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Aerosol-based direct-write refers to the additive process of printing CAD/CAM features from an apparatus which creates a liquid
or solid aerosol beam. Direct-write technologies are poised to become useful tools in the microelectronics industry for rapid
prototyping of components such as interconnects, sensors, and thin film transistors (TFTs), with new applications for aerosol
direct-write being rapidly conceived. This paper aims to review direct-write technologies, with an emphasis on aerosol-based
systems. The diﬀerent currently available state-of-the-art systems such as Aerosol Jet CAB-DW, MCS, and aerodynamic lenses
are described. A review and analysis of the physics behind the fluid-particle interactions including Stokes and Saﬀman force,
experimental observations, and how a full understanding of theory and experiments can lead to new technology are presented.
Finally, the applications of aerosol direct-write for microelectronics are discussed.

1. Introduction
Direct-write printing is an additive technology used to controllably deposit features onto samples in patterns defined
by computer-aided design/computer-aided manufacturing
(CAD/CAM) software allowing rapid prototyping of various
geometries without the use of lithography [1, 2]. In 2008,
Hon et al. [2] reviewed this field and categorized directwrite into four main categories. The first category is “flowbased direct write” where technologies such as nScript and
MicroPen employ a microdispensing system with a needle
or orifice to continuously deposit features as small as 25 μm
at speeds up to 300 mm/s. Flow rates in the nL/s range are
typical, and flow-based direct write is capable of printing
materials with a viscosity from 0.5 to 106 cP which allows
deposition of a variety of ink compositions.
The second category is “energy beam based direct write”
and includes several technologies that use high-power lasers
to transform and/or propel material onto a substrate. The
laser-based systems include laser-enhanced electroless plating (LEEP), matrix-assisted pulsed laser evaporation directwrite (MAPLE-DW), laser-engineered net shaping (LENS)

[3], laser-guided direct-write (LGDW) [4], and Mesoscribe
Technologies [5]. While the details for all of these approaches
are beyond the scope of this paper, as an example, we briefly
describe MAPLE-DW which is a process that uses a pulsed
UV laser to forward transfer a thin film of material from a
transparent “ribbon” to a substrate. Interaction of the laser
with the solvent component of the “ribbon” causes rapid
evaporation whereby the irradiated portion is ejected from
the ribbon and transported ∼100 μm where it is deposited
onto the substrate [1]. The areal dimension of the deposit is
similar in size to laser area with a common diameter around
30 μm [6]. Film thicknesses from 1 to 20 μm are commonly
observed when ribbons ∼25 μm are employed [1]. This process requires specialized inks that have appropriate viscosity
and UV absorption. Minimum resolution of the as-deposited
lines is limited by the laser spot size but printed features
with line widths down to 2 μm can be realized by lasertrimming the patterns [6]. Included in this category are also
non laser-based approaches such as focused ion beam (FIB)
direct-write. This method uses gallium ion bombardment
with precursor gases to deposit features as small as 80 nm at
volumetric print rates of 0.05 μm3 /s [2].
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“Tip-based direct write” is the third category and
includes dip pen nanolithography (DPN), nanofountain pen
(NFP), and capillary-based liquid microdroplet deposition
[7]. DPN utilizes an atomic force microscope (AFM) tip
to deposit films onto a substrate. After the AFM probe is
dipped in a liquid, the tip is brought into contact with the
substrate where the liquid flows onto the substrate as the
AFM moves in a desired pattern with nanoscale resolution.
NFP is a variation of DPN where liquid is dispensed through
a hollow tip which is in contact with the substrate. This
method has been scaled to multiple tips (up to 12) while
stilling maintaining sub-100 nm resolution. Capillary-based
liquid microdroplet deposition was recently developed where
the application of pressure into a capillary causes a liquid
meniscus to form at the outlet [7]. Touching the substrate
with the liquid meniscus (not the capillary) and subsequent
capillary retraction give liquid deposition on the substrate
where the size of the deposit may be as small as 10% of
the capillary inner diameter with dimensions as small as
32 μm observed for a 300 μm capillary. Substitution of a
nanocapillary for the microcapillary in this approach should
allow nanodroplet features that maintain a resolution similar
to that already demonstrated by DPN and NFP.
The fourth category is termed “droplet-based direct
write.” Perhaps the most widely investigated droplet-based
DW method is inkjet where thermal, piezoelectric, hydrodynamic, electrostatic, and acoustic energies produce small
droplets of liquid that are ejected from a nozzle. Both continuous inkjet (CIJ) and drop-on-demand (DOD) versions are
available. Resolution down to <20 μm has been realized with
inkjet, and the noncontact approach is scalable (hundreds to
thousands of nozzles in a single head) for high-throughput
operations. Ink-jet is very sensitive to the characteristics of
the printing ink because only a limited viscosity range is
atomizable, and nozzles can become easily clogged if the ink
is too volatile, but certain volatility is required for correct
drying once the ink is deposited. The nozzle-to-substrate
distance must be precisely controlled which complicated
printing over nonplanar substrates [2].
Aerosol-based direct-write (A-DW) is a subset of
droplet-based direct-write. Two such methods that employ
liquid feed are Aerosol Jet and CAB-DW (collimated aerosol
beam direct write) and were developed by Optomec and
North Dakota State University (NDSU), respectively [8,
9]. Aerosol Jet and CAB-DW use a focused aerosol spray
to deposit material with sub-10 μm resolution. An aerosol
may be defined as a suspension of fine liquid or solid
particles in a gas. One method that employs a solid feed
is microcold spray (MCS) where ductile metal particles of
material are accelerated to near or above sonic velocities
through a focusing nozzle and deposited onto a substrate
[10, 11]. MCS is similar to Aerosol Jet and CAB-DW but
the deposited lines exhibit conductivities near the bulk value
without a postdeposition thermal treatment. The previous
techniques worked well for mesoscopic particles but are not
designed for nanoparticles. A focusing technique developed
by researchers at the University of Minnesota uses a set
of aerodynamic lenses under vacuum conditions to focus
nanocrystal agglomerates and deposit them on a substrate
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[12–15]. Examples of this technique for direct-write applications such as for microelectromechanical systems (MEMS)
are minimal, but depositions of traces as small as 35 μm wide
were reported.
The intent of this paper is to provide a comprehensive
current review of A-DW methods which includes discussions
on the diﬀerent systems as well as the aerosol flow physics.
This paper is arranged into the following sections: (1) a
discussion of the various A-DW systems; (2) a review of the
aerosol physics relating to aerosol focusing and experimental
validation; (3) a review of the applications where A-DW is
being used to print components of electronic devices.

