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SCHEDULE TODAY: 10:00-11:20AM

10:00-10:10:
10:10-10:30:
10:30-11:00:
11:00-11:20:

Rapid intros: name, area, fav book from childhood
Brief overview of fabrication (mostly 3d printing)
Discussing papers

Breaking down research in fabrication
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What We Do

MAKERSPACE

What We Do / MakerSpace
About

Getting Started

MORE THAN JUST MACHINES

Eligibility and Policies

i The CoMotion MakerSpace is a community-focused workshop. We have a wide range of

Tool Lending Library capabilities with sewing machines, VR headsets, woodworking tools, and 3D printers under
one roof. Make anything — be it a prototype, a community, or a connection.

Events
Showcase ﬁ FREE FOR UW STUDENTS, FACULTY, AND STAFF.
FAQs OPEN TO THE PUBLIC.
Contact Us
Q NO IP OBLIGATIONS: YOUR IDEAS ARE YOURS TO KEEP.

,c MORE TOOLS THAN WE KNOW WHAT TO DO WITH.
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RESEARCH

CSE PROFS THAT DO WORK IN COMPUTATIONAL FAB

HCI 'j ; ac .r\ e “0:.

< 1\ i .
- 3 . -
&
' 3
’ M
/ iy ///,

””.’...,. i 0%

\ e - ’

l = #;- s B . ::." \ HN g H |

ADRIANA SBHULZ JEN MANKOFF ZACH TATLUBK SHYAM GOLLAKOTA JON FROEHLICH

Computational design for fabrication. Makes new 3D printing technology to Investigates programming language Applications of 3D printing to wireless How to make 3D prints interactive +
Combines ML+Graphics+Fab enable new application spaces and also  techniques for improving consumer- systems applications of printing to accessibility.

studies value propositions of printing grade 3D-printing experiences.



Lots of folks do work on 3D printing across campus,
including in MechE, Material Science, etc.



BACKGROUND

MANUFACTURING TECHNIQUES

> L N

N N Formative manufacturing: best suited for high-volume production of the

v same part, requiring a large initial investment in tooling (molds) but then
being able to produce parts quickly and at a very low unit price.

Additive manufacturing: best suited for low-volume, complex designs
g that other methods are unable to produce or when a unique, one-off

—— rapid prototype is required.

5 Subtractive manufacturing: lies in between formative and additive, being

’—ﬁ\E best suited for parts with relatively simple geometries, produced at low-to-
mid volumes, and where materials like wood or metal are necessary

Source: Redwood et al., The 3d Printing Handbook, 2017
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SUBTRACTIVE MANUFACTURING

GNC MILL: THE SHOPBOT DESKT(IP [~S7 000]

Source: Jon Froehlich







SUBTRACTIVE MANUFACTURING

LASER GUTTER UNIVERSAL ILS12.75 [~SI3 000}

Source: Jon Froehlich







BACKGROUND

MANUFACTURING TECHNIQUES

-2

Additive manufacturing: best suited for low-volume, complex designs
that other methods are unable to produce or when a unique, one-off
rapid prototype is required.

Source: Redwood et al., The 3d Printing Handbook, 2017




1987

The first commercial 3D printer
SLA-1 printer by 3D Systems Inc.
Invented by Charles Hull

Slide based on Huaishu Peng's job talk;



WHAT'S SLA?

IN\IENTBR CHUCK HULL EXPLAINS STEREOLITHBGRAPHY

Source: https://youtu. be/eyU PSYynyva
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WHATSSI_A?-
WHAT IS STEREOLITHUGRAPHY?

Source: https://youtu.be/8a2xNaAkvLo
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THE GOOD THE BAD

SLA creates precise & smooth models SLA is expensive (both printers & resin)
Great for creating molds for casting Resin is sticky & messy

Prints require dumping in isopropyl alchohol



1992

The first commercial FDM printer
3D Modeler by Stratasys, Inc.
Invented by Scott & Lisa Crump

Source: https://en.wikipedia.org/wiki/Stratasys



1992

The first commercial FDM printer
3D Modeler by Stratasys, Inc.
Invented by Scott & Lisa Crump

ource: https://en.wikipedia.org/wiki/Stratasys

"The idea for the technology came
to Crump in 1988 when he decided
to make a toy frog for his young
daughter using a glue gun loaded
with a mixture of polyethylene
and candle wax. He thought of
creating the shape layer by layer and
of a way to automate the process. In
April 1992, Stratasys sold its first
product, the 3D Modeler”



FUSED DEPOSITION MODELING '—___—_?

30 PRINTING ON A MAKERBOT REPLIGATUR

Source: https://youtu.be/8_vioWVgfOo; Edited by Jon Froehlich
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»RépR.a project started in 2005 at the University of Bath to develop a low-cost 3D-printer that could print
most of its components. RepRap stands for replicating rapid prototype.



| 7 : ' ' o | l J V2l
MakerBot founded in 2009 by Adam Mayer, Zach “Hoeken"
Smith, and Bre Pettis to build on RepRap project.
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T
How expiring patents are ushering in the next
generation of 3D printing

Startups
Filemon Schoffer May 15,2016 C] comment
Apps
Gadgets is Qui i
g The year 2016 is quickly shaping up to be one of the hottest years on record for 3D T—
Fvents printing innovations. Although there is still a lot of hype surrounding 3D printing and how Contributor
Videos it may or may not be the next industrial revolution, one thing is for certain: the cost of Filemon Schoffer is the
printing will continue to drop while the quality of 3D prints continues to rise. :iids‘jf comimunityarst
Crunchbase This development can be traced to advanced 3D printing technologies becoming KNS tioats Bjitie GanbitEE
accessible due to the expiration of key patents on pre-existing industrial printing * 3D printing technologies
More explained

processes. » Metal 3D printing takes

Search v.n , 3 . flight
These expiring patents — many of which were issued just before the turn of the century

Startup Battlefield Euro and are reaching the end of their lifespan — are releasing the monopolistic control over

ik processes that have long been held by the original pioneers of the 3D printing industry.

Policy

Artificial Intelligence For example, when the Fused Deposition Modeling (FDM) printing process patent expired in 2009, prices for FDM
Fundings & Exits

printers dropped from over $10,000 to less than $1,000, and a new crop of consumer-friendly 3D printer
manufacturers, like MakerBot and Ultimaker, paved the way for accessible 3D printing.

The next generation of additive manufacturing technologies are making their way down from the industrial market to
desktops of consumers and retailers much like FDM did. Among these include patents for three specific 3D printing

technologies: liquid-based, powder-based and metal-based printing processes.

Liguid-Bascd Technology







[ MAxereOT' ‘S BRE PETTIS 1
will show you how.

By 2012

We reached the peak
of the "hype cycle”

@ REPLICATOR
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FDM 3D PRINTING

PROSTHETICS




FDM 3D PRINTING

BIOLOGY




Apis Cor S
FDM 3D PRINTING

BUILDINGS

Source: https://youtu.be/GUdnrtnjT5Q; Company: Apis Cor
~




FDM 3D PRINTING

Source: https://youtu.be/iT9AOPBBL2A; Company: Local Motors




CHOCOLATE

—_—

Source: https://youtu.be/MKQlys-z7SM; Edited by Jon Froehlich
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FDM 3D PRINTING

PANGAKES!

k / / V4 ’

Source: https://youtu.be/6rEHNGPibb0; Company: Pancake Bot
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FDM 3D PRINTING

WEAPUNS




By 2016

The peak was over & a
more realistic attitude set in

BUSINESS
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ANDREW ZALESK

CULTURE GEAR IDEAS SCIENCE

OF THE EVERYMAN TYCOON

12.01.16 12:00 AM

WAKERBOT MADE A BOLD BET THAT 3D PRINTERS
WOULD BECOME AS COMMON AS MICROWAVES. JUST
ONE PROBLEM: NO ONE ELSE SHARED THAT DREAM.

= O O
THE 3D PRINTING REVOLUTION T

SECURITY TRANSPORTATION

- ﬁ

AT WASN'T

It was October 2009 when Bre Pettis — his unmistakable
sideburns and dark-rimmed rectangular glasses framing his
face — took the stage at Ignite NYC, threw his hand in the air,
and shouted “Hooray!” two times. A PowerPoint slide lit up
behind him, revealing a photo of a hollow wood box
crisscrossed with wiring. Bouncing up and down, his profuse
mop of graying hair flopping about, Pettis began: “I'm going to
talk about MakerBot and the future and an industrial
revolution that we’re beginning — that’s begun.” A former art
teacher, Pettis had emerged as a key character in the growing
maker movement of the late 2000s, a worldwide community of
tinkerers who holed away in makeshift workshops and
hackerspaces, equally at home with tools like old-school lathes
and contemporary laser cutters. Pettis had begun his ascent in

- .
ey

2006, producing weekly videos for MAKE magazine—the
maker movement’s Bible—that featured him navigating goofy



https://www.wired.com/2016/12/the-3d-printing-revolution-that-wasnt/

i mrash The 30 Prinéing Reveluion That Wn' Here’s the thing about 3D printing: It’s not as revolutionary

Brooklyn, lay off even more workers, and move all

manufacturing to a contractor in China, even as the compan ] 3 ] ]
W_ celebratedthegsale of its 100,000th 3D printer. Analysis (f’f ! aS 1t Was made OUt to be’ at leaSt not yet' Blg CompanleS’ llke
e e General Electric and Ford, experiment with 3D printing and
13 months of 2016. . .
o even use it to produce some parts. GE this year even spent

“In 2014, MakerBot was convinced there was a consumer
market ripe and ready. In 2015, we realized the consumer
market is not where we thought it was,” Jaglom told me the
day MakerBot announced it was closing its Brooklyn factory.

$1.4 billion to acquire two 3D printing companies. But 3D
a Here’s the thing about 3D printing: It’s not as revolutionary as printlng teChnOlOgy Stlll 1sn’t rellable enough’ faSt enouth
E it was made out to be, at least not yet. Big companies, like OI' Cheap enough tO Supplant 1nJect10n molding 01‘

General Electric and Ford, experiment with 3D printing and

even use it to produce some parts. GE this year even spent $1.4 ., . . .

billion to acquire two 3D printing companies. But 3D printing tradltl Onal, SU.th'a Ct 1V€ maHUfa Ct urlng p I'O Ce S Se S .
technology still isn’t reliable enough, fast enough, or cheap

enough to supplant injection molding or traditional,

subtractive manufacturing processes.

It’s also not a simple process. If you want to print out original It’S alS 0 HOt 8. Slmple p I'O Ce SS . If YOU Want tO p I'lnt OU.t

pieces, you need to know how to do 3D design, which .. . .

admittedly has become much simpler thanks to online Or]_g 1N al ple ce S, you nee d tO kn ow hOW to do 3 D de Slg n)

software like TinkerCAD. But an extruder head might become . . . .
fumined during printing. The print bed might warp. The which admittedly has become much simpler thanks to online
finished print might be crooked, which means you have to re-

orient the part for printing. “There’s a ton of work involved. - . .

It’s n(:tta tl?ingf wherl)"e yf)u fanTpush a b:tton and get what you S Oftware llke Tlnke rCAD' B ut an eXtrud e r he a d mlght

were imagining,” says Rockhold.

become jammed during printing. The print bed might warp.
The finished print might be crooked, which means you have

During the heady days of 3D printing, these weren’t questions
that were ignored so much as problems to be solved at a later
date. What’s happening now is what Jaglom calls the “de-
hyping” of the industry, as the public perception of 3D printing

finally catches up to reality. Stratasys’ stock price took a to I'e - Orlent the p aI't fOI' printing . “There’S a tOIl Of WOI’k
tumble, from an all-time high of $136 in January 2014 to $25 in . .

;ﬁ)ctofk;er 2015, when MakerBot announced its second round of 1nv01ved, It,S not a thlﬂg Where YOU Can pU.Sh a bU.ttOIl and
ayoffs.

get what you were imagining,” says Rockhold.

Source: https.//www.wired.com/2016/12/the-3d-printing-revolution-that-wasnt/
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MakerBot: Replicgg_g!;% ‘




Still, people are buying consumer-grade 3D printers, why?



BACKGROUND

CONSUMER-GRADE 3D PRINTERS SOLD IN 2015

Printers all < $5000 sold globally per year

278554

139584

1816
66 355

2007 2008 2009 2010 2011 2012 2013 2014 2015

Source: https://www.3dhubs.com/knowledge-base/advantages-3d-printing; Original source: Wohlers Report, 2015



BACKGROUND

WHY 3D PRINT?

Speed. Designers can build, print, solicit feedback, & iterate on ideas quickly. 3D-printing allows the designer and other
stakeholders to get a tangible, physical experience of a design.

Iteration. Digital models can be easily tweaked & reprinted.
Cost. Cost at low-volumes (i.e., one-offs) is quite competitive compared to alternatives. Injection molding, for example,
requires expensive mold-making equipment and each mold is expensive to produce. 3D-printers themselves are far

cheaper than formative and subtractive machines.

Personalization. Certain industries (e.g., dental, prosthetics) can use high-grade 3D-printers to quickly produce
personalized devices for each patient (user)

Complex geometries. 3D-printers can create physical forms with complex geometries that would be impossible or
very difficult using other manufacturing processes.

Source: Redwood et al., The 3d Printing Handbook, 2017; https://www.3dhubs.com/knowledge-base/advantages-3d-printing



WHY 3DPRINT?

MAKE THINGS NOT POSSIBLE WITH ﬂTHER APPRUABHES

Source: https://youtu.be/gBHgIXhANXU; Edited by Jon Froehlich






BACKGROUND

WHY 3D PRINT?

Speed. Designers can build, print, solicit feedback, & iterate on ideas quickly. 3D-printing allows the designer and other
stakeholders to get a tangible, physical experience of a design.

Iteration. Digital models can be easily tweaked & reprinted.

Cost. Cost at low-volumes (i.e., one-offs) is quite competitive compared to alternatives. Injection molding, for example,
requires expensive mold-making equipment and each mold is expensive to produce. 3D-printers themselves are far
cheaper than formative and subtractive machines.

