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OPTOMEC  
Additive Manufacturing Systems---from NANO to MACRO 

Corporate facilities in Albuquerque NM 

Manufacturing 

Engineering 

Administration 

Research and Applications Lab in St. Paul, MN 

Advanced Applications 

New Product Development 

Company has 50 highly skilled employees 

   (Including 6 PhDs on staff) 

Seasoned Executive Staff 

Leader in High Performance Additive Manufacturing  

Two product lines: LENS and Aerosol Jet 

100+ Aerosol Jet Customer Installations 

50 LENS Customer Installations 

   

 

 



Aerosol Jet® Fundamentals 

1. Atomizer (ultrasonic, pneumatic, …), to aerosolize liquid “ink” (1 – 1000 cp) 

2. Mist of 2 to 5 um Ø droplets (~5E6 per cc) 

3. Sheath gas to wrap around mist stream and to form focused aerosol beam 

4. Continuous aerosol stream (~ 50 m/s) remains collimated up to 5 mm 

5. Substrate can be planar (simpler toolpath) or non-planar 
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Printed Heater Circuits 

Voltage (V) Current (A) T1 [C] T2 [C] T3 [C]

3 0.25 24.9 23.9 23.9

5 0.45 27.9 24.4 27.3

7 0.6 32.9 25.6 32.8

8 0.7 44 29 42

9 0.75 47 30 45

10 0.85 53 32 49

11 0.93 61 35 55

12 1.0 65 36 59



Printed Cell Phone Antenna 

GPS DTV Sub H 

Sub L 

Main M 

Substrate: PC/ABS 
Ink:  Silver Nano 
Processing:  120C for 2 hrs. 
Testing:  RF, Adhesion, 
Environmental 
TactTime:  1 min 



Stratasys’ FDM for 3D Printing of Wings, Propellers, Fuselage, etc. 

Optomec Aerosol Jet® for Printing of Circuitry 

Adding Electronics to Fused Deposition Modeling (FDM) Parts 



Aerosol Jet® with OpenFOAM® Analyses 

 Robust print engine development needs high-precision knowledge 

 High-precision knowledge can be acquired from in-depth understanding via CFD, etc. 

 Multi-disciplinary physics: multi-phase flow, heat transfer, free surface deformation, particle tracing, … 

 Accurate numerical analyses enabled by OpenFOAM® (an open source CFD package) 

 icoFoam (incompressible), sonicFoam (compressible), interFoam (free surface), icoLagrangianFoam(?), …  
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A Study of Ink Deposition Behavior 

Substrate moving in x-direction under 
print nozzle 

Jet shoots in z-direction 
3D problem 

Ink on moving substrate forms a liquid 
line with free surface 

Surface tension 
Contact angle 
Ink  viscosity 

Ink free surface can deform due to 
impinging gas jet  

Gas velocity 
Jet Reynolds number => laminar jet  
Ink deposition rate => Weber number 

Dimensionless parameters 
Weber number (sessile drop radius) 
Bond number (sessile drop radius) 
Jet Reynolds number (nozzle diameter) 
Viscosity ratio 
… 
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Axisymmetric Deformation of a Sessile Drop due to 

an Impinging Jet --- a “2D” Steady-State Problem (?) 

Symmetry axis 

U = pressureInletOutletVel 
p = constant 

Alpha = 1 

A simplified problem 
Faster to compute results 

Long time to reach steady state(?) 

Wedge mesh 
Highly concentrated grid points around 
free surface  

Laminar steady impinging jet 
Gas velocity => jet Reynolds number 

Sessile drop deformation => 
relevant to “line” quality 

Weber number 

Bond number (negligible) 

Jet Reynolds number 

Ink viscosity 

Contact angle 

 



Axisymmetric Deformation of a Sessile Drop  
--- effect of Weber number (We, at Re = 1414, 45 deg contact angle, 100 cp ink viscosity) 

Drop deformation increases with increasing We 
We = r R U^2/(4 s) (ratio of dynamic pressure and capillary pressure) 
R = 45 deg spherical cap radius for a given volume of liquid 
1.0 < We < 1.5 for contact angle = 45 deg => good “line quality” 

Contact line keeps moving over time 
Computation stops at t = 0.1 s (which is the typical printing timescale) 
 

We = 0.9 We = 1.8 We = 0 



Axisymmetric Deformation of a Sessile Drop  
--- effect of contact angle (at We = 1.8, Re = 1414, 100 cp ink viscosity) 