2. Aerosol Direct-Write Systems
2.1. Aerosol Jet—Single Nozzle with Liquid Aerosol. Aerosol
direct-write is a process where an aerosol beam is concentrated and directed toward a substrate to produce desired
surface features (e.g., dots or lines) without using masks
or postpatterning (i.e., laser trimming). Aerosol spray has
been used for decades by the paint industry for thin and
thick coatings. The ability to focus the aerosol spray to small
(<100 μm) dimensions gives beams of material and substantiates the term direct-write. The first A-DW method to be
introduced to the community was Aerosol Jet. Aerosol Jet was
formerly referred to as M3 D (maskless mesoscale materials
deposition) and was developed by Optomec [16] under
the Defense Advanced Research Projects Agency (DARPA)
Mesoscopic Integrated Conformal Electronics (MICE) program. The commercially available system is designed to print
traces from 10 μm to 5 mm in width at translation speeds up
to 200 mm/s. Liquid inks viscosities between 0.5 and 2500 cP
are typically employed. The deposition of materials using
Aerosol Jet is illustrated in Figure 1.
The deposition process begins with atomization of a
precursor liquid ink into 1 to 5 μm diameter droplets with
either an ultrasonic (commonly 1.6–2.4 MHz) or pneumatic
atomizer. These droplets are then entrained in a carrier gas
and transported to a deposition head where an annular flow
of sheath gas is added. The sheath gas indirectly acts as a
focusing mechanism by occupying the outer portion of the
flow tube. This causes the aerosol to be limited to the center
of the flow in a manner that is proportional to the volume
of the sheath gas. If a pneumatic atomizer is used, a virtual
impactor is placed immediately before the deposition head.
This device concentrates the aerosol by removing excess
gas flow and decreases the polydispersity of the aerosol by
removing very small (<1 μm) particles. After the deposition
head, the aerosol is further focused inside a converging
nozzle about 2 cm long with an exit diameter between 50 and
300 μm. The delivery process is continuous in that the aerosol
and gas flow is not cycled on/oﬀ when deposition requires
termination (e.g., at the end of a line). Rather, a shutter arm
blocks the aerosol flow while the substrate is translated to
the next prescribed location as per the CAD/CAM program.
The aerosol exits the nozzle at a velocity of 10 to 100 m/s and
impacts a sample while maintaining a nozzle-to-substrate
(stand-oﬀ) distance of 1 to 5 mm. This large range of standoﬀ distance simplifies printing over irregular substrates or
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Figure 1: Diagram of Aerosol Jet system.
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Figure 2: Illustration of 3-component converging-diverging-converging CAB-DW nozzle and measurement of aerosol beam width.

other device components such as interlayer dielectrics. A
40-nozzle Aerosol Jet system is now available for parallel
processing where the top metallization layer on 15 × 15 cm2
solar cells can be printed in less than three seconds [2].
Aerosol Jet is capable of producing high quality features but
yet requires some eﬀort to remove excess overspray and to
preclude nozzle clogging.
2.2. CAB-DW: Multiple Nozzle with Liquid Aerosol. CABDW is a technology developed at NDSU [9, 17] which consists of a three-component converging-diverging-converging
nozzle (Figure 2) capable of reducing depositions from the
Aerosol Jet system to 5 μm by further collimating and
focusing the aerosol beam. Other characteristics of CABDW are nearly identical to that of Aerosol Jet. The ability to
develop an improved nozzle design was only realized after
an extensive experimental-analytical analysis was performed
on the Aerosol Jet system. Aerosol particles entrained in the
nozzle were modeled using a Lagrangian tracking scheme in
Poiseuille flow through a linearly converging nozzle using
Stokes and Saﬀman forces of fluid-particle interaction. The
trajectories of individual particles were calculated, and the
aerosol beam width exiting the nozzle was determined after
summing the trajectories of several particles exiting the
nozzle.

The aerosol beam width was experimentally determined
by measuring the intensity of scattered laser light from
the aerosol beam emanating from the nozzle using a CCD
camera and microscope. The theoretical beam width (measured at full-width half-max, FWHM) was then compared to
experiment, with both theory and experiment similar after
adjustment of predicted particle size and corrections to the
forces of interaction. After the analytical model was developed, new nozzle geometries were input to the model, with
corresponding beam widths calculated. The 3-component
nozzle appeared to have a much better collimation and focus
theoretically and was chosen for experimental verification.
The beam width from the CAB-DW nozzle was measured
and compared to the single nozzle (Aerosol Jet, conventional
aerosol spray) as illustrated in Figure 3. In this case the
CAB-DW nozzle provided for a much more collimated
and focused beam with a minimum beam width of 1.9 μm
at 2 mm past the nozzle exit as compared to 5.0 μm at
1.8 mm past the nozzle exit for the conventional aerosol spray
(Aerosol Jet) [18].
Not only was the aerosol beam more focused with CABDW than Aerosol Jet, but the printed lines were also thinner
when comparing the two at identical conditions (25 sccm
carrier gas, 15 sccm sheath gas, 2 mm stand-oﬀ height,
30 mm/s translation) where aerosol Jet aﬀorded 31 μm wide
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deposition rate and that printing is required to be performed
in an evacuated system. Such evacuated systems are however
commonly used in microelectronics fabrication [15].
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Figure 3: Graph of experimental aerosol beam width versus
distance from the nozzle exit for (1) Aerosol Jet (conventional
aerosol spray) and (2) CAB-DW, from Schulz et al. [18], Copyright
2010 IEEE.
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Figure 4: Comparison of A-DW printed lines made with Aerosol
Jet (left) and CAB-DW (right) under identical print parameters
(25 sccm carrier gas, 15 sccm sheath gas, 2 mm stand-oﬀ height,
30 mm/s translation), from Schulz et al. [18], Copyright 2010 IEEE.

lines and CAB-DW produced 11 μm wide lines as shown in
Figure 4.
2.3. Aerodynamic Lenses with Liquid Aerosol. A new ADW system designed for printing nanoparticles which uses
aerodynamic lens for focusing was developed by Qi et al.
[15]. The deposition process of this system, represented
schematically in Figure 5, begins with the pneumatic atomization of a suspension of CdSe/ZnS core/shell nanocrystals
in hexane. The aerosol is focused through aerodynamic
lenses and directed into an evacuated chamber and onto a
substrate that is translated with an x-y stage. Microtowers
and microlines 158 μm tall by 27 μm wide and 2.9 μm tall
by 7 μm wide were deposited onto sapphire, glass, and
silicon substrates with examples shown in Figure 6. The
microlines were printed at a translation speed of 10 μm/s,
much lower than Aerosol Jet and CAB-DW, but this system
may still be valuable because unlike Aerosol Jet and CABDW, nanoparticles can be successfully focused. In addition,
the system is reliable and inexpensive using standard aerosol
lenses without the need for a sheath gas. The system however
will have challenges in commercialization due to the low