Personalization. Certain industries (e.g., dental, prosthetics) can use high-grade 3D-printers to quickly produce
personalized devices for each patient (user)

Complex geometries. 3D-printers can create physical forms with complex geometries that would be impossible or
very difficult using other manufacturing processes.

Ease of access. Unlike injection molding or even subtractive processes like CNC mills or laser cutters, 3D-printers are
relatively cheap to buy and operate. Many public libraries and other community spaces provide access as well.

Sustainability. Subtractive methods remove significant amounts of material that is not used, resulting in high waste
volumes. 3D-printable ABS plastic can be recycled & PLA is compostable. Check with local recycling/compost centers.

Source: Redwood et al., The 3d Printing Handbook, 2017; https://www.3dhubs.com/knowledge-base/advantages-3d-printing



ADDITIVE MANUFACTURING

3D-PRINTING PROCGESS

Fusion 360 Slic3r
[ ] Al
st A -code Wait...
/ \ /i \
[ [
Create digital model in CAD tqol. Use sl.icing program to cgnvert Uplqad g-code filg tp 3D p.rinlter Completed fabricated object + post
Export CAD model as an STL file. STL into g-code instructions. (via USB fob, WiFi) & print! processing (e.g., remove supports)

[terate

Slide based on Huaishu Peng's job talk; See also: https.//www.3dhubs.com/knowledge-base/additive-manufacturing-process



ADDITIVE MANUFACTURING

ADDITIVE MANUFACGTURING PROCESS

Fusion 360

==

/ \
[

Create digital model in CAD tool.
Export CAD model as an STL file.

Slide based on Huaishu Peng’s job talk; See also: https://www.3dhubs.com/knowledge-base/additive-manufacturing-process



B STEP 1: CAD MODELING -
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STEP 1: CAD MODELING

EXAMPLE: TRAIN TRACKS
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T VTR ET| File Edit Search View Encoding Language Settings Tools Macro Run Plugins Window ?

cHEHEE LS| L HEoc 'y 2% ERE|STEIRAD®|FED B |

3 8 . [~ Notes.txt E:i| --.
..- Stralght Train Track
T L A
... Total Length: 160mm

Total length minus connector: 145mm (or more like 145.15mm on caliper) ---l
Depth: 12.03mm

For the track trough itself: .-.|
Track starts at: 4.37mm into the width :

Track is: 5.90mm wide

=

0 U W

From bottom to beginning of trough: 9mm
Trough depth: 3mm

The connector: --|
Straight part is 5.25mm wide

L W E
Circle is 11.14mm in diameter (5.57 in radius)

Ikea Curved Train Track .-l
e R
Female connector

6.46 width inner chamber ..m-.
12.56 diameter (6.28mm)

EEEAE

Normal text file length : 1,138 lines: 35 Ln:34 Col:42 Sel:0]|0 Windows (CRLF)  UTF-8

~ IIIIIIIIIIIIIII
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: STEPl CAIJ MODELING *

CREATING CUSTOM TRAIN TRACKS

Source: Jon Froehlich

4P »p DO HO0R0808 G E -




F

B O E H «r - 5 O Jonfroenich v @

W ikea Curv...Track va* X l +

PN R2oowa @ Hh ¥ = b B

| SKETCH ™ CREATEY  MODFYY = ASSEMBLEY  CONSTRUCT®  INSPECT®  WSERT® MAKE® ADDINS™  SELECT™
< BROWSER ol \ o
PR ® @ ikeoCurved Train Track v3_[O]
D &€ Document Settings
D E] nNemsdViews
D ¥ B omn
4 ') E] Bodes
2 (O waex
4 ) B Ccanveses
2 [l wo_aee
A4 'J CJ Sketches
2 [€] skstont
Q& swien2

~—l.

COMMENTS ol e Y Q- @B
e » > @@ GG QL g




ADDITIVE MANUFACTURING

ADDITIVE MANUFACGTURING PROCESS

Fusion 360

%
q

/ \
[

Create digital model in CAD tool.
Export CAD model as an STL file.

Slide based on Huaishu Peng’s job talk; See also: https://www.3dhubs.com/knowledge-base/additive-manufacturing-process



STEP 2: EXPORT TO STL FILE

EXPORT CAD MODEL AS STL (TRIANGLE MESH)

The STL (Standard Triangle Language) is the industry standard file type for 3D printing. It uses linked triangles to represent the geometry of
the solid model (aka a triangle mesh). All modern CAD tools allow you to export their native file format into STL.

=

Raw CAD Model Converted to STL

See also: https://www.3dhubs.com/knowledge-base/3d-printing-stl-files-step-step-guide



STEP 2: EXPORT TO STL FILE

CONFIGURING EXPORT RESOLUTION (# OF TRIANGLES)

Il © 30 PRINT 1 © 30 PRINT
Previev. Preview.. @
Number... 796 Number... 1200
N, S Refnem... Low - Refner_ Medum .
\“’\‘\E’\lﬁ v Refinement Options v Refinement Options
< Surface.. 0.069795 mm Surface... 0.027786 mm
—— ——
Normall.. 30.000 = Normall.. 15.000
—— — —
Maximut.. 17531792 mm Maximut..  175.31792 mm
— —
Aspect.. 21500 5 Aspect .. 21500 =
—C —
¥ Output ¥ Output
sendto.. O sendto.. O
.b‘ *'@Q’Q' @'ﬁ" | (i) OK Cancel | ." 47@@C¥Q' @vﬁ,w, | o OK Cancel | ." d}'@]@Q‘Q' 'W‘E' | (i} OK Cancel |
. . . 0 .
Export Quality: Low Export Quality: Medium Export Quality: High

Number of triangles: 796 Number of triangles: 1200 Number of triangles: 2080

T ——————_

Number of triangles

Typically the default export quality is fine. If you export at too low of resolution, the model will have visible
triangles on its surface when printed. Increasing the resolution too much (e.g, beyond capabilities of printer)
will just lead to file bloat and print difficulties.

See also: https://www.3dhubs.com/knowledge-base/3d-printing-stl-files-step-step-guide



ADDITIVE MANUFACTURING

ADDITIVE MANUFACGTURING PROCESS

N
5
o
PPN
PP
BBl
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D>D>D>D >l

Use slicing program to convert
STL into g-code instructions.

Slide based on Huaishu Peng’s job talk; See also: https://www.3dhubs.com/knowledge-base/additive-manufacturing-process



STEP 3: SLICING & GENERATING G-CODE

SLICERS CONVERT STLS INTO PRINTER INSTRUCTIONS

While STL is an industry standard file type for geometrical models, this needs to be converted into printing instructions your 3D printer can
understand (g-code). Slicers cut the model into horizontal slices (layers), generate toolpaths to fill them, and calculate the amount of

material to be extruded.

Slicer will create g-code (toolpath)
instructions for printer

Load STL file into slicing program



STEP 3: SLICING & GENERATING G-CODE

ULTIMAKER CURA

(3 Utimaker Cura - O x
File Edit View Settings Extensions Plugins Preferences Help
curaqa. Prepare O w0 I |solidview v Ultimaker
Material [PLa -
Nozzle 0.4 mm ~
Print Setup Recommended IW‘
Profile: Normal * v
Search...
_: Quality ~
Layer Height 4 [015 nm
I shell ~ .
Wall Thickness 0.7 nm ‘ O l ' I l ! IO n S | | Ce r
Top/Bottom Thickness 0.75
FH infin v .
Ultimaker ™ g settings (some
' M a ( er Gradual Infill Steps [ 0 L
lijl material ~ .
Enable Retraction v a re l | Ia C | n e
< Speed $0 -~
Print Speed 60 mm/s
0 [ epen ent
45 Cooling ~
Enable Print Cooling v
&' Support v
Generate Support &
== Build Plate Adhesion v
Build Plate Adhesion Type & [ Brim v
Brim Width & |80
2. special Modes v
Print Sequence & |AllatOnce v
Ready to Save to File
UM2_lkea Curved Train Track v9 / 03h 06min
1662x543x120mm  3.28m /- 268 m




STEP 3 & GENERATING G-CODE

EXAMPLE SLIGER SETTINGS: INFILL

Infill Density: 5% Infill Density: 10% Infill Density: 25%

Estimated print time: 2h 53min Estimated print time: 3h 06min Estimated print time: 3h 35min
Estimated filament: 2.92 m / ~23g Estimated filament: 3.28 m / ~26g Estimated filament: 3.99 m / ~32g

Infill Density: 50% Infill Density: 70% Infill Density: 100%
Estimated print time: 4h 58min Estimated print time: 4h 58min Estimated print time: 10h 53min
Estimated filament: 6.13 m / ~48¢g Estimated filament: 6.13 m / ~48¢g Estimated filament: 9.65 m / ~76g



ADDITIVE MANUFACTURING

ADDITIVE MANUFACGTURING PROCESS

g-code Wait...

Upload g-code file to 3D printer
(via USB fob, WiFi) & print!

Slide based on Huaishu Peng's job talk; See also: https.//www.3dhubs.com/knowledge-base/additive-manufacturing-process



i o .
STEP 4: 3D PRINTING

PRINTING ON AN ULTIMAKER 2+

Source: Jon Froehlich







PRINT COMPLETEI
\_

Ultimaker *

ANt i<

This structure around the 3D-print is called ¥
a "brim"—it prevents warping of the initial
layers. You can configure this in the Slicer.




ADDITIVE MANUFACTURING

ADDITIVE MANUFACTURING PROGESS

Completed fabricated object + post
processing (e.g., remove supports)

Slide based on Huaishu Peng's job talk; See also: https://www.3dhubs.com/knowledge-base/additive-manufacturing-process
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STEP 5: POST- PRUCESSING

REMOVING PRINT FROM PRINT BEI] & POST-PRUCESSING

Ultimaker *’

4 ———— — — =
1 WREE

.
—
] J
7 J
’
,

Source: Jon Froehlich
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TEST AND ITERATE ON YOUR DESIGNS

STEP 6: TEST YOUR DESIGNS! ©



Thingiverse

DASHBOARD

EXPLORE

EDUCATION

CREATE

£ Ssearch Thingiverse SIGN IN 7 JOIN

Thingiverse
Featured

MAX THE MEGAPOD

Max is a giant hexapod robot that can dance,
scamper, and even has game attachments.
Megapod jousting, anyone?

Global Feed

Latest Thingiverse Activity

) ;‘ Chermansen collected Kanan
- Jarrus' Lightsaber (Star Wars
Rebels)

TanTanDGMT started using
Customizer

aronlasvegas2016 collected
Gargoyle Sculpture (Statue 3D
Scan)

L O

Radioactiv collected PlayStation 3
controller mini wheel

&)

Cinefil001 liked MTB Bicycle
helmet hanger hook to keep track
of all your bicycle (MTB) helmets

YoDommo collected Lego Ninjago
life-size Shuriken

13 =

Recently Made

@

Featured Collections

Download and print today

FA

1

BOW 10/7-10/13 BOW 9/30-10/6

BOW 9/9-9/15 BOW 9/2-9/8

The most recent Things printed by the Thingiverse community

n Octopus Stand Version
by Mozy

Learn More

see more

BOW 9/16-9/22

BOW 8/19-8/25

see more

Anycubic i3 Mega Tool Rig




SCHEDULE TODAY: 10:00-11:20AM
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Personal Fabrication —_—
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but soft and deformable 3D objects from layers of off-the-
shelf fabric. Our printer employs an approach where a sheet
of fabric forms each layer of a 3D object. The printer cuts this
sheet along the 2D contour of the layer using a laser cutter and
then bonds 1 previcusy prinid iyers usng 8 et s
tive adhesive. Surrounding fabric in cach lay unly
retained to provide a removable support structure for layers
printed above it. This process is repeated to build up a 3D
Gbject layer by layer. Our printet is capabie of aulonnaticaly
feeding wo separate fabric types into a single print. This a
lows specially cut layers of conductive fabric to be embedded
in our soft prints. Using this capability we demonstrate 3D
models with touch sensing capability built into 4 soft print
ing process, and a simple

ception

Author
3D printing; laser cutt
crafts: rapid prototyping

soft materials; computational
interactive device:

ACM Classification Keywords
H.S.m. Information Interfaces and Presentation (e
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HCI)
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ufacturing mm.m.u from custom jeans (
) to websites that will Jokiy and mail
23D mode] on domand (e.£. wew. shapaways

Al the same time, consumers increasingly prefer high quality
and beautiful bespoke objects, as evidenced by the success
of websites such as Etsy (www.otsy.com). However, these
websites typically require individual craftspeople to produce
such objects by hand. New addive ranafacturing iec
moaly ki 3D printing) provide an op-
portunity to manufacture b ehly custom objects on demand
However, the materials widely available for 3D printing and
the range of functions supported by automated techniques are
crally limited to plastic and metal. (Notable exceptions
¢ printers using materials similar to silicon rubber such
a5 [29], and the printer described in [10] which deposits lay
ers of needle felted yam).

gies (ma

Simultancously, the use of electronics to create interactive
physical .»-,»\ ts from materials of daily life is becoming not
only a research are (e.g., [2, 3.9, 20]) but also a commercial
SUCCESS (€., www. makaymakey . com). Advances in loolkits for
the construction of physical interfaces have made it easier 1o
add circuitry, sensors, and actuators to physical objects (e.g.
[7. 8. 11, 13, 19, 25]). Howexer, in these tools. the actual
task of construction stll miay require special skills like sewin
and soldering. In addition, as with bespoke objects, each new
physical interactive system must be hand crafted.

