
1

1MICRO-505  /  OPE  /  Printing  /  D. Briand, N. Marjanovic, V. Subramanian

Organic and Printed  Electronics

LESSON 2/3  – PHYSICS AND

TECHNOLOGY OF PRINTING

Prof. Vivek Subramanian

MICRO-505  /  OPE / Printing  /  D. Briand, N. Marjanovic, V. Subramanian 2

Why print?

• Low cost? 

• Added functionality

– Integration – spatially specific deposition

– Customizability – digital printing

– Lightweight / robust / flexible

Courtesy:

G. Cho, 

Sunchon National University
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General tradeoffs in printing

• Resolution: Printing techniques vary widely in resolution 
from nm (nanoimprint) to 100m (high-speed screen)

• Speed: Traditional analog printing techniques (screen, 
gravure, offset) are exceedingly fast (100’s of m/min), 
while nanoimprint is immature, and probably too slow 
for printed electronics

• Viscosity: Electronic materials often have limited viscosity 
ranges.  Offset printing requires very high viscosity inks 
(like toothpaste), while digital techniques such as inkjet 
can work with low viscosities (e.g., alcohols)
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Resolution trade-offs in Printing
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Pattern fidelity requirements

Consider:

• Line edge roughness

• Line-space roughess

• Overlay
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Screen Printing

Notes:

1) High viscosity is requiredto prevent bleeding

2) Resolution limits are also set by screen mesh size
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Gravure Printing

1. Requires viscosities in the 

range of 50cP-200cP

2. Concerns with drum re-

use and contamination
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Continuous Inkjet Printing

1. Requires viscosities in the 

range of 5cP-50cP

2. Concerns with ink wastage and 

contamination
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Thermal Inkjet Printing

1. Requires viscosities in the range 

of 1cP-50cP

2. Concerns with ink degradation 

and compatibility

MICRO-505  /  OPE / Printing  /  D. Briand, N. Marjanovic, V. Subramanian 10

Piezo Inkjet Printing

1. Requires viscosities in the 

range of 1cP-50cP

2. Concerns with 

manufacturability



6

MICRO-505  /  OPE / Printing  /  D. Briand, N. Marjanovic, V. Subramanian 11

Aerosol jet
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Taxonomy of printing processes
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Choosing a print technique

• Materials Properties
– Viscosity
– Surface Tension

• Physical Requirements
– Resolution
– Registration
– Thickness

• Economics
– Throughput
– Master / Plate costs
– Waste
– Material Costs
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What is a fluid
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Viscosity
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Fluid flow through a pipe
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The Reynolds number
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The Reynolds number in inkjet printing
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Liquids on surfaces: Some basic discussion
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Effects with real inks
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Taxonomy of major inkjet technologies
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Droplets on demand inkjet printing
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Thermal inkjet printing

MICRO-505  /  OPE / Printing  /  D. Briand, N. Marjanovic, V. Subramanian 24

Piezo inkjet printing
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Droplet formation in piezoelectric inkjet printers
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Example: typical bipolar waveform
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Nozzle design
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Ink design considerations
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Ink formulation
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Drop ejection
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On the surface
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Jettability Window
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Breakdown Mechanisms Observed

Regions I and II:
• intertial force (driven by pulse amplitude) too low for drop ejection

Region III:
• emerging ink pillar too long → satellite drops form from tail of drop

Revion IV:
• inviscid ink subjected to large intertial force → wavelike instability created →

multiple breakups of drop tail
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Reminder: the coffee ring effect



18

MICRO-505  /  OPE / Printing  /  D. Briand, N. Marjanovic, V. Subramanian 35

Pattern formation
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Uniform bead Landed drop

Falling drop

Rdrop

R0

R1

Profile View

Across-section

q

So what causes these effects?

• Step 1: Drop hits the surface and expands to an impinging radius Ro
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Uniform bead Landed drop

Falling drop

Rdrop

R0

R1

Profile View

Across-section

q

So what causes these effects?

• Step 2: Edge of drop is “pinned”
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Uniform bead Landed drop

Falling drop

Rdrop

R0

R1

Profile View

Across-section

q

So what causes these effects?

• Step 3: In isolated drops, drying causes:
– Convective flow: edge is cooler than center, causing 

outward flow of material (coffee ring effect)

– Marangoni effect: surface tension is temperature 
dependent, causing flow of material (can reverse 
coffee ring effect).

– Final structure depends on relative rates
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Uniform bead Landed drop

Falling drop

Rdrop

R0

R1

Profile View

Across-section

q

What happens in lines?

• Step 1: Impinging drop “connects” to bead of line, and material flows back 

into line for same reason that coffee ring occurs

R1

Dx

Uniform bead

Impinging drop

R1

Top View

Rimpinging

(Dx-R1)
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Uniform bead Landed drop

Falling drop

Rdrop

R0

R1

Profile View

Across-section

q

What happens in lines?