2.4. Microcold Spray—Solid Aerosols through Nozzles. Cold
spray was developed in the early 1980s by Papyrin et al.
[19] who was experimenting with two-phase supersonic
flow and found that at certain critical velocities particles
would adhere to surfaces. This adherence is caused when
the aerosol particle impacts the substrate at a velocity
great enough to cause plastic deformation of the particle
and/or substrate which results in a localized heating and
high pressure region creating intimate contact between the
particle and substrate. The critical velocity is dependent on
a combination of the particle material, substrate material,
particle temperature prior to impaction, and particle size.
Critical velocities for copper, iron, nickel, and aluminum are
reported to be ∼570, 630, 630, and 690 m/s, respectively [20].
Cold spray technology was developed into a commercial
system designed for thin film deposition in 2001 [19, 21].
The ability to focus the spray to small (<100 μm)
dimensions gives beams of material and substantiates the
term microcold spray (MCS) direct-write. An advantage
of MCS of circuit metallization/interconnects is that the
deposited materials require no postprocessing. Building from
our previous experimental-analytical comparison of liquid
aerosols [11], MCS incorporates a nozzle system to deposit
lines of ductile metals that exhibit conductivities that reach
90% of the bulk values. Figure 7 is a schematic diagram
of the NDSU MCS system helium gas which first passes
through one of two mass flow controllers (MFCs). The outlet
of the first MFC passes through a powder feeder where
solid particles are aerosolized into the He, creating a carrier
gas stream (Figure 7(a)). The second MFC controls the He
accelerator gas flow to around 2 LPM (versus 100 sccm for
the carrier). Each of these streams then enters the deposition
head (Figure 7(b)) where both are heated to oﬀset the cooling
eﬀect of gas acceleration. The two streams interact in the
flow-cone section of the deposition head and finally pass
through a converging nozzle. Nozzle diameters of 100 to
200 μm are commonly employed, and a multinozzle system
could also be adopted.
2.5. Atomization Methods. One major challenge with any
aerosol print system is the atomization process. Although
it may be easy to atomize many materials, the process of
focusing aerosol particles for A-DW requires a monodisperse
aerosol with uniform properties over long periods of time
for good print quality. The ultrasonic techniques mentioned
previously for A-DW applications produce a relatively monodisperse aerosol but have a limited ability to atomize
viscous materials and suﬀer from long-term changes in
atomization due to factors such as ink drying and heat.
Other manufacturers such as Sono-Tek [22] and Sonaer
Ultrasonics [23] have developed ultrasonic horn aerosol
generators which are capable of creating aerosol particles
with mean droplet diameter as small as 13 μm and 11.8 μm,
respectively, but have a Gaussian droplet size distribution.
Sono-Tek’s atomization system was even developed into an
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Figure 5: Schematic of A-DW focused particle beam deposition system, from Qi et al. [15], Aerosol Science and Technology, Copyright
2010, Mount Laurel, NJ. Reprinted with permission.

atomizers are beyond the scope of this paper but have been
reviewed by Friend and Yeo [27]. Overcoming challenges
related to any atomization process are still ongoing, with
future developments of more monodisperse aerosol generation techniques poised to greatly impact all A-DW processes.

(a)

(b)

Figure 6: SEM image of CdSe/ZnS core/shell nanocrystal-based
features printed using aerodynamic lenses; (a) microtower, (b)
microline, from Qi et al. [15], Aerosol Science and Technology,
Copyright 2010, Mount Laurel, NJ. Reprinted with permission.

A-DW system using their atomizer termed MicroMist which
is able to spray features as thin as 400 μm when coupled to a
precision translation system [22]. Tsai et al. [24] developed
a Fourier horn atomizer built from silicon which is capable
of producing near monodisperse particles with a droplet
diameter of 7.0 μm. Ju et al. [25] and Qi et al. [26] describe a
surface acoustic wave (SAW) atomizer capable of producing
micron-sized droplets similar to what is required for directwrite applications. More details into the physics behind these

2.6. Materials for Atomization. For any A-DW technology,
the printing materials are of great importance. For MCS
micron-sized powder is suﬃcient. For Aerosol Jet and CABDW the deposition materials are slightly more complicated.
The inks must be atomizable, provide necessary print
characteristics such as minimal overspray and good substrate
adhesion, and transformable to the desired final characteristics (i.e., low resistivity, continuous, stable) using methods
compatible with the substrate. Kim and Han [28] review
briefly the attributes required for A-DW inks and some
examples of commercial suppliers. Many inks require a high
sintering temperature (400◦ C) in order to achieve near bulk
conductivity. This temperature is much too high for flexible
polymeric substrates which are damaged at temperatures
above 150◦ C. Some manufacturers produce inks with lower
sintering temperatures (<100◦ C) for flexible applications
while still maintaining a reasonable conductivity. Conductive
inks are available commercially through several manufacturers including Cima Nanotech (St. Paul, Minnesota USA),
NanoMas (Endicott, NY USA), UT Dots Inc. (Champaign,
IL USA), Applied Nanotech (Austin, TX USA), Novacentrix
(Austin, TX USA), Cabot Corporation (Boston, MA USA),
Harima Chemicals (Osaka, Japan), Advanced Nano Products
(Korea), and P.V. Nanocell (Migdal Ha’Emek, Israel). Many
of the inks produced are silver or copper based and are
designed for inkjet or screen printing applications but can be
reduced with solvents to an appropriate viscosity for A-DW.
The correct ink for each application must be selected based
on the aforementioned qualities. In many circumstances,
the specific ink formulation is determined in a trial-anderror process to develop the best overall printed features
which balance print quality against the physical and electrical
performance.
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Figure 7: Schematic diagram of (a) the MCS system for solid aerosols, (b) MCS deposition head, from Bhattacharya et al. [11], Copyright
2012 ASME. Reprinted with permission.

2.7. A-DW Systems Summary. The ability to understand and
model aerosol flow physics and compare to experimental
designs is paramount in improving aerosol direct-write
technology. All A-DW technologies still suﬀer from minor
overspray and nonoptimum line width. One challenge with
liquid aerosol technologies is not in the printing itself, but
rather in the ink formulation. For example, metal traces can
be printed using nanoparticle or metalorganic-based inks,
but after deposition, the inks must be postprocessed. This
postprocessing adds an additional cost to the overall process
and can limit the ability to print on some temperaturesensitive substrates. In addition, a subbulk conductivity
due to porosity of the deposits and incomplete sintering is
common. If these diﬃculties are overcome with improved
aerosol focusing and ink technology, the applications of
A-DW will greatly benefit from the decreased feature size
and increased conductivity aﬀorded. Table 1 summarizes the
main characteristics of the A-DW technologies including line
width, deposition speed, special requirements, and whether
postprocessing is required.