Bringing these twa threads together, our contribution is a
printer that fabricates soft objects and provides suppors for
interactiviy including touch sensing and wireless power: Our
printer can create objects with complex 3D geometry (Fig

ure 1a), unique effects such as draping (Figure 1b). variable

ABSTRACT
We present SqueezaPulse, a technique for embedding
interactiviry into fabricated objects using soft, passive, low-
cost bellow-like structures. When a soft cavity is squeezed,
air pulses travel along a flexible pipe and into a uniquely
designed cormugated tbe that shapes the airflow into
predictable sound signatures. A microphone captures and
identifies these air pulses enabling interactivity. We
describe the underlying acoustic theory used to inform our
design. an informal examination of the effect of different
3D-printed cormugations on air signatures, and our resulting
To and evaluate
the potential of SqueezaPulse, we present four prototype
applications and a small, lab-based user study ). Our
evaluations show that our approach is accurate across users
and robust 1o extemal noise. We conclude with a discussion
of limitations and future work
Author Ke
Fabricated objects; passive acoustic sensing. soft cavity
pipe: squeeze iuteractions; cormugated fube; air pulse.
ACM Classification Keywords
H.5.2. Information interfaces and presentation (e.g., HCT)
Input devices and strategies.
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INTRODUCTION
Fabrication fechniques such as 3D printing. laser cutting
and casting have been increasingly used to build physical
prototypes in HCI. Incorporating interactive functions into
fabricated objects, however, is still a cumbersome and
highly decoupled process. In response, an emerging body of
work aims fo imbue fabricated objects With inferactive
capabilities throughout the rapid _prototyping
including via custom-designed optics [36], touch sensitive
electronics [29], active acoustic-enabled structures [11], and
precision sensors [35]. Building on this growing literature.
we introduce SqueezaPulse. a technique for creating
interactive fabricated objects using acoustic sensing without
embedded circuitry, wiring, or power (Figure 1). Our novel
approach shapes small puffs of air into identifiable but
maudible sound signatures via custom fabricated structuses

We were inspired by passive airflow mechanisis in bellows
and accordions, which were designed to fumish strong
blasts of air without requiring external power. We
synthesize similar principles for constructing simple
squeezable units that can be used for input control
SqueezaPulse is comprised of three core parts: (i) a soft and
squeezable cavity 1o generate airflow; (1) a tube designed
with specific inner-wall cormgations to shape the .mno“
into unique acoustic signatures, effectively acting as

physical filter [2]; and (iii) a microphone connected fo a
computer that classifies these signatures for interactive
inputs. Figure 2 provides an illustrative example of creating
an interact 3D-printed bunny. Because each mbe
produces a unique signarure, only a single embedded
microphone is necessary 1o sense multiple inputs. To verify

1789 341

A LAYERED FABRIC 3D PRINTER FOR SQUEEZAPULSE: ADDING INTERACTIVE
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ADDITIVE MANUFACTURING

3D-PRINTING PROCGESS

1. DESIGNING MODELS 2. TRANSLATING TO PRINTER CODE 3. PRINTING HARDWARE & MATERIALS
CD‘: stl Wait.
—
/ \ / \
[ [
Create digital model in CAD tool. Use slicing program to convert Upload g-code file to 3D printer
Export CAD model as an STL file. STL into g-code instructions. (via USB fob, WiFi) & print!

t

4. EXAMINING PRINT & POST-PROCESSING

Completed fabricated object + post
processing (e.g., remove supports)

b. ITERATING & CREATING MORE MODELS

Slide based on Huaishu Peng's job talk; See also: https.//www.3dhubs.com/knowledge-base/additive-manufacturing-process



ADDITIVE MANUFACTURING

3D-PRINTING PROCGESS

0. IDEATION & EXPERTISE 1. DESIGNING MODELS 2. TRANSLATING TO PRINTER CODE 3. PRINTING HARDWARE & MATERIALS 4. EXAMINING PRINT & POST-PROCESSING
idea 4: stl g-code Wait...
— 3 — — >
/ \ / \
[ [
Determining what to Create digital model in CAD tool. Use slicing program to convert STL  Upload g-code file to 3D printer (via Completed fabricated object + post
make, for who, and Export CAD model as an STL file. into g-code instructions. USB fob, WiFi) & print!

processing (e.g., remove supports)

t |

5. ITERATING & CREATING MORE MODELS

why.

Slide based on Huaishu Peng's job talk; See also: https.//www.3dhubs.com/knowledge-base/additive-manufacturing-process



ADDITIVE MANUFACTURING

3D-PRINTING RESEARCH FIELDS

Material Science

Mechanical Engineering
Computer Graphics
Human-Computer Interaction

Art + Design

0. IDEATION & EXPERTISE 1. DESIGNING MODELS 2. TRANSLATING TO PRINTER CODE 3. PRINTING HARDWARE & MATERIALS

idea

—>

g-code Wait...

Determining what to Create digital model in CAD tool.
make, for who, and Export CAD model as an STL file.

why. ‘

Use slicing program to convert
STL into g-code instructions.

Upload g-code file to 3D printer
(via USB fob, WiFi) & print!

4.EXAMINING PRINT & POST-PROCESSING

Completed fabricated object + post
processing (e.g., remove supports)

5. ITERATING & CREATING MORE MODELS

Slide based on Huaishu Peng's job talk; See also: https.//www.3dhubs.com/knowledge-base/additive-manufacturing-process



ADDITIVE MANUFACTURING

3D-PRINTING RESEARCH FIELDS

0. IDEATION & EXPERTISE

1. DESIGNING MODELS

Computer Graphics ";2

2. TRANSLATING TO PRINTER CODE 3. PRINTING HARDWARE & MATERIALS 4.EXAMINING PRINT & POST-PROCESSING

g-code Wait...

Determining what to
make, for who, and
why.

Human-Computer Interaction

Slide based on Huaishu Peng's job talk; See also: https.//www.3dhubs.com/knowledge-base/additive-manufacturing-process

Create digital model in CAD tool.
Export CAD model as an STL file.

4

Use slicing program to convert
STL into g-code instructions.

Upload g-code file to 3D printer

(ia USB fob, WIF) & print! Completed fabricated object + post
via ob, WiFi) & print!

processing (e.g., remove supports)

5. ITERATING & CREATING MORE MODELS



FABRICATION RESEARCH

EXAMPLE KEY QUESTIONS

How can we lower barriers to fabricating objects?

How can we expand what can be constructed?

How can we improve the robustness, speed, eic. of 3D-printing?
How can we transform how people build 3D models?

How can we reduce waste and improve sustainability?

What is this stuff good for anyway? Value props, application spaces.



INTERACTIVE FABRICATION

INTERACTIVELY MODELING & FABRICATING

Sculpting /;’ s Willis et al. argue that
e Traditional fabrication

design is too far removed

Digital r .
Fabrication — j - !] — from traditional craft. How

Output Dev ice Physical Output tO C|OS€ gap between

— modeling and fabricating
_ with computational tools?

Interactive




INTERACTIVE FABRICATION

INTERACTIVELY MODELING & FABRICATING

How can we...

| Enable users to interactively
design and fabricate a model in

into g-code instructions.

processing (e.g., remove supports)

o (near) real-time?

—




INTERACTIVE FABRICATION

INTERACTIVE FAB WITH AUGMENTED REALITY

CHI 2018 Paper

CHI 2018, April 21-26, 2018, Montréal, QC, Canada

RoMA: Interactive Fabrication
with Augmented Reality and a Robotic 3D Printer

Huaishu Peng!, Jimmy Briggs'", Cheng-Yao Wang!", Kevin Guo', Joseph Kider*,
Stefanic Mueller’, Patrick Baudisch?, Frangois Guimbretiére!

Comell University Hasso Platner Institute
Potsdam, Germany
patrick baudischi@ hpi.de

3 76,
kg3d4, fvgd}@comell.odu

ABSTRACT

We present the Robotic Modeling Assistant (RoMA), an
interactive fabrication system providing a fast, precise,
hands-on and in-situ modeling experience. As a designer
creates a new model using RoMA AR CAD editor, features
are constructed concurrently by a 3D printing robotic arm
sharing the same design volume. The partially printed
physical model then serves as a tangible reference for the
designer as she adds new elements 1o her design. ROMA's
proxemics-inspired handshake mechanism between the
designer and the 3D printing robotic arm allows the designer
to quickly interrupt printing 10 access a printed arca or 1o
indicate that the robot can take full control of the model o
finish printing. RoMA lets users integrate real-world
constraints into & design rapidly, allowing them to create
well-proportioned tangible artifacts or to extend existing
objects. We conclude by presenting the strengths and
limitations of our current design

Author Keywords

3D printing; Augmented Reality: Interactive Fabrication;
CAD:; Rapid Prototyping: Physical Prototyping

ACM Classification Keywords

HS.2 (Information interfaces and ~presentation]: User
Interfaces.

INTRODUCTION

Interactive fabrication (43) entails a hands-on_approach
during the 3D modeling process to offer a reflective design
experience. This concept has been developed with several
approaches [4]. For example, Constructables [24] proposes a
step-by-step laser cutting system 10 design 3D assemblics
from 2D physical cutouts. D-Coil [28] allows the user to
create a 3D digital model by directly handcrafting s

T e et comtrbuted squaly o tin werk

Paper 579

MIT CSAIL Univ. of Central Florida
Cambridge, MA, USA- Orlando, FL, USA
stefanie.mueller@mit.edu jkider@ist.ucf.edu

Figure 1: a) ROMA averview. b). Desigacr view from

the AR headset. The designer creates a digital spout

‘while the robat prints the teapot body. Digital model
is overlaid onto the physical model.

physical counterpart, On-the-Fly Print [27) combines CAD
digital modeling with incremental low-fidelity physical
rendering, while ReForm [41] combines hand modeling with
digital carving of clay to create a 3D model. Each system has
a diffcrent set of trade-offs. For example, the D-Coil process
‘mirrors the hands-on approach of clay-coling. but forces the
designer 10 support the eatire construction process. On-the-
Fly Print produces low-fidelity modcls incrementally, but
relies on an on-sereen modeling process. Even with a model
in-hand, it is not always easy to transfer design insight from
the real-world back 0 a CAD model on the computer.

Page 1

Designer | Robot

Presents a new interactive
fabrication system using
augmented reality and a
robotic 3D printer

I Approaches a O
i Designer | Robot the platform | ! Designer ; Robot prints
rotates the | parks | staysaway ; withcontrol
i platform | and idles : ! of the platform{

Designer : Robot © Designer | Robot
designs 30 : prints in Z i rotates the | parks
peimitives : the back J platform : and idies af the platform

Designer © Robot prints
S staysaway | with control

Figure 3. a). Proxemics interaction state machine
diagram. Based on different designer zones, the designer
can switch among activities such as digital modeling,
rotating platform, and complete design; the robot will
switch between printing and idle correspondingly. b, c,
d). Interaction based on different proximity.

Source: Peng et al, RoMA: Interactive Fabrication with Augmented Reality and a Robotic 3D Printer, CHI"18



INTERACTIVE FABRICATION

INTERAGTIVE FAB WITH AUGMENTED REALITY

Source: Peng et al., CHI"18; https://youtu.be/K_wWuYD1Fkg







INTERACTIVE FABRICATION

HYBRID COMPUTER-MANUAL CONTROLLED MILLING

Session: Fabrication

CHI 2013: Changing Perspoctives, Paris, France

FreeD - A Freehand Digital Sculpting Tool

Amit Zoran
Responsive Environments Group
MIT Media Lab
amitz@media mit.edu

ABSTRACT

In this paper, we present an approach to combining digital
fabrication and craft, emphasizing the user experien
While many researchers strive 10 enable makers to design
and produce 3D objects, our research seeks 1o present a
new fabrication approach to make unique, one-of-a-kind
artifucts. To that end, we developed the FreeD, a hand-held
digital milling device. The system is guided and monitored
by a computer while preserving the maker’s freedom to
sculpt and carve, and to manipulate the work in many crea-
tive ways. Relying on a predesigned 3D model, the com-
puter gets into action only when the milling bit risks the
object’s integrity, by slowing down the spindie’s speed or
by drawing back the shafl, while the rest of the time it al-
lows complete gestural freedom. We describe the key con-
cepts of our work and ifs motivation, present the FreeD's
architecture and technology, and discuss two projects made
with the tool.

Authe s

Computer-Aided Design (CAD); Craft; Digital Fabrication;
Carving: Milling.

ACM Classification Keywords

H.52 (Information interfaces and presentation]: User Inter-
faces

INTRODUCTION

Over the last several years, digital fabrication technologies
have altered many disciplines [4). Today's designers can
easily ereate, download, or modify a Computer-Aided De-
sign (CAD) model of their desired object, and fabricate it
directly using a digital process. In developing new manu-
facturing technologics, engineers seek an optimal solution.

grow as technology matures.
However, qualities such as creative engagment in the
experience itself are lost. The nature of interaction with the
fabricated artifact is rarely the focus of new developments

While the process of enginecring minimizes risks, secks
efficiency, and enables automation and repetition, craft is
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Joseph A. Paradiso
Responsive Environments Group
MIT Media Lab
Jjoep@media.mit.edu

about involvment and engagement, uniqueness of the final
products, and authenticity of the experience (7). Engaging
in an intimate fabrication process and enjoying the exper
ence of shaping raw material are inherent values of tradi-
tional craft. As a result of this engagement, handcrafted
products are unique and carry personal naratives [10].

Our research interest lies in the cross-section between
digital fabrication and the study of the craft experience. We
wish t0 allow designers to engage with the physical mate-
rial, not only the CAD environment. We hope to encourage
the exploration of an intimate digital fabrication approach,
introducing craft qualities into the digital domain. Our con-
tribution is a system merging qualities of both traditions
minimizing fabrication risk by using a small degree of digi-
tal control and automation while allowing authentic en-
‘gagement with raw material 10 achieve unique results

The FreeD is a frechand digitally controlled milling device
(Figure 1). With the FreeD) we hamess CAD abilities in 3D
design while keeping the user involved in the milling proc-
ess. A computer monitors this 3D location-aware tool while
preserving the maker's gestral freedom. The computer
intervenes only when the milling bit approsches the 3D
model. In such a case, it will cither slow down the spindle.
or draw back the shaft; the rest of the time it allows the user
to freely shape the work Our hope is to substantiate the
importance of engaging in a discourse that posits a new
hybrid teritory for investigation and discovery - 3 territory
of artifacts produced by both machine and man.

A

Figure 1: (A) The FreeD and (8-C) the process of making &
bowl from polyathytene foam.

RELATED WORK

There is a rich history of HCI researchers exploring the
domain of creativity using motion tracking and gestural
inputs. Several projects studied the 2D creative domain of
painting and sketching (1. 3, 5], and others enable 3D crea-

A

The fabricated object

The FreeD tool
- ii.t :

Desktop

Milling bit Magneti;

sensor

&
B Handle (on a linear bearing) DC motor
Servos
PC
Rhino FreeD

3D model

Grasshopper

C Polhemus FASTRAK

Figure 2: (A) The FreeD’s environment, (B) the FreeD de-

sign, and (C) the system’s data flow.

