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New materials and
computational intelligence




Relief printing (flexography)

Substrate
Ink
Stamp
[Graphics Atlas Org.]

Wood stamps (200s ~ 1400s) Metal stamps (1400s ~ 1900s) Rubber stamps (1900s ~ Present)

o a4

B 3953

Hand print — Movable type printing — RoII-to-roI printing —
text, images, patterns mass-production of books Low-cost, large-area graphics



Functional inks

= Inorganics: e.g., metal/
oxide/semiconductor

nanoparticles
= Organics: e.g., soluble
conjugated polymers

Conductié?wanopa icle in s '
[Tokito-Kumaki Lab]

Quantum dot dispersions
[Sigma-Aldrich Co.]

Smart labels




Flexographic Printing Process

Elastic printing plate with Printing substrate

inked image elements \

\\ Elastic printing plate
~

Hard Impression
cylinder
Anilox roller

Ink supply

Cellsofthe .
- - 9
. Rl

anilox roller Ink-filled

OE-A Roadmap 2015
Clemson University
https://www.youtube.com/watch?v=|_gh2fpC8Ew




Limitations of flexography

Ideal printing
w5

In reality

substrate

- ' - E ﬁ Film instability

Ink dewets the surface

S ' - E - ﬁ Liquid spreading (+non-uniform drying)
L

>> The resolution limit is not due
to the manufacturability of small

132.8 ym stamp features, but the difficulty
S v & NS T ¥ of loading and transferring thin

Flexographic (bottom) printed Ag NP ink [Yu et al., Nanoscale 2012]



Need: high resolution and throughput
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Ultrathin high-resolution flexography
using nanoporous stamps

+ Hossein Sojoudi, Gareth Mckinley, Karen Gleason

Ink Polymer-CNT fibers ﬁ

Target substrate
Wet stamp Partial contact Uniform contact Printed ink pattern

46 nm
A,;’ ?bAHN
45 nm
B e i B’
44 nm
C_/J¢

Stamp microstructures Printed ink patterns

Ink-filled
microstructures Invert stamp; contact
target substrate

Target substrate ‘l( Remove stamp

. Printed ink

Kim et al. Science Advances, 2016. 10
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Silver nanoparticle ink (<10 nm, 50-60 wt% in tetradecane)



Li et al. JPCC, 2016;

Oliver et al. Rev Sci Instr,



Fabrication of nanoporous stamps

Patterned catalyst 1. CNTs grown by CVD 2. Plasma-etched CNTs 3. Polymer-CNTs 4. Plasma-treated

Thin film catalyst

Si /

Surface (sharp indent) Bulk (flat indent)
400 2000
P 1. as-grown: E, = 237 MPa P 1. as-grown: E. = 24 MPa
2. plasma-etched: £, = 23 MPa
300 - :F 0 1500 A % ) 3. polymer-coated: E. = 28 MPa
’Z" Z 4. plasma-polymer: E, = 27 MPa
Z 3
. 200 A 1000
y ©
© )
S S
- 100 - 500
2. plasma-etched: E, 532 MPa
7
0 n T T X jt 0 T T T T T
0 200 400 600 800 1000 1200 0 1000 2000 3000 4000 5000 6000

Indentation depth, 6 (nm) Indentation depth, J (nm) 12



Printed metal (Ag) lines

Target substrate wlv Remove stamp

Printed ink

Width = 20 ym
Edge roughness = 0.2 ym

5 X 107
60 % of bulk silver °
. 300°C

~ 4 7
£
@ ~
> i
>
S 2.
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| o
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Q' A 30 % of bulk silver

0 T

0 50 100 150
Annealing time (min.)
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Continuous (plate-to-roll) flexoprinting

PETfim . /& (@
l ¥

J

(

10 cm Stamp Flexure




Printed transparent electrodes

—290% transparency
at 550 nm

3.6 Ohm/sq
(after annealing)
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W Printed Ag honeycomb [This work] 3 Graphene [Bae et al., 2010]
@ Cu honeycomb [Kim etal., 2015] [J ITO [Barnes et al., 2012]
A Ag nanowires [Leem et al., 2011] > SWCNTs [Li et al., 2008]
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Contact mechanics of ink transfer

Probability density of fiber height on the stamp surface

1 lenr Singe p(PFDA)-CNT
¢ (/CNT) = WCXP(—E L _ p fiber in contact
_ A 1
Contact ratio CNT stamp

2= [0 (lowr) e = 1{1 erf(f 0)}

Contact pressure

1 N 1 e o
P ZEPCNTJ=ZEKC CNT,i=%fdkCNT(ICNT_d)'q)(ICNT)dlCNT

Target substrate

>99% contact ratio Buckling limit
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Ag nanoparticle ink

B
AN F C

CdSe/ZnS 9nm

Ag

Ao

40 1
0
0
0
0

d 2 W \J ‘.‘.‘ - ‘

CdSe/ZnS quantum dot ink

v- o - - N - N - -—

40

C NAs
20
Particle concentration (wt%)

@
0905020202030202020308050
199030000000502030200020%020%0%0
R R ERRRERERRBRERRN
0509000202000005020202030262
162600000 202600303020500050008¢
1600939503030 5030202020%0%0%0%6 :!