3. Physics of Aerosols
3.1. Sum of Forces on Aerosols. A fundamental understanding
of the physics of the aerosol fluid interaction is the foundation to improved deposition characteristics (i.e., focus,
collimation, line width, reduced overspray) for all A-DW
methods. Indeed, such insight can lead to novel technologies
as illustrated by CAB-DW and MCS. Modeling of aerosolfluid interactions is not new, with models dating back to
Stokes’ work in 1851. The movement of aerosol particles
can be determined by these aforementioned forces applied to
Newton’s 2nd law where force equals mass times acceleration
as shown below:
4 3 dv p 
=
F,
πa ρ p
3
dt

(1)

density, v p is
where a is the particle radius, ρ p is the particle

the velocity vector of the particle, and F is the sum of all
forces acting on the aerosol particle. Many forces acting on a
particle in a fluid have been developed, but in general seven
forces are commonly used for modeling of the fluid-particle
interaction of aerosols:


F = FSt + FBa + FVm + FPs + FGr + FMa + FSa ,

(2)

where FSt is Stokes force (steady viscous drag force), FBa
is Basset force (nonsteady viscous drag force), FVm is the
virtual mass force (inertia of fluid surrounding particle
added to particle), FPs is the pressure gradient force, FGr is
the buoyancy force caused by gravity, FMa is the Magnus
lift force due to particle rotation, and FSa is the Saﬀman
lift force on a particle with local shear flow [8, 29–37].
It is understood that there are several other forces which
may act on aerosol particles in certain circumstances including Brownian diﬀusion, thermophoresis, diﬀusiophoresis,
photophoresis, electromagnetic radiation pressure, acoustic
pressure, electrostatic, and van der Waals [38]. For the
applications discussed here, impact of the forces on the
aerosol particles is minimal as they are not due to fluidparticle interactions and hence are out of the scope of this
paper.
Sir George Gabriel Stokes [39] developed the first
theoretical model for the forces acting on spherical aerosol
particles in a viscous fluid under laminar flow conditions.
Stokes solved the equations of motion (Navier-Stokes) for
laminar flow around a cylinder and sphere and integrated
the forces applied to the surface of the body. Stokes found
the force on a particle, FSt :




FSt = 6πaμ f v − v p ,

(3)

where μ f is the fluid viscosity and (v − v p ) is the fluid velocity
relative to the moving particle [40–42].
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Table 1: Summary of A-DW technology print system characteristics.

Minimum line
width (μm)
<10
<5
∼10
50

Method
Aerosol Jet
CAB-DW
Aerodynamic lenses
MCS
∗

Deposition
speed (mm/s)
200
200
0.01
>10∗

Vacuum requirement
No
No
Yes
No

Overspray
scrubber required
Yes
Yes
Yes
Yes

VOC concern
Yes
Yes
Yes
No

Postprocessing
required
Yes
Yes
No
No

Deposition speeds greater than 10 mm/s are possible but have not been experimentally validated.

The Basset force is defined as [31, 32, 34]


FBa = 6a2 πμ f ρ f

 t
0

dv/dt − dv p /dt
√
dτ,
t−τ

Magnus force, FMa , is present if the particle is in rotation
with respect to the surrounding fluid and is given by [31, 33]

where ρ f is the density of the fluid.
Assuming a simple model with constant acceleration,
Chao Zhu and Liang-Shih Fan in the CRC Handbook of
Fluid Dynamics [43] mentioned that the ratio of the Basset
force to the Stokes force looks as follows:
εBa =

|FBa |
=
|FSt |

18 ρ f τμ
,
π ρp t

(6)

Re p ≡

μf

.

(7)

The virtual mass force, FVm , is given by [29, 33]


ρf
dv dv p
FVm = −cM m
−
,
ρp
dt
dt

(8)

where m is the mass of the particle and cM is the added mass
coeﬃcient, which is equal to 0.5 for a sphere.
The pressure gradient force, FPs , due to the acceleration
of the external flow past the particle, is calculated by the
following equation [29, 33]:
ρ f Dv
FPs = m
,
ρ p Dt

εMa =

(10)

The buoyancy force, FGr , due to gravity is equal to


FGr = m 1 −

ρf
g,
ρp

where g is the acceleration vector due to gravity.

a2 ρ f |(1/2)ω − Ω|
|FMa |
=
.
|FSt |
6μ f

(13)

Assuming that the fluid flow is nonrotational and the
aerosol particle rotates due to local shear of the carrier flow,
|(1/2)ω − Ω| ≈ |∂u/∂y | ≈ U/R, this ratio of Magnus force to
Stokes force can be further simplified to
∼
εMa =

a2 ρ f U
,
6μ f R

(14)

where u is the gas axial velocity component, U is the mean
velocity of the fluid flow through the capillary, and R is
the radius of the capillary. Therefore, the ratio εMa is about
10−3 , assuming aerosol particles of 1 μm diameter moving in
nitrogen at standard conditions with mean velocity of 50 m/s
through a capillary of 100 μm radius.
Saﬀman force, FSa , is a lift force applied to aerosol
particles in a simple laminar shear flow (Poiseuille flow) and
was developed by P. G. Saﬀman in 1965 [36]. The lift is
proportional to the rate of shear and the magnitude of the
relative velocity of the particle with respect to the fluid:
FSa





∂u
∂u
= 6.46a2 u − u p ρ f μ f
sign
ey ,


∂y

∂y

(15)

(9)

where D/Dt denotes the rate of change with time following a
fluid particle, such that


Dv dv
=
− v p − v · ∇ v.
Dt
dt

(12)

where ω is the vorticity of the fluid surrounding the particle
and Ω is the angular rate of rotation of the particle. Based
on the analysis given in [43], it can be noted that the ratio of
Magnus force to Stokes force is equal to

where Re p is the Reynolds number of the particle with
respect to the fluid:
2aρ f v − v p





3 ρf 1
FMa = − m
ω − Ω × vp − v ,
4 ρp 2

(5)

where τμ is the Stokes relaxation time: τμ = 2a2 ρ p /9μ f .
Marshall [33] found that the ratio of the Basset force to
the drag force can be expressed as
|FBa | ∼ 1/2
= Re p  1,
|FSt |



(4)

(11)

where the value 6.46 is a constant from numerical integration
determined in the addendum of Saﬀman [36], u is the gas
axial velocity component, and u p is the particle axial velocity
component.
A detailed estimation of the ratio between the Saﬀman
force and the Stokes force in aerosol focusing was given in
[8] where Akhatov et al. calculated that
εSa =

a
|FSa |
Rec ,
≈ 0.3
|FSt |
R

Rec =

2RUρ f
.
μf

(16)

Based on their analysis, it was found that εSa was about 0.05.
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Similar results for the ratio of the Saﬀman force to the
Stokes drag force are given by Chao Zhu and Liang-Shih Fan
in the Handbook of Fluid Dynamics [43]:

εSa



ρ
|FSa |
6.46a 
 f
=
=
|FSt |
6π
μf



∂ u − up



∂y

,

(17)

where the simplified form of the Saﬀman to Stokes force ratio
can be presented by the equation below assuming simple
shear flow:
εSa =

|FSa |
6.46 
Re p ,
=
|FSt |
12π

Re p =

2a ρ f v − v p
μf

. (18)