Source: Zoran & Paradiso, FreeD: a freehand digital sculpting tool, CHI"13

Presents a new hybrid computer-
manual controlled milling approach

Computer monitors user’s motion
and slows down spindle or retracts it
when milling bit risks object integrity.
Uses pre-created CAD file for
‘ground truth!
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HANDHELD DIGITAL MILLING WITH COMPUTER CUNTRUL

The Free

A Handheld Digital Milling
Device for Craft & Fabrication

Amit Zoran & Joe Paradiso
Responsive Environment Group

Source: Zoran et al., CHI3; https://youtu.be/8NKewmPZbHM
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1. DESIGNING MODELS

L ]

g-code
—

Create digital model in CAD tool. Use slicing program to convert STL

Export CAD model as an STL file.

into g-code instructions.

Wait...

Upload g-code file to 3D printer

(via USB fob, WiFi) & print! Completed fabricated object + post
via 0D, WIFI print:

processing (e.g., remove supports)

How can we...

Transtorm the experience of
designing CAD models?



NEW CAD APPROACHES

RAPIDLY SKETCHING 3D MODELS IN 3D

Spatial Sketch: Bridging Between Movement & Fabrication

Karl D.D. Willis'-2

! Canegic Mellon University
5000 Forbes Avenue, Pittsburgh, PA, USA
Karl@darcy.conz

ABSTRACT

Spatial Sketch is a three-dimensional (3D) sketch
application that bridges between physical movement and
the fabrication of objects in the real world via cut planar
materials. This paper explores the rationale and details
behind the development of the Spatial Sketch application,
and presents our observations from user testing and a
hands-on lamp shade design workshop. Finally we reflect
upon the relevance of embodied forms of human computer
interaction for usc in digital fabrication.

Author Keywords
Sketching, drawing, creativity. design, 3D interfaces.
fabrication, embodied interaction, rapid prototyping.

ACM Classification Keywords

HS.m. Information interfaces and presentation (e.g.. HCI):
User Interfaces: Input devices and strategies, Theory and
methods.

General Terms
Algorithms, Design, Experimentation, Human Factors

INTRODUCTION

The broader goal of our research is to develop
computational systems that cultivate the creativity of
wide audience of people and support self-expression
through the fabrication of real-world entities. While
graphical user interfaces (GUI) are the prevalent interaction
style for systems focused on everyday creativity and self-
expression, non-GUI interfaces have proven to be a
powerful tool to engage a wide range of people with the
possibilities offered by computation. In particular,
embodied interaction, grounded in our real experiences [4].
allows even those unfamiliar with current interface
paradigms to interact with computational systems. Such

‘Permission to make digital or hard copics of all o part of this work for
Personal or classroom use is granicd without fec provided that copics arc
it
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o e e et
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Juncong Lin®
2JST, ERATO, Frontier Koishikawa Bldg., 7F 1-28-1,

Jun Mitani® Takeo Igarashi>

Koishikawa, Bunkyo-ku, Tokyo, Japan

{justin, jmitani} @designinterface.jp takeo@acm.org

Figure 1. A lamp shade designed and fabricated from
physical movement using the Spatial Sketch application.

systems open up a range of possibilities for supporting the
creativity and self-cxpression of new audiences - adults
and children alike. Much research in this field has focused
predominantly on developing novel input systems to
support the creation of digital artefacts (such as imagery
and sound) or to be used in a performance context.
Research into how non-GUI interfaces can aid the creation
and fabrication of real world entities has thus far been
limited.

Current trends suggest that the once costly and exclusive
domain of digital fabrication will soon be
the lives of computer users under the banner of ‘desktop
manufacturing’ and ‘personal fabrication’ [7]. The
increasing prevalence of technologies such as laser cutters,
ihree-dimensional printers, and comp lled milling
machines shows a clear direction towards computer output
moving beyond the display and printed page and into the
world of three-dimensional physical objects. It is equally
clear that current software catering for these technologies
remain set within the GUI paradigm of interaction. In many
cases software for digital fabrication is merely an output
method from existing CAD applications, without specific
consideration given to interface design.

Figure 2. Sketching with the Spatial Sketch application.

Figure 3. A sketch created using the Spatial Sketch 3D

input

Source: Zoran & Paradiso, FreeD: a freehand digital sculpting tool, CHI"13

with line

d in real-time.

s

1

Invites us to rethink approaches to
CAD modeling.

Presents a 3D sketching tool that
s controlled by arm movement.

Validates approach via a design
workshop with children
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MAKING DEFORMABLE OBJECTS

MOST 3D-PRINTED OBJECTS ARE STATIC “TRINKETS™

Source: slide courtesy of Huaishu Peng



MAKING DEFORMABLE OBJECTS

HOW TO CREATE DEFORMABLE 3D-PRINTED OBJECTS

_aal

PRINTER CO

1. DESIGNING MODELS 2.7
CD:) | st
[}
[
Create digital model in CAD tqol.

onvert S
s.

.
5. TERATINI

DE  3.PRINTING HARDWARE & MATERIALS 4. EXAMINING PRINT & POST-PROCESSING
‘vE‘tii;v, g-code Wait... (
D — —l \
‘ —
{
L UP'Qad g-code filg to 3D p.rinter Completed fabricated object + post
(via USB fob, WiFi) & print! processing (e.g., remove supports)
|
G & CREATING MORE MODELS

How can we...

Enable designers to rapidly build,
simulate, and fabricate deformable

3D-printed objects?



MAKING DEFORMABLE OBJECTS

HOW TO CREATE DEFORMABLE 3D-PRINTED OBJECTS

What innovations to the g-code, printing hardware, and/or
materials might be necessary to support these deformations?
Note: typically, CS researchers in this space focus on trying to
utilize commodity printing hardware with little or no changes.

|
| |

What post-processing steps may be
required to enable the deformation
(e.g, dissolvable filament)?

How to design CAD tool such that
users can specify & simulate
novel deformation behaviors?

1. DESIGNING MODELS 2. TRANSLATING TO PRINTER CODE 3. PRINTING HARDWARE & MATERIALS 4. EXAMINING PRINT & POST-PROCESSING
D ‘
/ \
L]
Create digital model in CAD tool. Use slicing program to convert Upload g-code file to 3D printer Completed fabricated object + post
Export CAD model as an STL file. STL into g-code instructions. (via USB fob, WiFi) & print! processing (e.g., remove supports)

t I

5. ITERATING & CREATING MORE MODELS
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METAMATERIAL MECHANISMS

Key idea: control deformations by
changing internal structure of 3D-prints

Metamaterial Mechanisms

Alexandra lon, Johannes Frohnhofen, Ludwig Wall, Robert Kovacs, Mirela Alistar,
Jack Lindsay, Pedro Lopes, Hsiang-Ting Chen, and Patrick Baudisch
Hasso Plattner Institute. Potsdam. Germany
{firsmame lastname } @hpi.de

ABSTRACT [O} -

Receatly. reseaschers started to engineer not ouly the outer
cts. but also their intermal microstructure.
based on 3D

Metamaterials
natesials with soft anc

exaple. to

So far, metamaterials were understood as materials—u
want to think of them as machines. We demonstrate met-
amaterial objects that perform a mechanical function. Such
metamaterial mechanisms consist of a single block of ma-
terial the cells of whi ¢ together in a well-defined way

Paper contributes new CAD tool to design
Figure 5: (a) A naive living hinge, (b) reinforced with two ar- . .
rays of hinges. To ShOWl‘:‘lS? the deformation, we laser cut deform athn beha\”OrS, a neW Set Of

. = these structures from rubber foam.

. microstructure design primitives to specify
NS and control deformations, and validates

~ approach via examples
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and springs. (b) Turning the
INTRODUCTION aray o defrm aud o pul
Rescarchers in HCT have explored the use of personal fab-
ation tools, such as 3D printes o I
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- ""‘
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he inside of 3D objects

. even printed opt ). or loudspeakers [11]
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agle parameter. such as
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LIST 16, Ocobe 16 15,2016 Tokyo, Ipan Iy. the resulting obj;
of freedom. These fypes of structures have also been re-

Faed 1o a5 ol Mt s s Figure 6: The reinforced hinge in action. Note how the hinge
array deforms as one while the rigid members remain unde-
B formed. (Cells with gray tinted backgrounds are anchored to
the ground, as indicated by the lock symbol. We are pushing

in the direction of the arrow using the blue rod).
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Source: lon et al., Metamaterial Mechanisms, UIST"16
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METAMATERIAL MEGHANISMS
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EMBEDDING SPRING-BASED STRUGTURES

Designing 3D-Printed Deformation Behaviors Using
Spring-Based Structures: An Initial Investigation

Liang He'!  Huaishu Peng’  Joshua Land’  Mark D. Fuge®  Jon E. Froehlich"*

'Computer Science, "Mechanical

{lianghe, jland17, f

*Information Science
Enginecring, Univ. of Maryland Cornell University

“Computer Science & Engineering
University of Washington
edu {lianghe, jonf} @cs.uw.edu

Recent work in 3D printing has focused on tools and
techniques to design deformation behaviors using
mechanical structures such as joints and metamaterials. In
e explore how to embed and control mechanical
te deformable 3D-printed objects. We propose
an initial design space of 3D-printable spring-based
structures to support a wide range of expressive r-chav.m
including stretch and compress, bend, twist, and all possible

combinatons. The poster concludes vith 3 bicf fepsbility
test and enumerates future work.

thor Ke
3D printing; mhx -ation; deformation behaviors; design
 mechanical spring

ACM Classification Keywords
H.5.2. Information interfaces and presentation (e.g., HCI)
User Interfaces.

INTRODUCTION

Additive manufacturing, or 3D printing, has moved beyond
simply fabricating the shape of a 3D geometry. Researchers
have explored imbuing 3D-printed models with mechanical
properties and functions [3, 7, 8]. Coded Skeleton [S], for
example, uses repetitive slit patterns to enable planar objects
to stretch, bend and twist. Metamaterial Mechanisms [4]
employs a block of shear cells printed with flexible material
to achieve controlled directional movements. Finall
MechProfessor [2] applies joint structures to creates one-off
articulated models with consumer-grade 3D printers. To our
knowledge, however, spring-based structures, which are one
of the most widely used mechanical mechanisms, have not
received commensurate attention by the 3D printing
community.

In our research, we are designing and investigating tools and
techniques to embed mechanical springs with controllable

on
helcal springs becase the belix struchre cacapsalaes
linear _deflection (stretch and compress) and planar
deflection (bend and twist). Thus, we believe that springs

Permision to make digtal o hard copies of pator all of his work or personal or
s 5 it oot e prov e st copes are ot e o distrbted

Figure 1. i i
(@ sketch and compress onlys (b) ma only: and (c) twist oy
(black marked dots show the rotatior

have the potential to achieve different types of expressive
deformation behaviors compared to other mechanical
stuctures (eg. joints and metamaterials). However,
manually designing embedded spring structures is not
intuitive because deflections are mixed in the coil structure.
To design and print specified functions, the spring
deformation behaviors need to be decoupled.

In this poster paper, we contribute an initial design space of

possible spring
of printable deformation behaviors. We decouple spring
behaviors into three individual categories: stretch and/or
compress, bend, and twist. Each of the single-deformation
springs are printed with a standard helical spring structure
and an integrated constraint structure at the center. The
resulting 3D-printed object can achieve stretch/compress-
only, bend-only and twist-only deformations. The decoupled
spring structures can be further combined for more complex
behaviors such as compress+ nwist deformations.

DESIGN SPACE

Informed by prior work [4, 5] and mechanical spring
theory [1], we designed three basic single-deformation

onthe instpage
For b s, it the Owace e

ST ey Ocober 235,207, Qus iy, O, Cosla

©2017 Copyright s he by the ownerautbort
RN IS 5781 4503-419-61 710, . i g 10185131788 3131856

h and compress, bend, and twist—and all
possible combinations (Figure 2). The constraint structure
for each deformation differs. For linear deformations, we
designed a prismatic joint to limit the spring’s bending and

ALl

3f

(a) Stretch and compress only
with a prismatic joint

¥

{b) Twist only with a ring
bearing structure

- HI

(c) Bend only with a flexible
sawtooth backbone

Select part geometries and convert to
spring-based structures

Contributes new spring-based design
primitives based on helical springs such as
stretch and compress, twist, and bend

Small evaluation via creation of a single
model

(d) Linear + twist with a {e) Linear + bend with a (f) Twist + bend with a
cylindrical joint prismatic joint and a ring bearing and a
sawtooth beam toothsaw beam

Source: He et al, UIST"17; He et al, SCF17
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TRANSFORMING ARBITRARY GEOMETRIES TO SPRINGS
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MAKING DEFORMABLE OBJECTS

PROJECT ONDULE: EXAMPLE DEFORMATIONS

ORIGINAL PRINT DESIGN #1: BEND ONLY DESIGN #2: LINEAR ONLY DESIGN #3: TWIST ONLY

Tigger with traditional helical spring Helical spring with embedded flexible Helical spring with a prismatic joint Helical spring with a ring bearing structure
sawtooth backbone

Source: He et al, UIST17; He et al., SCF'17
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PROJECT ONDULE: ACCESSIBILITY APPLICATIONS

\

TRADITIONAL SCISSORS

Requires fine motor abilities

Source: He et al,, UIST"17; He et al., SCF'17
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PROJECT ONDULE: ACCESSIBILITY APPLICATIONS
-\

http://www.handicappedequipment.org/tag/scissors-for-disabled-people/

TRADITIONAL SCISSORS SPRING SCISSORS

Requires fine motor abilities Spring automatically reopens
scissors after a cut

Source: He et al,, UIST"17; He et al., SCF'17
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FABRICATING INTERACTIVE DIGITAL-PHYSICAL OBJECTS

HOW TO CREATE DIGITALLY INTERACTIVE OBJECTS?

_aal

PRINTER CO

1. DESIGNING MODELS 2.7
CD:) | st
[}
[
Create digital model in CAD tqol.

onvert S
s.