60

0

19030905050305050502020202020202
Ie0e0a0s0000000303030508020%0%02

2%2%¢
020%0%6%6%0%0%6%620%0%0%6%% '
1606060590000000¢ 3030000302036

17



Vision: fully printed and flexible electronics

Flexible Thin Film Transistor (TFT) array

Organic Solar Cells
PEDOT:PSS

o § 132.5 um
. in % ¥ 0.3 um
“+ Insulator’ oondly W s,
Draiff Contact o 5mm |
e {
Gravure and inkjet printed TFT arrays [Lau et al., Nano 132.8 ym
Lett. 2013]
¥ 0.7 ym

PTG (UMM Ve =95 N0~ driitins POt

Inkjet (top) and flexographic (bottom) printed Ag grids [Yu
Quantum dot (QD) displays et al., Nanoscale 2012]




Performance metrics
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Sachs, Cima, et al, ~1995.
LTSS



The AM industry today

$1,000—

$500—

\ $0—+

93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15

Source: Wohlers Associates, Inc.

o 2015: $5.2B AM machines and
. services

34000 Services 2015 growth = 26%

saso. 27-year CAGR = 26%

s2.00- Worldwide mfg is ~$15 trillion
0 (16% of the world economy)
$1e00 Machines

AM = 0.03%.

“‘How do you use the parts made on your
industrial AM machines?”

Other  vjisyal aids

Education/research

10.1% Presentation models

8.2%

Functional parts

0,
32.5% Fit and assembly

16.2%
Patterns for prototype
Tooling components Patterns for metal tacling
. 7.4%
7.2% castings
8.3%

21



The diverse industrial uses of AM

Airbus

Conventionally machined bracket (right) and redesigned bracket (right) using topology
optimization, courtesy of Laser Zentrum Nord GmbH and Airbus

Tooling
Linear Mold, Triform

Shoe cleats (NIKE)

Modular products
(Google Ara)

¥ '
LA -'nl.
BUAT TR IR




Fused Filament
Fabrication (FFF)

Nozzle \Y

Build platform




Ultimaker 2+

dr=1.75 mm

d,=0.40 mm

90 cm’/hr

24
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FastFFF

Servo
motors

Fume
“éKktractor

Print bed

| aser-safe
enclosure




Nozzle \Y >

Build platform

V=10m/s V=0.5m/s V=0.1m/s
200 1 ’ 1 « ] 1 1 1 I I

180 | / J
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Build rate (cm?3/hr)

V=10m/s V=05m/s

200
F=100N
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Nozzle diameter (mm)
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What’s next /g sysiomg

Composite materials and high-performance resins

Toolpath optimization

{)(’E ‘“Kl S

Uniform pressure on the
bottom surface

MDF @Oak Ridge National Lab




Bill Nye, excerpt from: https://www.youtube.com/watch?v=alASyrinaxA




Artisan
products @)

Complexity
advantage @

Complexity

Customization

9 Customized for
the individual

@ Mass
customization

@ Complete manufacturing
freedom

Mass
@) manufacturing

Volume
Mass
complexity 9
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Cost per part [USD]
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Desktop Metal Team Jobs

Desktop Metal is reinventing the way
design and manufacturing teams print
with metal.

We have developed a complete end-to-end printing system
capable of producing parts at scale, from prototyping to mass
production. Our technology seamlessly integrates hardware,
software, and materials to exceed the current limitations of the
industry and push the boundaries of what's possible with metal.

desktopmetal.com
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Automation

Materials and Processes

CA in acetone

i

Cellulose e\gcit?:tign
acetate (CA) p

\ W/j/;

Print bed €—>

Elongated.
grains:

melt track

Equiaxe d grains of grain
size of ~20-40 um

http://bit.ly/adapt-mit
adaptcenter@mit.edu

Optimization and Forecasting

III//

90% —» 80% —» 70% —» 60% —>» 50%

SLM (SS, Bureau 1)

SLM (SS, Bureau 2)

Cost per part [USD]

CNC (SS, Bureau 2)

CNC (SS, Bureau 1)

30 40
Complexity




5-day course at MIT '“H .; .

“Additive Manufacturing:
From 3D Printing to the
Factory Floor” §

July 31 - Aug 4, 2017 |

htt://bit.l/3dmi

A"“’

/

http://bit.ly/adapt-mit
adaptcenter@mit.edu
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Thank you

Flexoprinting: Sanha Kim, Hossein Sojoudi, Dhanush @
Mariappan, Hangbo Zhao, Gareth Mckinley, Karen SRR
FastFFF: Jamison Go, Padraig Moloney, Scott Schiffres, ONR
Adam Stevens, Max Malinowski TR MIT e
Other projects: Justin Beroz, Crystal Owens, Ryan LOCKHEED ,,,,,,,——/47,,”_‘ ,
Penny, Talha Hasan
DESHPANDE CENTER‘
ADAPT: Haden Quinlan, John Jaddou <|Ryder
Ever better.
SM
mechanosynthesis.mit.edu e
ajhart@mit.edu il | ::: DiGimAL tearniING