The forces acting on the aerosol particles are only
important if they are appreciable as compared to Stokes
force. For the analysis of aerosol particles of 0.5–5 μm, gravity
force is not appreciable. Marshall found that the Basset
force may be ignored [33]. Crowe et al. [31] found that
the pressure gradient force, virtual mass force, and Basset
force may also be ignored. Akhatov et al. agree with this
elimination of forces and summarize that the two most
valuable forces are Stokes and Saﬀman [8].
3.2. Stokes Correction Factor for Rarefied Gases. Stokes drag
force assumes a linear dependence of the force on the relative
velocity of the particle to the fluid (lag). A linear dependence
is applicable for many particle-fluid combinations but experimental deviations in certain situations such as in rarified
flows needed to be addressed if the particle size is small
(<0.5 μm). Several models for the lag, including those by
Cunningham [44] and a more revised model by Carlson
and Hoglund [45] that take into account the gas slip on the
particle surface due to gas rarefication (based on Knudsen
number) and the magnitude of the relative velocity of the
particles with respect to the fluid, have been devised.
Cunningham [44] related the variation in Stokes force to
the Knudsen number by
FStokesCc =

FStokes
,
1 + A Kn

(19)

where Kn is the particle Knudsen number (mean free
path/diameter) and A is a nondimensional coeﬃcient. In
this model, Stokes force has less of an eﬀect as Kn increases
due to the slip of the fluid on the particle surface.
Knudsen and Weber [46] discovered that (19) is only
valid for very small Kn. To incorporate large variances in
Kn, three additional parameters were included to generate
the Stokes-Cunningham equation:
FStokesCc =

F
 Stokes
,
1 + Kn p A + Be−E/Kn p

(20)

where A, B, and E are constants determined experimentally
[41, 47].
Table 2 gives a sampling of the many experimental values
for the parameters in the Cunningham slip correction factor.
Many of the correction factors are based on the oil drop

experiments by Millikan [42] where the slip on 0.3 μm
oil droplets in air was evaluated. The drift velocity of the
particles was measured and used to determine the slip
correction factors.
3.3. Stokes Correction for Reynolds and Mach Numbers.
Stokes drag force acting on a spherical particle, (3), was
derived for low Reynolds numbers (Re p  1); therefore,
if considering the flows of spherical particles with broad
range of Reynolds numbers, the Stokes equation should be
revised; these corrections are especially critical in modeling
applications such as MCS. Clift et al. [56] summarized
all empirical and semiempirical drag corrections CD for
diﬀerent ranges of Reynolds number in Table 3 where Stokes
force is related to CD according to (21) as follows:
FSt =


2
π
CD ρ f a2 v − v p .
2

(21)

Clift et al. also investigated the drag coeﬃcient correction
for Stokes force in the case of solid particles of arbitrary
shape (spheroids, disks, cylinders, etc.) and ellipsoidal fluid
particles [56], but the dependency of the drag force on
the particle shape is beyond the scope of this paper. In
general, corrections to Stokes force are not only dependent
on the particle shape, orientation to the flow, and Reynolds
number but also on Mach number and the turbulence level
of the fluid. Carlson and Hoglund [45] devised an improved
empirical correction factor based on the particle Reynolds
number, Re p , and the Mach number, M p , according to (22)
as follows:



4.63
1
1 + e−0.427/M p ,
G = 1 + Re2/3
p
6

(22)

where the relative Mach number of the particle compared to
the fluid is
Mp =

v − vp
Cg





(23)

FSt = 6πaμ f G v − v p ,

,

and Cg is the speed of sound of the gas.
The correction factor of Carlson and Hoglund [45] is
similar to that of Schiller and Nauman [57], but with a Mach
number correction included for flow compressibility. The
constants are also nearly identical with 1/6 replacing 0.15
and 2/3 replacing 0.687. An even more improved equation
has been collected by Wang et al. [58] using the work of
[36, 45, 53, 59] which accounts for all of the previously
mentioned correction factors:


G=

1 + (1/6)Re2/3
p




4.63 −(3/Re0.88 )
p

1 + e−0.427/M p

1 + Kn p 2.57 + 0.68e−1.86/Kn p





.

(24)

The correction from Schiller and Naumann [57] has been
used extensively by several researchers including Wang et al.
[60] and Kuan and Schwarz [61] who used it to model gasparticle interactions in vertical ducts. Wang and Osiptsov
[62] used the correction of Carlson and Hoglund [45] to
model the movement of particles in the laminar region near
a wall in a dusty gas shock wave.
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Table 2: Stokes-Cunningham slip correction factors, reprinted from Li and Wang [41] http://link.aps.org/doi/10.1103/PhysRevE.68.061206,
and Allen and Raabe [48], Copyright 2003 and 1982, with permission from American Physical Society and Elsevier, respectively.
Mean free path (μm)

A

B

E

A+B

Knudsen and Weber, 1911 [46]
Millikan, 1923 [42]
Langmuir, 1942 [49]

0.09417
0.09417
0.133

0.772
0.864
0.62

0.40
0.29
0.22

1.63
1.25
2.20

1.172
1.154
0.84

Davies, 1945 [50]
DeMarcus and Thomas, 1952 [51]

0.066
0.0655

1.257
1.25

0.40
0.44

1.10
1.09

1.657
1.690

Reif, 1958 [52]
Fuchs, 1964 [53]
Dahneke et al., 1982 [54]

0.0652
0.0653
0.066

1.26
1.246
1.234

0.45
0.42
0.414

1.08
0.87
0.87

1.710
1.666
1.648

Allen and Raabe, 1982 [48]
Buckley and Loyalka, 1989 [55]

0.0673
—

1.155
1.099

0.471
0.518

0.596
0.425

1.626
1.617

Author, Year

Table 3: Summary of literature for drag coeﬃcients at diﬀerent Reynolds numbers, reprinted from Clift et al. [56], Copyright 2005, with
permission from Dover Publications, Inc.
Reynolds number range

CD

Schiller and Nauman

Re p < 800

(24/Re p )(1 + 0.15 Re0.687
)
p

Lapple

Re p < 1000

(24/Re p )(1 + 0.125 Re0.72
p )

Langmuir and Blodgett

1 < Re p < 100

−4
(24/Re p )(1 + 0.197 Re0.63
Re1.38
p + 2.6 × 10
p )

Allen

2 < Re p < 500

10 Re−p 1/2

Allen

1 < Re p < 1000

30 Re−p 0.625

Gilbert et al.

0.2 < Re p < 2000

0.48 + 28 Re−p 0.85

Kurten et al.

0.1 < Re p < 4000

0.28 + 6/Re0.5
p + 21/Re p

Abraham

Re p < 6000

0.2924(1 + 9.06 Re−p 0.5 )

Ihme et al.