.
5. TERATINI

DE  3.PRINTING HARDWARE & MATERIALS 4. EXAMINING PRINT & POST-PROCESSING
‘vE‘tii;v, g-code Wait... (
D — —l \
‘ —
{
L UP'Qad g-code filg to 3D p.rinter Completed fabricated object + post
(via USB fob, WiFi) & print! processing (e.g., remove supports)
|
G & CREATING MORE MODELS

How can we...

S—

Enable designers to rapidly build,
simulate, and fabricate digitally
interactive 3D-printed objects?
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FABRICATING INTERACTIVE ELECTROMAGNETIC DEVICES
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Figure 1.3D printed
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A 3D Printer for Interactive Electromagnetic Devices

James McCann'  Scott E. Hudson'
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d

ABSTRACT
We introduce & new form of low-cost 3D printer 1o print
interactive electromechanical objects with wound in place
coils. At the heart of this printer is a mechanism for
depositing wire within a five degree of freedom (SDOF)
ition modeling (FDM) 3D printer. Copper wire
with this mechanism 1o form coils which induce
magnetic ficlds as a current is passed through them. Soft iron
wire can additionally be used to form components with high
magnetic permeability which are thus able to shape and
direct these magnetic fields to where they are needed. When
fabricated with structural plastic elements, this allows simple
but complete custom electromagnetic devices to be 3D
printed. As examples, we demonstrate the fabrication of 3
solenoid actuator for the arm of a Lucky Cat figurine, a 6-
pole motor stepper stator, a reluctance motor rotor and a
Ferrofluid display. In addition, we shaw how printed coils
which generate small currents in response 10 user actions can
be used as input scnsors in interactive deviees.

Permission o make digital or hand copies of all ce part of this work for
ot od that copies are

ercial advatage and that copics

 and the full citation an the find page. Copymghts for
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a) Solenoid used

semsor based on coupling strength: d) The stator and the rotor of a reluctance motor
with a soft iron core, wound in place, and multiple lay

cat b

) A Fo isplay: €) A mavement
electromagaetic components are printed
f copper wire.

Author Keywords
3D printing; computational crafts; clectromagnets; rapid
prototyping; interactive devices; fabrication.

ACM Classification

H.Sm.Information Interfaces and Presentation (c.g. HCI):
Miseellaneous

INTRODUCTION
3D printing technology has moved beyond simply
instantiating 3D geometries to printing functional and
interactive objects. Recent work has considered how a range
of functional objects might be fabricated, including 3D
printed optical componcats [30], speakers [11], hydrauic
robots [14], and prcumatic devices for haptic feedback [28].
By using conductive filament, ink, or fabric sheets, scveral
projects also explored embedding  three-dimensional
conductive traces inside printed objects o create simple
electronic devices [24, 29, 17]. This opens the possibility of
eventually using 3D printing for the on-demand fabrication
of highly custom interactive deviees, as well as greatly
ding our ability 1o rapidly prototype sophisticated
devices. However, 1o date we have not been able to dircctly
fabricate most functional devices needing actuators, but
instead these required cither assembly with, or addition of,
pre-manufactured parts i

ex;

In this paper, we introduce a new type
print interactive objects with embedded el
components such as those illustrated in Fig
solenoid actuator for the arm of a Lucky Cat fig
1a), a Ferrofluid display (Figure 1b). an electromagnetic
input sensor (Figure I¢), and both the stator and rotor for an

Figure 10. 3D printed motor elements: Left: stator with 6
poles; middle: a reluctance rotor printed on our printer; Right
a magnet holder rotor (the magnets were not printed).

Figure 12. A printed coupling sensor. a) The sensor is made by
printing two coils next to each other; b) By driving one coil
with a square wave, we can infer distance between the two

coils by observing the coupling strength.

Source: Bécher et al, Spin-it: optimizing moment of inertia for spinnable objects, ACM Trans. Graph. 2014

New fabrication pipeline (CAD
+ 3D printer) to print interactive
electromechanical objects.

Validates approach via creation
of multiple different models and
electromechanical interactions.
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FABRICATING INTERACTI\IE ELECTRBMAGNETIC I]E\IIEES

Source: Peng et al., UIST"16; https://youtu.be/EeljtHu-Luc






Printed Optics: 3D Printing of Embedded Optical Elements
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Figure 1: Custom optical elements are fabricated with 3D printing and embedded in i devices, opening up
new possbiles o irisracion incudeg: uricus msdny surtaces mads from 30 printed hghl pipes’ (a), novel internal

ilumination techniques (o),

ABSTRACT
We present an approach to 3D printing custom optical cle-
ments for interactive devices labelled Printed Optics. Printed
Optics enable sensing, display, and illumination elements to
e dircely embedded n the casing or mechanical sructure of
an interactive device. Using these elements, unique

surfaces, novel illumination techniques, custom optical sen-
sors, and embedded optoelectronic components can be dig-
itally fabricated for rapid. high fidel ly customized
interactive devices. Printed Optics is part of our long term
vision for interactive devices that are 3D printed in their en-

tirety. In this paper we explore the possibilities foe this vision
afforded by fabeication of custom optical elements using to-
day’s 3D printing technology

Hs2 dPre
sentation]: User Interfaces

Keywords: 3D printing: optics; light: sensing: projection;
display: rapid prototyping; additive manufacturing

INTRODUCTION
3D printing is becoming increasingly capable and affordable.
We envision a future world where interactive devices can be
printed rather than assembled: a world where a device with
active components is created as a single object, rather than
a case enclosing circuit boards and individually assembled
parts (Figure 2). This capability has tremendous potential
forrapid high idelie protoypin. and eventually {0 produc
tion of | nees
specific tasks. With these capabilities we envision it u.n be
possible 1o design highly functional devices in a digital ed-
itor — importing components from a library of interactive
elements, positioning and customizing them, then pushing
‘print’ o ealized in physical form. In this paper
we explore some of the possibilities for this vision afforded
by today’s 3D printing technology. Specifically, we describe
an approach for using 3D printed optical elements, Printed

Optics. as one category of components within a greater i
brary of reusable interactive elements,

Custom optical clements have traditionally been expensive
and impractical 1o produce due 1o the manufacturing pre-
cision and finishing required. Recent developments in 3D
printing technology have ensbled the fubrication of high res-
olution transparent plastics with similar optical properties to
plexiglis™. One-off 3D printed optical clements can be
designed and fabricated literally within minutes for signifi-
canily less cost than conventional manufacturing: greatly in
creasing accessibility and reducing end-to-end prototyping
time. 3D printed optical elements also afford new optical
form-factors that were not previously possible. such as fab-

FABRICATING INTERACTIVE DIGITAL-PHYSICAL OBJECTS

3D-PRINTED, EMBEDDED OPTI

30 Printed
Light Pipes

Mande
Projacior

Figure 3: A 3D printed mobile projector accessory
using embedded light pipes (a) to map a projected
image onto a characters eyes (b).

Figure 5: Light pipes are 3D printed inside tangible
objects, such as chess pieces (a), to create additional
display surfaces for tabletop interaction (b).

Source: Willis et al, Printed optics: 3D printing of embedded optical elements for interactive devices, UIST"12

CS FOR INTERACTIVE DEVICES

Presents new approach to 3D
printing custom optical elements for
interactive devices

Using printed optics, unique display
surfaces, novel illumination, custom
optical sensors, etc. can be rapidly
fabricated and customized.

Validates method via examples
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3D-PRINTED, EMBEDDED OPTICS FOR INTERACTIVE DEVICES

&
Source: Willis et al., UIST"12; https://youtu.be/eTeXTbXA6-Y
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INTERACTIVITY VIA CORRUGATED TUBES & AIR PULSES
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SqueezaPulse: Adding Interactive Input to Fabricated
Objects Using Corrugated Tubes and Air Pulses
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Figure 1. We introduce SqueezaPulse, a technique for creating interactive fabricated objects

c

ing acomstic seasing without

gle microphone. Above, four example applications show the fiexibility and value of our

approach: (a) (b) a soft and i i

ABSTRACT
We present SqueezaPulse, a technique for embedding

air pulses travel along a flexible pipe and into a uniquely
designed comugated tube that shapes the airflow  into
predictable sound signatures. A microphone captures and
identifies these air pulses enabling interactivity. We
describe the underlying acoustic theory used 1o inform our
design, an informal examination of the effect of different
3D-printed corrugations on air signatures, and our resulting
SqueezaPulse implementation. To demonstrate and evaluate
the potential of SqueezaPulse, we present four prototype
applications and a small, lab-based user study (N=9). Our
evaluations show that our approach is accurale across users
and robust to external noise. We conclude with a discussion
of limitations and future work

Author Ke)

Fabricated objects; passive acoustic sensing, soft cavity
pipe; squeeze interactions; corrugated tube; air pulse.

ACM Classification Keywords.

H.5.2. Information interfaces and presentation (e.g.. HCI)
Input devices and strategics.

€301 ACM IS 97|
DXL b dokorg 1011453034089 2026976

squeczable phone case: and (d) a force scasor.

INTRODUCTION
Fabrication techniques such as 3D printing, laser cutting,
and casting have been increasingly used to build physical
prototypes in HCI. Incorporating interactive functions into
fabricated objeets, however, is still a cumbersome and
highly decoupled process. In response, an emerging body of
work aims to imbue fabricated objects with interactive
capabilities throughout the rapid _prototyping ~cycle,
including via custom-designed optics [36], touch sensitive
electronics [29), active acoustic-enabled structures [11], and
precision s 2 on this growing literature,
we introduce SqueezaPulse, a technique for creating
interactive fabricated objects using acoustic sensing without
embedded circuitry, wiring. or power (Figure 1). Our novel
approach shapes small puffs of air into identifiable but
inaudible sound signatures via custom fabricated structures.

We were inspired by passive airflow mechanisms in bellows
and accordions, which were designed 1o fumish strong
blasts of air without roquiring cxternal power. We
synthesize similar principles for constructing  simple
squeczable units that can be used for input control
SqueezaPulse is comprised of three core parts: (i) a soft and
squeczable cavity to generate airflow; (ii) a tube designed
with specific inner-wall comugations to shape the airflow
into unique acoustic signatures, effectively acting as a
physical filter [2]; and (iii) a microphone connccted t0 a
computer that classifies these signatures for interactive
inputs. Figure 2 provides an illustrative example of creating
an interactive ntod bunny, Because each tube
produces a unique signaturc, only a single cmbedded
microphone is necessary to sense multiple inputs. To verify

C Microphone

J

(a) 3D model design

=t

~

(b) SqeezaPulse components

(c) Interactive 3D printed bunny

Source: He et al, SqueezaPulse: Adding Interactive Input to Fabricated Objects Using Corrugated Tubes and Air Pulses, TEI'T7

Technique for embedding interactivity
into fabricated objects using soft,
passive, and low-cost bellow-like
structures.

Soft cavity is squeezed, air pulses travel
along a flexible pipe with a uniquely
designed 3D-printed corrugated tube
that shapes the airflow into predictable
sound signatures.

Validated via a user study and example
demonstrations
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3D-PRINTING PLASTICS + CONDUCTIVE INK
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Planar and Three-Dimensional Printing of Conductive Inks

Bok Yeop Ahn, Steven B. Walker, Scott C. Slimmer, Analisa Russo, Ashley Gupta, Steve Kranz, Eric B. Duoss,
Thomas F_Malkowski, and Jennifer A_Lewis
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“This article has been cited by other articles in PMC.

Abstract Go to:

Printed electronics rely on low-cost, large-area fabrication routes to create flexible or multidimensional

1 2t and b fical devices'™. In this paper, we focus on one- (1D), two- (2D), and

three-dimensional (3D) printing of conductive metallic inks in the form of flexible, stretchable, and
spanning microelectrodes.

Direct-write assembly™” is a 1-to-3D printing technique that enables the fabrication of features ranging
from simple lines to complex structures by the deposition of concentrated inks through fine nozzles (~0.1
- 250 um). This printing method consists of a computer-controlled 3-axis translation stage, an ink
reservoir and nozzle, and 10x telescopic lens for visualization. Unlike inkjet printing, a droplet-based
process, direct-write assembly involves the extrusion of ink filaments either in- or out-of-plane. The
printed filaments typically conform to the nozzle size. Hence, microscale features (< 1 um) can be
patterned and assembled into larger arrays and multidimensional architectures.

S Inthis paper, we first synthesize a highly d silver ink for planar and 3D printing
T via direct-write assembly. Next, a standard protocol for printing microelectrodes in multidimensional
motifs is d d. Finally, of printed lectrodes for el lly small antennas,

solar cells, and light-emitting diodes are highlighted.

Keywords: Bioengineering, Issue 58, Direct-write assembly, silver ink, 3D printing, planar, three-

d 1, micr flexible el  printed electroni

Download video file (M mov)

Source: Ahn et al, J. of Visualized Experiments 2011

Sample stage
,

3-Axis
motion stage

Air suppl
line

Directly 3D-printing conductive
materials is challenging: high-
conductivity materials have to be
extruded at high temperatures,
which melts plastic.

Ahn et al. invented a highly
conductive silver ink that can be
extruded at low temperatures. This
led to the company Voxel3
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Source: https://youtu.be/zbm25Sgl8V8






INNOVATING FDM HARDWARE

HOW CAN WE IMPROVE FDM HARDWARE?
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How can we...

1 Improve FDM hardware to enable
new types of fabricated designs?
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FDM PRINTING WITHOUT SUPPORTS VIA MULTI-AXIS ROBOTIC ARM

Support-Free Volume Printing by Multi-Axis Motion
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Fig. 2. of dimensionality red for the process planning of multi-axis 3D printing. From left to right: (a) input solid % for a topology optimized
candelabra, (b) accumulation field, (c) curved layers {S; } extracted from H and (d) curved tool-paths {#;} covering each curved layer.
of Accessible Working Surfaces

Fig. 3. Advancing convex-front for collision-free 5DOF volume printing. The model is a hollowed Armadillo with 540.6k voxels. Material accumulation is
always performed on the convex-front: the convex hull of previously deposited voxels and the platform. Back-views are also provided.