• If flow is too slow, drop “dries” before line evens out, causing scalloping

R1

Dx

Uniform bead

Impinging drop

R1

Top View

Rimpinging

(Dx-R1)
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Uniform bead Landed drop

Falling drop

Rdrop

R0

R1

Profile View

Across-section

q

What happens in lines?

• If flow is too fast, bead cannot absorb material fast enough, causing bulging

R1

Dx

Uniform bead

Impinging drop

R1

Top View

Rimpinging

(Dx-R1)
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Two dimensional shape generation

• As patterns are printed, the contact angle of the 

bead can go in and out of the steady-state zone… 

this leads to instabilities

a)  top view b)  side view

glass substrate

printed bead...

1   2   3…                 nth line

constant 

drop 

spacing

constant or

variable line 

spacing

x

y
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Bulging and instability in two dimensions

• Dense drops cause bulging

• Sparse drops cause bead separation (since bead contact angle drops below 

receding contact angle)

• There is therefore an inherent limit to constant-space printing, which is 

what all existing tools tend to do.

• Solution: adjust drop spacing to control stability

20 um
drop spacing

30 um

2 mm
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Instabilities in corners

• Flow in corners can drive to formation of bulges

– Can position to equilibrium that eliminates bulges by proper design of process

– Can exploit bulge formation to cause linewidth shrinking… (more on this later)
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The impact of the substrate

• E.g., controlled contact angle hysteresis

Increasing hysteresis (fixed qA, decreasing 

qS
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Substrate Interactions
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Gravure Printing
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Substrate

Gravure roll

Ink

Substrate carrier

Printing direction

Doctor blade

Filling Process

Filling

𝜑𝑓 =
𝑉𝑓

𝑉𝑐
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Filling Mechanism

Moving contact line

Start (time interval = 

2sec)

25m

Time interval = 42msec

20m

End
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Filling Mechanism
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Air entrapment

time

Assume prefect pinning at the cell edges

time

Ca=1

Air entrapment

Free surface deformation

1
2

3

1
2

3

time

time

Side view Top view

Start
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Filled Volume Fraction
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Doctor blade

Printing Plate

Printing direction

Wiping Process

𝜑𝑑= Drag-out volume fraction

𝜑𝑙 = Lubrication film volume fraction

Under Filled Over FilledIdeal

𝜑𝑤 = 1 − 𝜑𝑑 𝜑𝑤 = 1+𝜑𝑙𝜑𝑤 = 1

𝜑𝑤 =
𝑉𝑟
𝑉𝑓

Cell opening

Non-patterned area
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Wiping on Non-patterned Areas

Doctor blade

Printing plate

Ink

Wiping direction

Loading force

Blade holder

Linear stage

C
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Printing plate

Decrease speed and/or viscosity

𝑈∗ =
𝜂0𝑈

𝐸′𝑅
Dimensionless speed:

1E-10 1E-9 1E-8 1E-7 1E-6

1

10

100

1000

 14 mPa·s

 46 mPa·s

 82 mPa·s

 262 mPa·s

 467 mPa·s

 1497 mPa·s

 Fitted power law
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)

U*

For our system, Ca=1E8×U*

Residues on non-patterned areas are created by lubrication 

films between the blade and printing plate.

Blade
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Lubrication Films in Gravure

1Dowson, Ball Bearing  Lubrication, 1981
2H. A. Spikes and A. V. Olver, “Basics of mixed lubrication,” Lubrication Science, vol. 16, no. 1, pp. 1–28, Nov. 2003.
3Johnson, K. L. , ”Regimes of elastohydrodynamic lubrication”, Journal of Mechanical Engineering Science 12(1), 9–16, 1970.

ℎ ∝ 𝑈𝜂0.67Film thickness1 :
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Capillary number

Elastohydrodyna

mic (EHD)

Boundary lubrication

Regions of EHD lubrication films2 :
Full-film EHDMicro-EHDMixed lubricationBoundary 

lubrication

Viscous-like 

boundary film

Solid-like 

boundary film

Lubrication regimes3:
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Characteristic of Drag-out Tails
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Perfect Wiping
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Substrate

Gravure roll

Ink

Substrate carrier

Printing direction

Doctor blade

Transferring Process

Transfer

𝜑𝑡 =
𝑉𝑝
𝑉𝑟
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Transfer Mechanism
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Characteristic of Gravure Printing

𝜑𝑝 = 𝜑𝑓𝜑𝑤𝜑𝑡Printed volume fraction:

Capillary number
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𝜑𝑡

𝜑𝑤
𝜑𝑓

𝝋𝒑

1

0

𝜑𝑙

𝜑𝑑
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Current Roll Engraving Technology
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High-Resolution Roll Fabrication
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Printed Volume Fraction

0.01 0.10 1.00m/sec

200m

Printing speed
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<2m Printed Channel

40µm