Re p < 104

0.36 + 5.48/Re0.573
+ 24/Re p
p

Rumpf
Rumpf

Re p < 10
Re p < 100

2 + 24/Re p
1 + 24/Re p

Rumpf
Clift and Gauvin

Re p < 105
Re p < 3 × 105

0.5 + 24/Re p
(24/Re p )(1 + 0.15 Re0.687
) + (0.42/(1 + 4.25 × 104 Re−p 1.16 ))
p

Brauer

Re p < 3 × 105

0.4 + 4/Re0.5
p + 24/Re p

Author(s)

Tanaka and Iinoya

Re p <

7 × 105

3.4. Saﬀman Force. It was first noted by Poiseuille [63] that
blood cells had a tendency to stay away from blood vessel
walls. Segre and Silberberg [64] noticed that spheres in
Poiseuille flow would migrate to 0.6 radii from the centerline
of the tube. This phenomenon cannot be explained by Stokes
force of any variety and/or particle inertia. Rotational motion
of the particles could cause a migration to the centerline due
to Magnus force, but not away from the centerline because
of the flow profile [65]. To explain the lateral migration
of particles Saﬀman [36] first theoretically analyzed simple
shear flow. It was determined that four conditions must be
met for there to be an appreciable migration of the particles:
(1) very small particle Reynolds numbers, (2) very small
shear Reynolds number around the particles, (3) the ratio of
the square root of the Reynolds number of the fluid over the
Reynolds number of the particle much greater than one, and

2

log10 G = a1 w2 + a2 w + a3 , w = log10 Re p

(4) the rotational velocity of the particle must be small [36].
The four conditions are described below:
Re p =

u − u p 2aρ f
μf


ε=

Re f

Re p

 1,

1,

Re f =

ReΩ =

ρ f (2a)2 ∂u
 1,
μf
∂y

Ωρ p (2a)2
 1,
μf
(25)

where Ω is the rotational velocity of the particle and ReΩ
is the rotational Reynolds number of the particle. Saﬀman
derived the force acting on the particles in a simple shear
flow (laminar flow) and further developed the equation for
the force in Poiseuille flow in a tube.
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Figure 8: Schematic illustrating direction of Saﬀman force in shear
flow.

A diagram of the direction of Saﬀman force acting on
a particle with a velocity less than that of the fluid can be
seen in Figure 8. Notice that the particle is forced towards
increasing velocity. Saﬀman [36] specified that the force is
in the direction of increasing velocity for lagging particles
and decreasing velocity for leading particles. Also, the force
acting on the particles is increased with an increased fluid
velocity gradient and fluid velocity relative to the particle.
The direction of Saﬀman force was verified when compared
to the results of Oliver [66]. Oliver found that settling
particles in a downward flowing liquid would migrate
towards the wall of the tube. Conversely, floating particles
would migrate towards the axis in downward flowing liquid.
This phenomenon can be explained by the eﬀects of Saﬀman
force.
3.5. Saﬀman Force Corrections. As with Stokes force, Saﬀman
force requires corrections to be applicable in many situations
such as larger Reynolds number. An equation to model
the Saﬀman force under higher Reynolds numbers was
devised by Mei [59]. The model is based on work performed
by Dandy and Dwyer [67] who used a three-dimensional
numerical simulation to model linear shear flow past a small
sphere. It was noted that the shear force coeﬃcient (Saﬀman
force) was near constant for intermediate gas Reynolds
numbers and proportional to the square root of the gas
Reynolds number for particle Reynolds numbers less than 40
as seen below:


CL
= 1 − 0.3314α1/2 e−Re p /10 + 0.3314α1/2 ,
CLSa


CL
= 0.0524 αRe p
CLSa

1/2

,

Re p ≤ 40,

Re p > 40,
(26)

where the correction factors used for Saﬀman force are the
coeﬃcient of lift, CL
CL =

FL
,
(1/2)ρ f πa2 u2

(27)

and α:
1
α = Re p ε2 .
2

(28)

10−2
10−2

10−1

100
Re p

α = 0.1
Saﬀman
McLaughlin
Mei

101

102

α = 0.4
Saﬀman
McLaughlin
Mei

Figure 9: Graph of shear coeﬃcient versus Reynolds number based
on the analyses of Mei [59], McLaughlin [69], and Saﬀman [36],
reprinted from Mei [59], Copyright 1992, with permission from
Elsevier.

The correction from [59] used in [8, 58, 62, 68] can be
further expressed:
⎧


⎪
⎪
⎪
⎨0.23434 1 − e−0.1Re p

H=⎪
⎪
⎪



⎩

⎫

Re f
⎪
⎪
+ e−0.1Re p , Re p ≤ 40⎪
⎬
Re p
,
⎪
⎪
⎪

Re p > 40 ⎭
(29)

0.0371 Re f ,

where Saﬀman force is then


FSa = 6.46 Ha2 u − u p





ρf μf



∂u
∂u
sign
e y . (30)
∂r
∂r

McLaughlin investigated the Saﬀman force correction for
higher Reynolds numbers (Re f , Re p ) in [69] and reported the
correction data table in the case when 0.025 ≤ ε ≤ ∞ (ε =

Re f /Re p ). Mei in [59] further analyzed the McLaughlin
tabular data for the range 0.1 ≤ ε ≤ 20 and proposed to
use the following function to fit the correction data:


CL
= 0.443 × 0.6765 1 + tanh 2.5log10 ε + 0.191
CLSa

(31)

× {0.667 + tanh[6(ε − 0.32)]}.

A comparison of Saﬀman force and the correction factors
proposed by Mei [59], along with work by Mclaughlin
[69], can be seen in Figure 9. Notice that Saﬀman force
is linear throughout the log-log plot. Mei’s correction
factor was close to Saﬀman for small Reynolds numbers.
After a Reynolds number greater than approximately 5,
the correlation departed from Saﬀman force. The ability to
use Mei’s correlation allowed for much greater Reynolds
numbers for Saﬀman force. In fact, Reynolds numbers as
high as 1000–1100 have been used [70].
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Figure 10: Diagram of particles at initial seeded radius, ro , exiting
nozzle and focused at a distance, x f , from the nozzle (after [40]).

4. Theoretical Application of Forces
4.1. Stokes Force. Aerosol focusing has been extensively
studied in supersonic jets with very large Reynolds numbers.
Much of the research has been provided by Cheng and
Dahneke [71], Dahneke et al. [54], and Fernandez de la
Mora and Riesco-Chueca [40]. It was assumed by these
experimenters that particle focusing occurs strictly due to
inertial eﬀects and Stokes force, where one would infer that
Saﬀman force is not applicable.
Fernandez De La Mora and Riesco-Chueca [40, 72]
found that the focusing of the particles depended on the
Stokes number which relates the amount of coupling that
the particles have with the fluid by a characteristic time, τμ ,
divided by a characteristic length, τL :
St =

τμ
,
τL

τμ =

2a2 ρ p
,
9μ f

τL =

L
,
U

(32)

where L is the fluid characteristic length scale, and Stokes
number is calculated as follows:
St =

2ρ p a2 U
.
9μ f L

(33)

It should be noted that larger Stokes numbers correlate to
particles which have less of a tendency to follow the flow.
It was found (Israel and Friedlander [73], Israël and Whang
[74], Stoﬀels [75], Sinha et al. [76], Estes et al. [77], Kievit
et al. [78], Reents et al. [79], Mallina et al. [47], and Li
and Wang [41]) that focusing of particles in a nozzle is
mainly dictated by the Stokes number which is in agreement
with Fernandez De La Mora and Riesco-Chueca [40, 72].
The focal point distance from the exit of the nozzle, x f , as
seen in Figure 10 depends on the Stokes number and the
initial seeded radial position, ro [80]. The focal point moves
towards infinity as the Stokes number reaches a critical
Stokes number S∗ (approximately 1).
Rao et al. [80] conducted his experiment with moderate
Reynolds numbers (3 to 1000) and noticed that the focusing
eﬀects under flows in the viscous regime may actually be
greater than those of potential flows. This understanding
came about with only Stokes force considered acting on
the particles. Mallina et al. [47] describe the focusing
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Relative axial distance (cm)
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Figure 11: Diagram of trajectories for 7.5–40 μm diameter particles
exiting a 500 μm nozzle, reprinted from Mallina et al. [47],
Copyright 1999, with permission from Elsevier.