Fronts as C

Source: Dai et al,, Support-free volume printing by multi-axis motion, SIGGRAPH"18

Rethinks the traditional
X,y SErvo motor approac

Contributes new multi-
axis motion printing via
robotic arm and novel
tool planning algorithms
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Source: Dai et al., SIGGRAPH"18; https://youtu.be/iaZeTliosOw
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INNOVATING FDM HARDWARE

REVOMAKER: FDM USING A ROTATIONAL GUBOIDAL PLATFORM

Sphere ball

French bulidog

Mickey Mouse

RevoMaker: Enabling Multi-directional and
Functionally-embedded 3D Printing using a Rotational
Cuboidal Platform

Modifies existing FDM
printer to use rotational
cupboidal platform

Wei Gao’, Yunbo Zhang', Diogo C. Nazzetta, Karthik Ramani, Raymond J. Cipra
School of Mechanical Engincering, Purduc University
West Lafayette, IN 47907
{gao51. ybzhang, dn, ramani, cipra} @ purduc.edu

ABSTRACT

In recent years, 3D printing has gained significant atiention
from the maker community, academia, and industry to sup-
port low-cost and iterative prototyping of designs. Current
unidirectional extrusion systems require printing sacrificial
material (0 support printed fe ach a5 overhangs. Fur-
thermore, integrating functions such as sensing and actuation
into these parts requires ad steps and processes 1o ere.
ate “functional enclosures”, since design functionality cannot
be easily embedded into prototype printing. All of these fac-
tors result in relatively high design iteration times.

We present “RevoMaker”, a self-contained 3D printer that
creates direct oul-of-the-printer functional prototypes, using
less build material and with substantially less reliance on

support structures. By modifying a standard low-cost FDM
printer with a revolving cuboidal platform and printing parti-
tioned geometries around cuboidal facets, we achieve a mul-

able computer mouse (e We

tidirectional additive prolotyping process 1o reduce the Print  and suppart consumption.
and support material use. Our optimization framework con

siders various ocientations and sizes for the cuboidal base.

The mechanical, clectronic, and sensory components are pee- oo e

side the cuboid when closed. We demonstrate RevoMaker
directly printing a variety of customized and fully-functional
product prototypes, such as computer mice and toys, thus il-
lustrating the new affordances of 3D printing for functional
product design,

Author s
Multi-directional 3D printing; functional peoduct design.

ACM Classification Keywords.
H.5.2 [Information Interfaces and Presentation] : User Inter-
faces,

"Wei Gao and Yunbo Zhang contributed equally to this paper
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Modem 3D printing techniques have their foundations in four
key patents: vat photopolymerization, powder bed fusion,
material extrusion, and binder jeting [14, §, 7, 22]. Among
these, the inexpensive and flexible extrusion systems are gain.
ing an extensive popalarity among the DIY crowds. The
method, popularly refermed to us Fused Deposition Modeling
(FDM), generates layers by mechanically extruding molten
thermoplastic material (e.g.. ABS of PLA) onto a substrate.

roesea [ree—

Figure 2. ¥or lnstance, In order to print a sphere, traditional materlal
extrusian process () generstes sacrificial material to support printed
overhanging features, aod (b) has limited reachability if vo intends to
print armnd an coclosure

Figure 10. first row: visualization of support generation for a sphere
ball, Max Planck, French bulldog and Mickey Mouse head using existing
FDM printing process in Ultimaker2 (the model is oriented where less
support structures are created. second row: partitioned results of each
model. third row: prototypical results of each model

Source: Gao et al., RevoMaker: Enabling Multi-directional and Functionally-embedded 3D printing using a Rotational Cuboidal Platform, UIST"15

Benefits include less build
material, less reliance on
support material, and an
easy method for embedding
electronics
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Table 1. Comparison of time and total material reduction using RevoMaker and Ultimaker 2.

RevoMaker

Ultimaker 2

redtiction

total,material

Models e : 3 time (hh:mm) build volume (cm”) reduction
lﬁ‘lﬁjrgm? build volume (cm) Timin Tmax Vnin (V.sup_:mr.r) Vinax (V.mppurr) compared 10 fmin | compared to Vinin

Sphere 4:03 61.7 4:58 | 4:58 77.9 (0.3) 77.9 (0.3) 18.4% 20.8%
Max Planck | 6:11 114.6 8:13 | 9:16 142.6 (7.4) 163.8 (28.6) 23.5% 19.6%
Bulldog 7:36 133.8 10:52 | 12:43 | 177.3(26.7) 215.9 (65.3) 20.8% 24.5%
Mickey 6:15 112.2 8:22 | 15:01 138.4 (6.4) 257.2(125.2) 25.3% 18.9%
Star 9:06 165.5 11:25 | 13:32 | 200.6 (12.6) 231.9 (43.9) 20.3% 17.5%
PC Mouse 2:55 48.4 4:38 | 6:44 76.7 (10.9) 111.3 (45.6) 37.0% 36.8%
Bulbasaur 5:24 93.7 6:37 | 7:17 109.7 (1.7) 121.6 (13.6) 18.39% 14.6%

*B}r placing a model in different orientations, fyi; and fi,. are the minimum and maximum time duration using Ultimaker 2; Vi, and Vi, are the minimum
and maximum consumption of overall material (build + support), Viyppore 18 only the consumption of support material. Using RevoMaker, the time statistics of

Cuboidization for each selected model (top down), included in the total time, are 30s, 2min 33s, 6min 455, 5Smin 03s, Imin 10s, 1min 02 s, 4 min 17s,
respectively.

Source: Gao et al., RevoMaker: Enabling Multi-directional and Functionally-embedded 3D printing using a Rotational Cuboidal Platform, UIST"15
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1. DESIGNING MODELS

stl

2. TRANSLATING TO PRINTER CODE

g-code

L ] \

T\

Create digital model in CAD tool.
Export CAD model as an STL file.

'y

Use slicing program to convert STL
into g-code instructions.

3. PRINTING HARDWARE & MATERIALS 4. EXAMINING PRINT & POST-PROCESSING

Wait...

Upload g-code file to 3D printer
(via USB fob, WiFi) & print!

Completed fabricated object + post
processing (e.g., remove supports)

5. ITERATING & CREATING MORE MODELS

What can we do...

with 3D printing and what are
some key application spaces?



(& TACTILE PICTURE BOOKS PROJECT = HOME - OVERVIEW  REQUESTABOOK!

A PICTURE IS WORTH A THOUSAND WORDS...
BUT WHAT IF YOU COULDN'T SEE IT?

We are building the research and technology to create tactile pictures for children.

We want to make the world a tangible and accessible place for every child.



ACCESSIBILITY

COMPUTER VISION + 3D-PRINTING -> TAGTILE BOOKS

Source: Tom Yeh, University of Colorado, https://tactilepicturebooks.org/
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ASSISTIVE TECHNOLOGY DESIGNS ON THINGIVERSE

Making & Sharing Assistive Technologies CHI 2015, Crossings, Seoul, Korea

Sharing is Caring:
Assistive Technology Designs on Thingiverse

Erin Buehler', Stacy Branham', Abdullah Ali', Jeremy J. Chang',
Megan Kelly Hofmann’, Amy Hurst', Shaun K. Kane®

University of Maryland, Colorado State University, University of Colorado, Boulder
Baltimore County Fort Collins Department of
Information Systems Department  Computer Science Department Computer Science
{erid, sbranham, aali6, c86, hofmann. il.com haun. edu
amyhurst} @umbc.edu
ABSTRACT

An increasing number of online communities support the
open-source sharing of designs that can be built using rapid
prototyping to construct physical objects. In this paper, we
cxamine the designs and motivations for assistive
technology found on Thingiverse.com, the largest of these
communitics at the time of this writing. We present results
from a survey of all assistive technology that has been
posted to Thingiverse since 2008 and a questionnaire
distributed to the designers exploring their relationship with
assistive technology and the motivation for creating these
designs. The majority of these designs are intended to be
manufactured on 3D printer and include assistive devices
and modifications for individuals with disabilities, older
adults, and medication management. Many of these designs
are created by the end-users themselves or on behalf of
friends and loved ones. These designers frequently have no
formal training or cxpertisc in the creation of assistive
technology. This paper discusses trends within this

community as well as future opportunities and challenges. Figure 1. An example of a 3D-printable prosthetic hand, a
popular type of ussistive technology featured on
Author Keywords Thingiverse.com. (Thing # 229620)
Assistive technology; design; disability; open-source;
personal-scale fabrication; prototyping; 3D printing. assistive technology (AT) is any item that enables a person
with adisability to complete @ task that they would
ACM Classification Keywords otherwise be unable to do. Commercially available AT

K.4.2 [Computers and Society]: Social Issues - assistive

hclogies b passcms wilh St devices are frequently costly and available in a limited

sclection. The use of personal-scale fabrication tools to
make modifications to existing AT devices and create novel
INTRODUCTION designs is a growing area of interest (Figure 1). This
Personal-scale fabrication tools such as 3D printers can onnology affords not only the ability to reduce costs and
enable the rapid development of lowwcost, highly o ot NG TR U O s and
customized physical objects. These features are particularly oy | core of AT 10 create their own assistive solutions.
beneficial to the creation of assistive technologics. An

Online communities and open-sourced websites have been

S alied :

v p— - evolving
o clasroom e i g wAhout fo provided it copes are 1 e 100l to share models and files. These sitcs cncourage the
it forprof o commerial whasage nd i o b s 206% free and open sharing of 3D-printable designs, allowing for
owned by otbers thin ACM must be hosored. Abstracting with credit is the widespread dissemination of ideas and objects. For this
et To copy fherwse, o republsh, 0 pos cn servers et redsible sudy, we chose (o examine Thingiverse.com, a popular
i e e e perm s 0 et TSN e Source design reposiory and. community aiilated
O 2015, Al 1823 2015, Scu, Republ: of Kores. with MakerBol, a consumer 3D printer manufacturer.
Copyrigh! 015 ACM 078|403 3145 415104, 1500 Thingiverse enables anyone to frecly download source files
e do g 10114827 26
525

Example designs
by inclusion
criteria

thing:23729

thing:61329

thing:324072

h_; -

thing:84635 thing:359348

Figure 2. Example designs from our inclusion criteria (IC).
IC 1) Right angle spoon for people with limited dexterity.
IC 2) Tactile graphic of Yankee stadium. IC 3) Wheelchair
mounted environment controller. IC 4) Prototype to
convert images to heat for people with vision impairment.
IC 5) Prosthetic hand for users with a functional thumb.
IC 6) Pill bottle lid with daily reminder label. IC 7) Ironing
guide for individuals with vision impairments.

Source: Buehler, et al, Sharing is Caring: Assistive Technology Designs on Thingiverse, CHI'15

makes likes

remixes

thing:114247 thing:380665

thing:114247

thing:201304 thing:201304 thing:157174

Figure 3. Overview of the top 5 items with respect to likes (top row), makes (middle row), and remixes (bottom row) among the
363 AT designs identified. Likes accrue when account holders click the “Like” button on a design profile. Makes accrue when
an account holder clicks the “I made one” button on the design profile to indicate having made a copy. Remixes accrue when
account holders click the “Remix it” button on a design profile. This figure illustrates the popularity of prosthetic hands and

pillboxes in our dataset. All counts are publicly viewable on Thingiverse.com and were gathered August 2014.



Personal Object Recognizers: Feasibility and Challenges CHI 2017, May 6-11, 2017, Denver, CO, USA

Facade: Auto-generating Tactile Interfaces to Appliances

Anhong Guo!, Jeeeun Kim?, Xiang ‘Anthony’ Chen!, Tom Yeh?, Scott E. Hudson',
Jennifer Mankoff', Jeffrey P. Bigham!'

I Human-Computer Interaction Institute, Carnegie Mellon University, Pittsburgh, PA, USA
2 Department of Computer Science, University of Colorado Boulder, Boulder, CO, USA

{anhongg, xiangche, scott.hudson, jmankoff, jbigham}@cs.cmu.edu,
{jeeeun.kim, tom.yeh} @colorado.edu

Figure 1. Facade is a crowdsourced fabrication pipeline that enables blind people to make flat physical interfaces accessible by independently producing
a 3D-printed overlay of tactile buttons. From left to right, we demonstrate example applications including microwave, refrigerator door, copier, and
another microwave. Insets shows close views of individual embossed buttons.

ABSTRACT Author Keywords
Common appliances have shifted toward flat interface pan- Non-visual interfaces; visually impaired; blind; accessibility;
els, making them inaccessible to blind people. Although crowdsourcing; fabrication; 3D printing; computer vision.

blind people can label appliances with Braille stickers, doing
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IMPROVING ROBUSTNESS

HOW TO IMPROVE ROBUSTNESS

_aal

PRINTER CO

1. DESIGNING MODELS 2.7
CD:) | st
[}
[
Create digital model in CAD tqol.

onvert S
s.

.
5. TERATINI

DE  3.PRINTING HARDWARE & MATERIALS 4. EXAMINING PRINT & POST-PROCESSING
‘vE‘tii;v, g-code Wait... (
D — —l \
‘ —
{
L UP'Qad g-code filg to 3D p.rinter Completed fabricated object + post
(via USB fob, WiFi) & print! processing (e.g., remove supports)
|
G & CREATING MORE MODELS

How can we...

S—

Enable designers to improve the
robustness of their designs and
eliminate support material?



IMPROVING ROBUSTNESS

STOGHASTIC STRUGTURAL ANALYSIS

aladadal

Stairs Smash Combined

for Context-A Design and F

Timothy Langlois*'! Ariel Shamir*! Daniel Droc*! Wojciech Matusik** David LW. Levin*Y

Yy

Improves upon traditional finite
I element analyses with a
stochastic model

“Disney Research ' Comell University | Adobe Research The Interdisciplinary Center §MIT CSAIL %University of Toronto

rea (m
Over 00 of obverved fulares
Abstract

T this paper we propose failure probabilities as a semantically and
mechanically meamngful measare of object fragility. We present a y
stochastic finise clement method which exploits fast ighd body sim-  other protrusions. I this paper, we explore the wse of prohability of
ulation and reduced-space approaches to compute spatially varying  failure as 3 semantically and computationally meaningful measure

failure probabilities. We use an explicit rigid body simmulation to em.
wlate the real- world loading cond

o elihilt, and  compact ool fox encoding aeeregtechiet be

including persistent and transieat frictional contact, while allo mlng
53 10 combine several such scenarios logether. This, our estimate:
eter reflctreal-work faifure modes than previous methods. We

bearing brackets and robust 3D printable objects.
Keywords: stroctural analysis, compatational design. FEM

Concepts: eComputing methodologies — Modeling and Simu-
Iation; Uncertainry Quanification.