45 

Drop deformation decreases with increasing contact angle 
Too much ink wetting tends to distort deposited material feature edges 

At We = 1.8 good “line definition” may be obtained for contact angle > 45 deg 

Contact line keeps moving over time 
Computation stops at t = 0.1 s (which is the typical printing timescale) 
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Axisymmetric Deformation of a Sessile Drop  
--- effect of ink viscosity (at We = 1.8, Re = 1414, 45 deg contact angle) 

Free-surface deformation increases with reducing ink viscosity 
Indication of not reaching steady state at t = 0.1 s 
Free surface can disintegrate at t < 0.1 s when ink viscosity is 10 cp 

Drop behavior depending on contact angle 
If contact angle becomes 60 deg, drop of 10 cp merely oscillates instead of spreading 
further 
 

10 cp 
t = 0.04s 

100 cp 
t = 0.1s 

50 cp 
t = 0.1s 



Full 3D Simulation of Ink Deposition Behavior 

Substrate moving in x-direction 
under print nozzle 

Jet shoots in z-direction 

3D problem 

Ink on moving substrate forms 
a liquid line with free surface 

Surface tension (Weber number) 

Contact angle 

Ink  viscosity 

Continuous ink deposition 
Simulated as continuous ink flow 
out of a circular outlet on substrate 

As if a growing sessile drop under 
the nozzle if substrate is not moving 

Ink flow rate represents aerosol 
deposition rate 

Substrate moving speed relative to 
ink deposition rate determines line 
profile 
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Full 3D Simulation of Ink Deposition Behavior 
static substrate => a growing sessile drop 

Fluid dynamics 
We = 1.8 

Re = 1414  

20cp ink viscosity 

Axisymmetric when 
sessile drop is small 

3D features appear 
when sessile drop 
becomes large 



Full 3D Simulation of Ink Deposition Behavior 
moving substrate => a printed line of ink (low surface tension and viscosity) 

Fluid dynamics 
We = 2.7 

Re = 1414  

10cp ink viscosity 

We evaluated with 
equivalent  sessile drop 
radius (45 deg) from 
deposited ink volume 
in a length of nozzle 
diameter 

Snapshots of line 
printing process for low 
surface tension and 
viscosity ink 
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Full 3D Simulation of Ink Deposition Behavior 
moving substrate => a printed line of ink (slow moving substrate) 

Fluid dynamics 
We = 2.8 

Re = 1414  

50cp ink viscosity 

We evaluated with 
equivalent  sessile drop 
radius (45 deg) from 
deposited ink volume 
in a length of nozzle 
diameter 

Snapshots of line 
printing process for 
relatively higher 
surface tension and 
viscosity ink but slower 
moving substrate 
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Full 3D Simulation of Ink Deposition Behavior 
moving substrate at speed U => a printed line of ink (at Re = 1414, 45 deg) 

We = 2.8,  50 cp 
U = 0.25xNominal 

We = 2.7,  10 cp 
U = Nominal  

We = 1.8,  50 cp 
U = Nominal  

More spreading due to 
Large We (relatively low surface tension) 
Low ink viscosity 

Significant free surface deformation => 
nonuniform line profile may occur when ink 
pile becomes high 

Slow substrate speed and/or high deposition rate 



Impinging Laminar Jet Stability 
important to understand for establishing Aerosol Jet® operation parameter window 

Literature Reynolds number value 
Laminar jet instability occurs around 1000 -- 3000 
Expected to depend on jet length and diameter (L/D) 

Results of different OpenFOAM solvers  
interFoam suggests stable jet “forever”(?) 
icoFoam suggests instability occurs for Re > 400 (?) 
(FECAW suggests stable for Re < 1900) 

interFoam: Re = 1414 icoFoam: Re = 1414 



Summary 

In-depth understanding of Aerosol Jet® printing process can be gained from 

computational results using OpenFOAM® solvers 

The predicted trends of axisymmetric sessile drop under an impinging jet in 

terms of Weber number, contact angle, and ink viscosity can help guide ink 

formulation and process recipe development 

Full 3D model can provide realistic view of the actual printed line behavior, 

but is rather time-consuming 

In addition to the interFoam, icoFoam solvers used in the present study, we 

also have a desire to use the Lagrangian solver for understanding aerosol 

particle trajectories in various channel flows, conjugate heat transfer solver 

for thermal unit design, … 

Instead of setting problem geometry with the “blockMesh”, we hope to be 

able to generate mesh directly from the SolidWorks files 


