global scales.

Next, I outlined work that stems from two fields: a classical in-

vestigation of human interface, and a more recent investigation

of fabrication research.

I then described the two concrete steps taken towards that vi-

sion. The first step is the WYSIWYFab project. WYSIWYFab

unifies the 3D printing pipeline, by merging the steps of model-

ing a 3D object and slicing a 3D object into a single step.

The second step is CSlice, a method that inverts the traditional

slicing workflow. CSlice was developed with lessons learned

from WYSWIFab, and a need for a deeper understanding of the

constraints of 3D printing.
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These contributions are small but necessary steps towards the

vision described in chapter 2. Future work should build on these

concepts, and expand the range of interfaces and techniques

used in personal fabrication to enable a future where people

can create anything they can imagine.
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