1 Introduction

Every designer must master the art of compromise. Whther de.
signing a chiki’s 10y or a bridge. one must balance usability and
ey il pthtic comsbeations. Fox mance,» desgece
may reinforce a toy so that it can survive a fall from a chiki’s

o b wiling 1 e th dotgh csbetos o slow
Loy 10 survive heing deliberately thrown to the ground. For a real-
ek, s Ao iy o o ot sk - kg

havior i real-world scenarios. We use this probabilistc
formalation of object filare fox both forward analyis asks and
robust inverse computational design.

The primary computational techaique for failire analysis of solid
structures is the finite element method [Belytschko et al. 2013].
which allows for large.-scale analysis of complicated structures and
materials. Of particular interest 1o us are so-called “worst-case”
methods [Stava ct al. 2012; Zhou et al. 2013] which aticmpt to
denifythe o ey partsof a design so thatusers can modify
m at least oae of two fundamental
eieioas The st o tht preseming ochachond sirem, o whi-
trary. spatially varying weakness ratings to a designct s nomintuitive.
Without further understanding of stroctural mechanics. the designer
camnor reliably interpret how often these stresses/weak componens
wil lead 10 breakage. This means the designer canna fully under-
stand whether be should compromise the acsthetic of the object in
search of reliability. Second. the “worst-case™ scenario, the one in
which the object faiks most casily, may never be encountered daring
ceal-world usage of the obyect. Thas. designing o account for these
can lead to ‘over-cagineering that costs time and moacy. and can
sacrifice the design sesthetics
T contrast 1 these methinds. we use tchniques rom stochastic f-
nite cleme » spatially of
failure i an object’ Stochastic

o widhot ave mot

lh(nmm Copyighsfor componeat
e oo

finite clement methods (SFEM) are an extension of standard fnite

deal with force distributions rather than single in.

stances of an applicd force. Thus. 10 use SFEM, we need a method

for generating realistic force distrbutions and to study their effect

on an object. Our method is the first to use an external physics
real woeld loading for an object

Given a 3D object, we use a fast rigid-body physics engine (o gen-
erate contact force samples on its surface. Rather than perform
finitc clement analysis on all samplcs, we use randomized singular

ACM Trass Graph, Vel 35, No. &, Arick 236, Pblication Due: Novernber 016

H=icl

Figure 7: Top: Our method supports seamlessly combining samples

Srom multiple scenarios to provide an aggregate analysis. Bottom:

We compare our combined results to the worst-case analysis for the
same pose. Worst-case both fails to predict the non-fragile legs in
the stairs and drop cases as well as misses the fragile body and
mouth regions in the smash and combined cases.

Source: Langlois et al,, Stochastic structural analysis for context-aware design and fabrication, ACM Trans. Graphics16

[dentifies more accurate failure
orobabilities than status quo

Validated via real-world drop
experiments (stairs, smash,
drop)



IMPROVING ROBUSTNESS

STOCHASTIC STRUCTURAL ANALYSIS

| "o \J \ \
- )
\\\
,“\'ﬂ s ] - \',I‘.l.y
\. | \r
. ‘K/\\ - (‘
- ‘\ )

Source: Langlois et al,, 2016; https://www.youtube.com/watch?v=xTJ7Ha6Q1Tw
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OPTIMIZING INFILL TO REDUCE WEIGHT BUT MAINTAIN DURABILITY

(X
Build-to-Last: Strength to Weight 3D Printed Objects ) : . .
Lin Lu** Andrei Sharf® Haisen Zhao' Yuan Wei' Qingnan Fan' Xuelin Chen® I I 4 I l O | I r | l | e S a | ' e W | | I |
Yann Savoye? Changhe Tu' Daniel Cohen-Or* Baoguan Chen' !
! Shandong University ? Ben-Gurion Uni
) v [} - g
( . .
, material Cost and weignt or a
which provides an optimal strength-to-weight ratio, and relieves the overall stress illustruted om u cross-section (mid-right). The 3D printed . . _t . | . _t . .
e g J g
e B e s e bt : ' . . o]
We introduce a hollowing optimization algorithm based on the mial. Layers are generated though fused-deposstion modeling and b
known o be of minimal material cost while providing srength i1 model is directly related to the volume of material effectively
in tension. We utilize the Voronoi diagram 10 compate imegular  SMployed in the printing process. In turn, this can be a costly oper-
e
e

ssity 3 Tel Aviv University

hollavwed solid is buils-to-last using our interior structure (right)

Abstract Links: @DL HPDF

The ¢

gence of low-cost 3D printers steers the investigation of 1 Introduction
the qualty of the fabeicated
toduce the material  Recent years have secn s grows

abject.
cost and weight of
model that is resist;

serest in 3D printing technolo-
le solid objects from their digital

CR Categorles: 13.5 [Computer Graphics): Computational Ge-
ometry and Object Modeling—Curve, surface. sobid. and object
representations.

B St W sl s ol g b oo e gt i e Tl e, o

. e o A St o et

tion and cast it as mutually finding an op e lation 3D shutpes by mduciag thak - il socans wodk,

e 1o okt Moy - v suess,  Wang etal. [2013] introduce one of the effective printing

Thus, our system allows to build-to-laxt 3D printed objects with strategios using skin frame strachiscs 10 support the shaps's imerior

large coatrol over their strength-to-weight ratio and casily model a chs 2 s Wy

Vaios ineron sictures. We demansirac ot mcthod on a col- | Prevostt s 2013; Zhou e k. 2013; Unetani and Schini 2013] ) ] v

Jection of 3D objects from different catcgorics. Furthemmore, we  describe object becakabilty, stress and fatigue-related collsion as !

evaluste owr method by printing our hollowed models and measure  challenging issucs that are very important o handle for 3D printing | ° ° °

e s nd v One vk chaws aspltontm hs Voo st Gl & a | a 't e S m e 't O e r T ] p I r I ( E ) y

ologies, solid object bollowing,
shape

i tubin s el com
- sl bacquan chen @ gruail com

WHWHWHWE  Using mechanical stress testing

Fi Build-to-last hollowing results for six different models. Left-to-right, original model with applied forces and initial stress map,
three optimization iterations, our optimal strength-to-weight result and rightmost are the resulting 3D porous.

Source: Lu et al, Build-to-last: strength to weight 3D printed objects. ACM Trans. Graph'14
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Source: Lu et al, ACM Trans. Graph!14; https://youtu.be/V5IrPSvem_8
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MODIFYING INFILL & SHAPE TO IMPROVE OBJECT BALANGE

Make It Stand: Balancing Shapes for 3D Fabrication

Romain Prévost! Emily Whiting! Sylvain Lefebvre? Olga Sorkine-Homung'
YETH Zurich  *INRIA
L = & I—
Figure 1: Our algorithm iterates between carving and deformation 10 reac the final. balanced result. (a) The original harse model does

ot stand on its hind legs and requires using the tail as a thind support
leg. (c.d) The user scaled up the head of the T-Rex. Our optimizer succ
tiny base of support. It deforms and carves the model (yellow region visi

Abstract

Imbalance suggests 3 feeling of dynamism and movemeat in static
‘objects. It is therefore aot surprising that many 3D models stand in
impossibly " As long as the model:

in a computer this is of no consequence: the laws of physics do pot
apply. However, fabrication through 3D pristing breaks the illu.
sion di lly intended.

i approach deforms the horse 1o make it stand on a single hind
in finding the delicate halance of a massive head and body on a
le by transparency) 1o precisely position the center of mass

1 Introduction

Balance is a delicate compromise between shape, weight and pose.

tion. Anists, designers and architects use this 10
o produce surprising and clegant designs that sce y
[Smithson 1968: von Meiss 1990; Kedziora 2011]. A well-known

We propose 10 ansi e i peodiciag Bove, propesty Salnced
desipns by inteactively deforming an xisting model. We formu-

ing its

bility by modifying the vollme of the object. whik peeservis

1 ctive editing: th
cooperaies with our optimizes towards the end result. We
strate our method on a variety of models. With our techaique, users
can produce fabricated objccts that stand in oec or mare surprising
poses without requiring gloe or heavy pedestals

CR Categories: 1.3.7 [Computer Graphics): Compatationsl Ge-
ometry and Object Modeling—Geometric algorithms, languages.
and systems; Physically based modeling

Keywords:  Sutic equilibrivm. structural stability, 3D peinting.
optimization. interactive shape modeling

Links: DL HPDF BWen OVioeo

t0 this effect, asymnetric balance [Lauer and Pen-

tak 2011, consists in achieving balance by contrasting sizes and

‘weights on cither side of 3 composition. When coasidering physi

cal objects. this process is Bot only concerned with aesthetics, but

also with structural soundness: the weights of cach part must ex-

actly compensate cach other. balancing the design in its intended.
le posc.

‘With the advent of 3D printing technologies, it becomes very simple
10 produce physical realizations of 3D models. Unfortunately, they
mast often fail to stand, making it mandatory to ghuc the printcd
objects oato a heavy pedestal. The delicate process of halancing,

manipulating geometry

cation of gravity, support or weight. Volumes are only represented

y their boundaries. making it tedious to exploit degrees of free-
dom such as carving the inside of an object to change its weight
strbution,

e propose to assist users in modifying existing 3D
eate novel, balanced designs. Using our approach. the

sign to ensure that, afier printing.
with the chosen orientation. This is especially well suited for the
modeling of surprising asymmetric balance configurations. such as
the printed horse model in Figure |

The input t our algorithin is 3 sucface mesh representing a solid ob.
ject. a number of desired contact points and the desired orientation
(ie.. gravity direction). We exploit two main degrees of frees

 compromise between removing matter from the interior and de-

ACM Tramsactom m Graphe, Vil

04, Aricte 1, Pubcasion D oy 2011

Figure 7: (Left) Original model. (Middle) The user wishes to bal-
ance the model in an upside-down pose. She selects a number of
handles for the optimizer. (Right) The carved, deformed model is
balanced and stands on its head after printing.

2R

Figure 8: Armadillo model with different starting poses. (Left)
Unstable input. (Middle) Balanced result. (Right) Printed model.

Source: Prévost et al, Make it stand: balancing shapes for 3D fabrication. ACM Trans Graphs 2013

Contributes a new algorithm for
alance optimization using infill
operations

Validates approach via
demonstration on a variety of
models.
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MODIFYING INFILL & SHAPE TO IMPROVE OBJECT BALANGE

Source: Prévost et al, ACM Trans. Graph!13; https://youtu.be/_drZksLRx94
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SUPPORTING ITERATION

PATCHING 3D-PRINTED OBJECTS

Contributes a new workflow for

Robert Kovacs', Stefan Neubert', Patrick Baudisch'

'Hasso Plattner Institute
Potsdam, Germany
{firstname lastname } @ hpi.uni-potsdam.de

ABSTRACT

Personal fabrication is currently a one-way process: once
an object has been fabricated with 3D printer, it cannot be
changed anymore. Any change requires printing a new
version from scratch. The problem is that this approach
ignores the nature of design iteration, i¢. that in subse-
quent iterations large parts of an object stay the same and
only small parts change. This makes fabricating from
scratch feel unnecessary and wasteful

In this paper, we propose a different approach: instead of
re-printing the entire object from scratch, we suggest patch.
ing the existing object to reflect the next design iteration
We built a system on top of a 3D printer that accomplishes
this: Users mount the existing object into the 3D printer
then load both the original and the modified 3D model into
our software, which in tum calculates how to patch the
object. After identifying which parts to remove and what to
add, our system locates the existing object in the printer
using the system’s built-in 3D scanner. After calibrating the
orientation, a mill first removes the outdated
then a print head prints the new geometry in place

n of the entire object is refabricated, our
material consumption and plastic waste
objects by 82% and 93% respectively)

€ only
approach reduc
(for our exampl
Author Keyword:
ability

ACM Classification Keywords: H.52 [Information inter-
faces and presentation]. User Interfaces.

rapid prototyping. 3D printing; sustain

General Terms: Design; Human Factors
INTRODUCTION

Personal fabrication machines, such as 3D printers, are on
the verge of becoming ket [10). With more
people owning 3 3D printer, more and more objects will be
printed in the future. Many researchers envision a future in
which cven inexperienced users will create their own de-
signs using software that ensbles them 1o create objects
through a design-fabricate-test-redesign cycle (4]

mass m.

andjor a fee. R
T

UIST 15, N

83

*Cornell University, Information Science
Ithaca, NY 14850, USA
francois@cs.cornell.edu

>

pant head

Figure 1: To minimize material consumption and to
reduce waste during design iteration, we propose parch-
ing the exis bjeet rather than reprinting it from
scratch. (a) First, our software calculates which part
changed, then (b) a mill removes outdated geometry,
followed by a print head that prints the new geometry.

While we share the excitement about this future evolution,
we are worried about potential implications on sustainabil-
ity: unlike the more “traditional” software-based desi
process, creating and iterating on physical designs requires
physical n d creates actual physical waste

Existing angle
print matenal (c.g infill material (27, support material
[24]) o they try o recycle the already printed material
While a few filament types, such as PLA, are biodegrada-
ble, many other materials are not. Filament extruders, such

on sustainability focus on either reducing

Source: Teibrich et al, Patching Physical Objects, UIST'15

iterating on 3D-printed objects.

