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Printed Electronics: Concept
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Printed Electronics: Method

Master-based and digital deposition methods provide wide scope of
scalability and customization
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Aerosol Jet Printing: Backgroun

Aerosol jet printing (AJP) uses focused deposition of micron-
scale ink droplets suspended in a carrier gas flow
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Aerosol Jet Printing: Physics

Analytical models of the five physical processes can provide insight when coupled

 Xylene, Number 
Xylene, Mass

-Water, Number 
Water, Mass

2. Transport

2
F = — (a + sin-1 — 2a3fl)

rc

0.8

.0 0 6
o
o.
1 OA

in
0.2

o
5 10

Droplet Diameter (pm)
1

where a = 
(3LuTs

8uaR 
f3 = V1 a2;

3
•

15

3. Collimation
27r f Ra r

2 
 RQ

fa = f rdr[2ua (1 — 1AI = TruaRa 2 —

"x = j1  
1+ FR

IrWir

8:1

5. Impaction

400

300

o

8 200
o_
N

100

0
0 100 200

R Position

rc; * exp[—p]

* Icosh(m) + a sinh(pq)}

Carrier gas

->

Functional ink

1. Atomization

2. Transport

3. Collimation

Deposition
nozzle

4. Aerodynamic
Focusing

5. Impaction

Sheath
gas

Fundamental description guides
printer and process design

Santlla NationalLaboralonesUngneerIngSoAom,.""7v2ZowVn0 pera. by Nao.

:rrnal nc,forrthenUS Department of Energy's Natoarl'NuelZc:70°"°""'
,,:..onuntle co tract0E.0003525

Secor, E.B. Flex. Print. Electron. (2018) 3, 035002. 0 Sandia
Nabonal
Laboratories 11



Sandia National Laboratories

Aerosol Jet Printing: Physics

Models identify factors limiting
print quality and resolution
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Aerosol Jet Printing: Physics

A dry sheath gas can induce spatially nonuniform drying within the
printhead on timescales of relevance
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Aerosol Jet Printing: Reliabili y
Fundamental mechanisms support understanding of process drift, a
major limitation of aerosol jet printing
Smith, M., et al. Flex. Print Electron. (2017) 2, 015004.

Increasing
- print time

2.5

—2.0

Bulk silver

10-7a

0 10 20 30 40 50 601
0-8

Print time (minutes)

-20 0 20 40 60 80 100

Horizontal position (iim)

12

6

2

15 2 2.5

Cartridge Loading (g)

Th
ic

kn
es

s 
(
µ
m
)
 

carrier gas

ultrasonic
transducer

saturated aerosol
stream

to printhead

droplet drying

Decrease in both deposition rate and
line width over 6 hours of printing

Th
ic

kn
es

s 
(
p
m
)
 

10

00 WTI

30 min. 90 min. 150 min. 210 min. 270 min. 330 min.

300

8 ...g
• ,

6 
• ••

T •
•
• • • 

200 ==--
-
70

4 i 4 ii+ Of 1 100 a)6+ ••• c
2

• 
SIND •11. a

•• ••• ••• • 
—I

0

o

- ••

0

60 120 180 240 300 360

Print Time (min.)

Ink level reduction leads to changes in atomization

0 Sandia
National 15Laboratories



Sandia National Laboratories

Aerosol Jet Printing: Reliabili y

Custom system design provides flexibility to
address causes of printing drift E 10
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Multimaterial Printing: Concept

In-line mixing of aerosols upstream of the printhead
for simultaneous codeposition of distinct inks

gas flow
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Multimaterial Printing: Printhead Design

Laminar static mixers modeled for aerosol applications
using COMSOL to design custom mixing printhead
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Multimaterial Printing: Printhead Design

Modeling streamlines design optimization under
mixing efficacy, settling, and volume constraints
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Multimaterial Printing: Proof of Concept

Initial demonstration with optical materials
for straightforward characterization

Ink 1: Norland optical adhesive NOA 61

Ink 2: Norland optical adhesive NOA 61
with fluorescein and Zr02

• Fluorescence microscopy to measure
amount of fluorescein-containing ink

• Thickness measurement for overall
deposition rate

• Calibration required to deconvolute
thickness and composition
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Multimaterial Printing: Functional Gradients

Widespread opportunities for functionally graded materials based on broad
compatibility of aerosol jet printing

Magnetite composite

2mm

5mm

Broad scope of
compatible materials
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Polyimide
PMMA

Magnetite
Silver

Graphene
Gold

Metal oxides
Metal hydrides

Graphene/magnetite
composite

Platform for fabricating arbitrary gradients offers extensive design flexibility for
widespread applications in mechanical, electronic, magnetic, and thermal systems
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