mechanisms applicable to nozzles and capillaries where
focusing can be predicted by the Stokes number, with a
Cunningham correction factor. A diagram of the aerosol
focusing through a nozzle of 500 μm diameter can be seen
in Figure 11. Notice that larger particles focus at increasing
distances from the nozzles, up until a critical diameter where
focusing no longer occurs. In this case, all particles were
seeded at 0.1 Ro , where Ro is initial radius of the capillary.
A similar experiment was done for a capillary of 500 μm in
diameter and 32 cm in length by Cheng and Dahneke [71].
Liu et al. [81, 82], Di Fonzo et al. [83], Wang and
McMurry [84], and several others designed aerodynamic
lens systems that collimate aerosol beams using a series of
thin plates. Many of the systems were designed for low
pressure and particles in the nanometer range. Modeling
of the aerosol particles was done using only Stokes force
where it was found that a continuum approximation was
only applicable for Kn < 0.1. Wang and McMurry [84] later
designed a computer program which determines the correct
parameters for an aerodynamic lens system. Parameters such
as flow rate, pressure, diameter of the lenses, and spacing
between lenses were optimized to provide a collimated
aerosol stream of polydisperse particle. The program used
values obtained by numerical simulations of the flow of
aerosol particles through the lens system. A diagram of an
example lens system is shown in Figure 12. Typical values for
the flow rate, pressure, length between nozzles, and nozzle
diameters are 100 sccm, 93–600 Pa, 10–20 mm, and 1.26–
3.2 mm, respectively. There are usually 3 to 5 lenses, but as
many as 10 have been commonly used. Particle sizes range
from 3 to 250 nm, but particles as large as 3 μm have been
used in lens systems by others [84, 85].
Rao et al. [80] noticed that focusing of particles is
reduced due to a “geometric aberration eﬀect.” The eﬀect
is caused by particles which are seeded into the nozzle at
varying radii. The particles focused at diﬀerent locations
along the axis, causing a dull focal point. Focusing was
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Figure 12: Schematic of aerodynamic lens system for focusing
aerosol particles (dimensions in mm), from Wang et al. [85],
Aerosol Science and Technology, Copyright 2005, Mount Laurel, NJ.
Reprinted with permission.

improved by seeding the aerosol particles closer to the axis
with a clean air sheath gas. For Rao’s experiments, a 50%
sheath gas was used to aid in achieving a focus of less than
2% of the nozzle diameter. These results were accomplished
with a thin-plate nozzle with a diameter on the order of
1 mm. Renn et al. [88] modeled the focusing of aerosol
particles through a 100 μm nozzle with variable sheath gas
using only Stokes force and particle inertia. They proposed
that the focusing of aerosol particles is dependent on the
particles’ Stokes number. Particles with high Stokes numbers,
which in this case are particles around 1 μm in diameter and
larger, would converge and deposit on a substrate. Particles
less than 1 μm in diameter will follow the flow streamlines
and not deposit on the substrate. Good evidence that a
focusing mechanism was missing came from Renn et al. [16],
where the beamwidth of aerosol particles exiting a 100 μm
nozzle was compared to a simulation. In this case, the actual
focusing was much better than the predicted focusing with
particle beams focused to 5–10X smaller than the nozzle
diameter [4].
4.2. Saﬀman Force. Most research using Saﬀman force is for
applications of particles flowing over a flat plate or in a
long capillary. We have however included Saﬀman force in
modeling of aerosol focusing for direct-write applications
[8, 68]. Lipatov et al. [70, 89] described a situation similar
to Oliver’s [66], where it was found that heavy particles in
a downflow tube would migrate towards the wall. In upflow
conditions the opposite occurred, and the particles migrated
towards the tube axis. Lipatov et al. [89] experimentally
validated the eﬀects of Saﬀman force using ducts in a wind
tunnel. Ducts ranged from 3 to 10 mm in diameter and
10 to 25 cm in length. Monodisperse Lycopodium spores
with a radius of 16 μm were used as the aerosol particles.
Flow velocities ranged from 0.4 to 1.5 m/s. The particle
deposition coeﬃcients for downflow and upflow Pd and Pu ,
respectively, were calculated experimentally and analytically
using Saﬀman force. It was found that Pd ranged from 15 to
30% while Pu was less than 3. The large deviance of Pd and
Pu is explained with Saﬀman force.
To model dust particles in the laminar region following
a shock wave in coal mines, Wang and Osiptsov [62] and

Wang et al. [58] included both Stokes and Saﬀman forces.
It was shown that Magnus force is not relevant in this
situation because the particles’ angular velocities were near
the same order of magnitude as the velocity in the direction
perpendicular to the wall. Saﬀman force was calculated with
the correction factor used by Mei et al. [59] in Equation Set
(26). Stokes force was calculated using (22). It was noticed
that a lateral migration of particles from a wall caused
localized accumulations away from the wall. A Lagrangian
approach to determining velocities was used in [58, 62] with
two-way coupling of the particles and the fluid under high
particle concentrations in [58]. Hwang [90] used Saﬀman
force in a similar situation with a weak shock wave in a
dust deposit. It was determined that after the shock wave,
a velocity gradient and subsequent force acting on the dust
particles perpendicular to the velocity gradient were created.
Numerical calculations using a computational fluid
dynamics (CFD) program, which takes into account Saﬀman
force, have been studied by Kuan and Schwarz [61] and
El-Batsh [91]. Kuan and Schwarz [61] studied coal dust of
40–80 μm mean diameter in vertical ducts used for coalfired power plants. Particle tracking was accomplished using
the Lagrangian approach. El-Batsh [91] used Saﬀman force
to model near wall interaction of aerosol particles with a
turbine cascade in turbulent flow. Barton [92] used Saﬀman
force in a model which developed a fourth-order RungeKutta method to solve the equations of motion for flow of
particles over a “backward-facing step.” The model included
Stokes drag force, gravity, virtual mass, pressure, and Basset
force (history integral). It was determined that particles
followed the streamlines for low Stokes number and overshot
the streamlines for higher Stokes numbers where the eﬀects
of Saﬀman force increased as the particle Stokes number
increased due to an increasing relative velocity (lag) of the
particles.
There is literature which describes the modeling of
aerosol particles in a nozzle (microcapillary) using variations
of Stokes force and particle inertia without Saﬀman force by
de la Mora and others [40, 41, 47, 84, 88]. Saﬀman force
is used primarily along unbounded walls and long tubes
or capillaries by Wang and Mei [58, 59, 62], for example.
The inclusion of Saﬀman force on the focusing of aerosol
particles through a nozzle may be necessary for a more
complete model as we have described in [8, 68]; Stokes
force, Saﬀman force, and particle inertia were required to
describe the focusing of aerosol particles emanating from a
microcapillary.