Custom fabrication machine
can scan and mill previously
orinted parts to improve/repair

Reduces material consumption
and waste

Figure 2: Hardware for patching physical objects.



w9 N
SUPPORTING ITERATION

PATCHING 30-PRINTED OBJECTS

LR

e —

Patching Physical Objects -
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Source: Teibrich et al, UIST15; https://youtu.be/dO6FaZ38vF8
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AUGMENTING EXISTING OBJECTS

ENCORE: 3D-PRINTED AUGMENTATION OF OBJECTS

Encore: 3D Printed Augmentation of Everyday Objects
with Printed-Over, Affixed and Interlocked Attachments
Xiang ‘Anthony’ C| hen'. 1 Stelian Ce nrm , Jennifer Mankoff', Scott E. Hudson'

'HCI Institute, *Robotics Institute
Camegie Mellon University

{xiangchen, scoros}

Figure 1. Examples of how existing objects can be augmented

making & magnet from a Teddy be

ABSTRACT
One powerful aspect of 3D printing is its ability 10 extend.
repair, or more generally modify everyday objects.
However, nearly all existing work implicitly assumes that
whole objects are to be printed from scratch. Designing
objects as extensions or enhancements of existing ones is a
laborious process in most of today’s 3D authoring tools.
This paper presents a framework for 3D printing to
augment existing objects that covers a wide range of
attachment options. We illusirate the framework through
three exemplar attachment techniques ~ print-over, print-1o-
affix and prins-through, implemented in Encore, a design
tol that supports a set of analysis metrics relating to
viability, durability and usability that are visualized for the
user 10 explore design options and tradeofls. Encore also
generates 3D models for production, addressing issues such
as support jigs and contact geomelry between the attached
and the original object. Our validation helps to
illustrate the strengths and weaknesses of cach technique
For example, we characterize how surface curvature and
roughness affect print-over's strength compared 1o the
conventional print-in-one-piece.
Author K
Fabrication; 3D printing; attachments; analysis.
ACM Classification Keywords
H52 [Information interfaces and presentation]: User
Interfaces.
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<
our techniques: a) turning a battery into a LED torch; b)
d) attaching a name tag t0 3 pair of scissors.

INTRODUCTION

As low-cost fabrication technology (eg. desktop 3D
printers) becomes increasingly accessible, end-users have
begun 10 adopt and use it 1o create physical objects of their
own design. In the future, we can expect 8 wide range of
objocts to be designed and fabricated right on our desktop.
However, existing use of 3D printing technology primarily
focuses on creating new objects from scraich. This
oversimplified assumption precludes the possibility that
existing objects can akso be extended, repaired or more
generally modified to fulfill additional purposes. Being able
to augment these existing objects rather than remaking them
presents a more sustainable option for fabrication and,
further, avoids unnecessarily replacing objects that might be
of personal value to the users

Fabricating parts to augment existing objects would require
amongst other things an understanding of what attachment
techniques ean be used 10 join one object 1o another. There
arc a myriad of ways 10 fasten or attach two objects
together from anchor bolts 1o zippers (see for example: [1
311 o opdag s of e fit and attach to an existing
object requires sideration of a range of issues
such as viability, dumhllny and usability/semantics.

In this paper, we present threc specific attachment
ork:

) print-over peints attachments directly onto the surfice of
an object, such as printing a magnet holder to a Teddy bear
(Figure 1b); ii) print-to-affix fabricates parts which are
separately attached using straps or adhesive, such as adding
a structure to make a glue gun stand (Figure 1c), i) print-
through prints an attachment through and around a hole of
an existing object 10 inteslock with it, such as printing a
label into 4 the handle of a pair of scissors (Figure 1d).

These attachment techniques were integrated into Encore, a
ol that can import a 3D model of an existing object
perform geometric analyses for the attachment techniques,
and allow user exploration through visualization and direct

Figure 3. a) The magnet holder printed directly on a teddy
bear that was scaffolded on support structures; b) a handle
added to an espresso cup; ¢) strapping to make a reusable “4
pack” handle; and d) a bracelet printed through a heart-
shaped charm.

Figure 4. Example of a print-through process: the printer
pauses at a point where the scissors can be dropped to
interlock with the name tag, after which the print job resumes.

Contributes a new framework for
3D printing to augment existing
objects

Distills three key attachment
techniques: print-over, print-to-
affix, and print-through

Provides a custom design tool

Source: Chen et al, Encore: 3D Printed Augmentation of Everyday Objects with Printed-Over, Affixed and Interlocked Attachments, UIST"15
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Reprise: A Design Tool for Specifying, Generating, and
Customizing 3D Printable Adaptations on Everyday Objects
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ABSTRACT

Everyday tools and objects often need to be customized for an
unplanned use or adapted for specific user, such as adding a
bigger pull to a zipper or a larger grip for a pen. The advent of
low-cost 3D printing offers the possibility to rapidly construct
a wide range of such adaptations. However, while 3D printers
are now affordable enough for even home use, the tools needed
to design custom adaptations normally require skills that are
beyond users with limited 3D modeling experience.

In this paper, we describe Reprise—a design tool for specifying,
generating, customizing and fitting adaptations onto existing
household objects. Reprise allows users to express at a high
level what type of action 1s applied to an object. Based on
this high level specification, Reprise automatically generates
adaptations. Users can use simple sliders to customize the
adaptations to better suit their particular needs and preferences,
such as increasing the tightness for gripping, enhancing torque

™" .. _11..
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be out of reach for a child, thus it needs to be extended! (Fig-
ure 2a): it 1s hard to hold a drill bit straight while sharpening it,
thus a guide comes in handy to keep it in place” (Figure 2b);
painting a big surface with a spray-can could be fatiguing for
the fingers, thus a mechanism can be used to turn it into a
spray-gun® (Figure 2¢). These add-on components are called
adaptations. Adaptations change the mechanical properties of
existing objects to make them more accessible or to customize
them for specific use cases.

The advent of low-cost 3D printing offers the possibility
to rapidly construct a wide range of adaptations. However,
designing or re-purposing adaptations i1s hard with general-
purpose 3D modeling software, as it requires a certain level of
expertise from users [7]. In general, 3D modeling tools do not
take into account how an object i1s used, what adaptation strat-
egy 1s available, or how to rapidly generate the corresponding
geometry or further customize it.
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HOW TO CREATE KINEMATIC 3D-PRINTED OBJECTS
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How can we...

Enable designers to rapidly build,
simulate, and fabricate kinematic

3D-printed objects?
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A Computational Design Tool for Compliant Mechanisms

VITTORIO MEGARO, ETH Zurich, Disney Research
JONAS ZEHNDER, Disney R
MORITZ BACHER, Di
STELIAN COROS, Ca

MARKUS GROSS, Disney Research
BERNHARD THOMASZEWSKI, Disney Research

MPLIANT™ MECHANISMS

] X;

X1 Xn—2
Xq
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Fig.2. Conventional vs. compliant hinge. We replace conventional joints
(left) with a single or several flexures (right).

q;

Fig. 3. Parameterizing a compliant hinge with two offset flexures.

Source: Megaro et al, A computational design tool for compliant mechanisms, ACM Trans. Graph. 2017

Presents a computational tool for
designing compliant mechanisms to
control motion behaviors.

Takes as input traditional joints (rigidly-
articulated mechanisms) and converts
them to parameterized flexures.

Explores design space, optimizations,
resilience to failure, and verifies
feasibility by creating a variety of
physical prototypes.
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Source: Megaro et al, ACM Trans. Graph!17; https://youtu.be/IlUe3mGkngs4
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DESIGNING MECHANICAL GHARACTERS

S— Aims to allow non-expert users to
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Figure 1: The (nieractive design

Abstract

We present an imteractive design system that allows o
sens 10 create animated mechanical characters. Given
Isted character s input. the user iteratively

by sketching motion curves indicating how different parts of the
character should move. Foe cach motion curve. our framework cre-
ates an optimized mechanism that reproduices it as closely a5 pos
sible. The resalting mechanisms are attached to the character and
then connected 10 each other using gear trains, which are created
n a semi-automated fashion, The mechanical assemblies generated
‘with our system can be driven with a single input driver, such 35 3
hand-operated crank o an clectric motor, and they can be fabricated
using rapid prototyping devices. We demonstrate the versstilty of
our approach by designing a wide range of mechanical characters,
several of which we manufactured using 3D printing. While our
pipeline is designed for characters driven by planar mechanisms,
significant parts of it extend directly to non-planar mechanisms, al-
Sowing us to create characters with compelling 3D motions.

CR Categories: 13,6 [Computer Graphics]: Methodology and
Techniques—Loteraction Techniques; 13.5 (Computer Graphics|:
Computational Geometry and Object Modeling —Physically based
modeling

Keywords:  mechanical characters, animation. fabeication, inter-
active design

Links: DL WPDF

= The i two ssthors conributed equaly

w we insroduce allows non-expert users 1o create comples. animated mechanical characrers.

1 Introduction

Character animation allows artists 10 bring fictional characters 1o
life as virual actors in animated movies, video games, and live-
action films. Well-cstablished software packages assist antists in
realizing their creative vision, making almost any digital charac.
ter and movemeat possible. In the physical world, animatronic
figures play an equivalent role in theme parks and as special cf.
fects in movies and television. While these sophisticated robots are:
far from becoming household iems, toys that cxhibit mechanical
mavement are extremely poplar as consumer products. However,
unlike virtual charscters, creating complex and detailed movement
for mechanical charactery. whose motion is determined by physi-
cal assemblies of gears and linkages, remains an clusive and chal-
lenging task. Althouh mechanical characters have been part of
the 1oy indusiry since the nineteeath century (Peppe 2002], design
technology foe these characters has changed litle and is limited to
expert designers and engincers. Even for them, the design process
s Largely trial and error, with many iterations nceded to produce
an acceptable result. Since feration times increase greatly as the

limited in scope and complexity, which in turn limits the range of
possible movement and the creative froedom of the designers.

We present a computational design system that allows nos-expert
users 1o design and fabricate complex animated mechanical char-
acters (1

Interactivity is a core design principle of our system. allowing users
10 quickly explo y different mechanical design options, as the
motion of the characers i iteratively created

In onder to make the computational design problem tractable, we
limit the scope of this work to characters that perform cyclic mo-

plish this goal. we begin with a libeary of parameterized mechanical
assembly types. Our system first re-compaies a sparsc sampling of
their parameter spaces, resulting in a representalive set of motions
for each type of mechanical assembly. After this precomputation
step has been completed. our interactive design pipeline proceeds
s follows (see Fig. 2 for a visual summary)

ACM Traneactoms cn Graphis, Vel 12, No. 4, Atice £3, Publicaion Date by 201

Source: Coros et al, Computational design of mechanical characters, ACM Trans. Graph. 2013

create animated mechanical characters

User specifies motion curve and tool
auto-generates gear assembly to
mimic motion

Contributes new design tool, interfaces
and algorithms for converting motion
to fabricatable gear assemblies, and a
validation via demonstration
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FABRICATING MOTION

CREATING SPINNABLE OBJECTS

Abstract

Spinaing tops and yo-yos have long fascinated cultures around the
world with their unexpected, graceful mot
gravity. We presest an algorithm o ger
objects by optimizing rotational dynamics propertics. As input, the
user provides a solid 3D model and a desired axis of rotation. Our
approach then modifies the mass distribution such that the princi-
pal ditections of the momet of incrti aligs ibe

frame. We augment the model by creating voids inside its volume,

Spin-It: O of Inertia for Objects
Moritz Bicher Emily Whiting Bemd Bickel Olga Sorkine-Homung
Disney Rescarch Zunch ETH Zurich Disney Research Zurich ETH Z
%
»r N
(3)unstableinpat  (b) hollowed, optimized model  (c) our spisning top design (& elephant in mation

Figure 1: We introduce an algorithm for the design of spinning tops and yo-yas. Our method optimizes the inertia tensor of an inas model
by changing its mass distribusion. allowing long and stabie spins even for complez, asymmetric shapes

1975}, and evidence of clay tops has been found in ancient citics
dating a5 early 25 3500 B.C. Similarty, while yo-yos are believed to
have becn invented in China. thre are many historical refercaces,

o ohece [Malko 1978], Despic te hoag tradition of these

12 mew designs has been a trial-and-error pro-
pion sed meticulows peicace of arists md
. there has been litle depanture from rotatioa

the

with interior il represeated by an adsptive

1 gk e, g B chi
nonstrate tops and yo-yos that spin
surpeisingly stably despite their asymmetric appearance.

CR Categories: 1.3.5 [Computer Graphics]: Computational Ge.
ometry and Object Modeling—Physically based modeling

Keywords: fabrication, moment of inertia. shae optimization
Links: #DL TPDF

1 Introduction

ed since antiquity as playful objects that
Ivented independently all over the workl
iced in ancient Greek litersture [Gould

ha

n..| spinning objects, hawever, the focus has

sis [Crabree 1909; Pery 1957: Provatidis
e i

requirements oa 10 iona nc

the center of s nd
body. We propose an algorithm
erties, for example 10 design 3 spin

e sably o b (bricated g 3D piming

In our approuch, users provide an initial design for a spinning
model, specified as a 3D surface mesh. A
oanetry, the user may specify the desired

dhan just 0a the surface
y the input design by prs
ocitizing changes 10 the inicrmal mass distribution. The algorithm
cases where intermal modifications are not suffcieat. Altermatively,
we can optimize dual-material models that compensate unfavorable
coafigurations with a higher density fil, avoiding changes o the
external shape.

Overall, we present a novel technique to design objects with spe-
cial dynamic propertics. and make the following contributivns: We
formalate a nonlinear functional that measares the spinnability of 3
solsd shape about a user-defined axis. Using this measure, we de-
vise constraint optimization problems that align the principal axes

yment of inertia with user-specified rotation axes. To this end.

ms and place the ceater of mass 0n the fotation axis.

cn Gaghic, Vel 13, No. 4, Anice 96, Publication Dut: ey 2014
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inertia only

lowering only ~ lowering & mass reduc.
Figure 9: “Teapot”: (Left) Hollowed result showing voxelized inte-
rior mass and aligned axes using fip = fyo-yo. (Middle) Lowering
of the center of mass shifts the mass distribution closer to the con-
tact point. If we include mass reduction (right), mass is reduced
inward out, resulting in the design with highest rotational stability.

Source: Bécher et al, Spin-it: optimizing moment of inertia for spinnable objects, ACM Trans. Graph. 2014

Contributes new algorithms to
change the infill properties of a
model in order to optimize
rotational dynamics

Validates approach via
demonstration of models
converted to tops and yo-yos



FABRICATING MOTION

CREATING SPINNABLE OBJECTS

optimized result

Source: Bacher et al,, ACM Trans. Graph!14; https://youtu.be/qquek0c5bt4
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