5. Experimental Validation of Aerosol Physics
The theoretical modeling of the fluid-particle interactions of
aerosols is an invaluable tool in predicting the focusing of
aerosol particles. The accuracy of the models and subsequent
predictions must be verified by experimental observations
before a complete understanding of the physics of aerosols,
and ensuing improvement in A-DW techniques is realized.
Much work is published on methods of quantifying aerosol
focusing indirectly by measuring the width of deposits on a
substrate. Rao et al. [80] and Mallina et al. [47], for example
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away from the nozzle. These results are in agreement with
the theoretical modeling, where focused particles increased
velocity outside of the nozzle and later decreased. Finally,
the beam width of the aerosol particles measured by the
CW laser and by shadowgraph is very similar. Results of all
these measurements show the validity of the shadowgraph
method to characterize the aerosol stream exiting a nozzle
for particle size, velocity, and distribution. Future results will
allow additional refinement of fluid-particle forces giving a
more accurate model for predicting aerosol focusing [86].

6. Aerosol Direct-Write Applications
CW laser

Figure 13: Schematic of shadowgraph system for the measurement
of aerosol particles, from Mahmud et al. [86], Copyright 2010
ASME. Reprinted with permission.

used a greased substrate to capture aerosol particles and
approximate the beam width. Fuerstenau et al. [72] and
Akhatov et al. [68] directly measured the aerosol beam width
by imaging the scattered light from aerosol particles exiting
an orifice and nozzle, respectively. Much like the deposited
line on greased plates, the images obtained from the scattered
beam create a histogram of the aerosol particles at that
given location, where information about individual particle
trajectories and how focusing occurs for these particles are
not directly known. Particle image velocimetry (PIV) using
a scattered laser light sheet with seeded aerosol particles is
commonly used to determine the trajectory of a fluid flow
field at macroscale dimensions, but PIV is not designed for
individual aerosol particle tracking and is extremely diﬃcult
to implement at the microscale.
We recently implemented a shadowgraph method to
determine trajectories of individual particles focused by a
nozzle [86]. A PIV system with shadowgraph option available
from La Vision Inc. was used to measure the aerosol particles
exiting a linearly converging nozzle. A schematic of the
system is shown in Figure 13. Illumination is provided by
a pair of Nd:YAG pulsed lasers, fed into a dye laser, liquid
fiber guide, and Fresnel lens. The aerosol stream is placed
between the camera and light source and produces a shadow
on the camera. For alignment and comparison to previous
results with scattered light, a CW laser is also incorporated
into the system. This system is advantageous in that it is
capable of measuring the particle location, velocity, and size
simultaneously.
Results of these measurements are shown in
Figures 14(a), 14(b), and 14(c), where (a) particle size
distribution, (b) average, minimum, and maximum particle
velocity versus distance from the nozzle exit, and (c)
beam width from light scattering and number of particles
from shadowgraph versus the radial position (focus) are
displayed. In this case, the particle size distribution from
an ultrasonic atomizer is around 2.5 μm in diameter, well
within the assumed range for modeling of 0.5 to 5 μm.
Particle velocities are shown to increase up until about 1 mm

A-DW technologies are still maturing, and the application
of these to electronics has not been fully established. There
are, however, abundant examples in literature of devices
with one to all components being A-DW printed. The
ability to print using a noncontact, rapid prototyping tool is
especially beneficial in the development phase of technology
where the time and costs associated with masks are the
limiting factor. In addition, the noncontact high aspect-ratio
characteristics possible for features printed with A-DW may
prove useful in certain niche markets such as solar cells. All
A-DW technologies are capable of printing straight traces
which may be amenable for interconnects and vias in simple
circuitry. Examples of applications of A-DW are quite prevalent, with advantages of using A-DW (Aerosol Jet specifically) described by King and Renn [87] as follows: firstly,
reduced time for product development due to maskless
approach; secondly, lower costs associated with mask setup
for initial small production runs; thirdly, greater material
utilization which reduces costs and is more environmentally
friendly. They also describe one specific application for 3D
interconnects where the large stand-oﬀ distance makes it
possible to print traces over objects such as an alumina cube
as illustrated in Figure 15.
MCS is capable of printing traces from solid aerosols of
tin, aluminum, and copper onto various hard and flexible
substrates. Formation of continuous lines depends upon
both the substrate materials as well as the solid particles being
deposited. Table 4 shows a list of the substrates with a (+)
or (−) designating whether or not a particular solid metal
aerosol gave a continuous line. Electrical properties were
measured for copper traces prepared using a 100 μm focusing
nozzle, 400 ccm carrier gas (aerosol) flow, ∼0.75 MPa accelerator (sheath) gas pressure, 0.5 mm stand-oﬀ distance, and
a 1 mm/s translation speed (greater speeds possible). These
traces were ∼50 μm wide (Figure 16) and had a resistivity
of 1.9 μΩ-cm. In addition to metallic traces, the ability to
fill vias from 75 μm to 150 μm in diameter with metals
was demonstrated, creating the possibility of including trace
deposition and via filling into one process.
Aerosol Jet was used to print conducting silver traces
on plastic and printed circuit boards (PCBs) for use in an
all direct-written chemisensor for the detection of nerve
gas [93]. In this design, a polymer/carbon black composite
was spray coated over sets of interdigitated traces on a PCB
board. The silver traces were 20–50 μm wide and 8–10 μm
thick and had a conductivity of 4–12 μΩ-cm after sintering
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Figure 14: Shadowgraph results showing (a) histogram of particle size, (b) particle velocity versus distance from the nozzle exit, and (c)
CW laser beamwidth and number of particles from shadowgraphy versus radial position (focus), from Mahmud et al. [86], Copyright 2010
ASME. Reprinted with permission.

at 200◦ C. The composite consisted of a swelling copolymer
such as ethylene/vinyl acetate and styrene/butadiene block
copolymer with 5–20% carbon black added for increased
conductivity. The polymer would swell causing a change in
resistivity. The chemisensors can be seen in Figure 17. The
sensors were tested with a nerve gas simulant dimethylethyl
phosphonate (DMMP). Results of the test conclude that the
sensors do indeed work as intended, are reliable, and prove
the viability of direct-written traces for gas chemisensors.
Other applications of Aerosol Jet include a technique
developed by Marinov et al. [93] who developed what they
term Enhanced M3 D. This process has two steps; first a

trench is laser machined into the substrate; second, a metal
ink is direct-written into the trench. This technique may be
beneficial for applications especially sensitive to overspray
inherent in Aerosol Jet such as for radio frequency identification (RFID) tags because the trench defines the shape
of the trace thereby decreasing edge eﬀects and overspray
which can be deleterious for high frequency transmission.
Silver coplanar waveguides with and without the laser
machined trench were prepared to test the improvement in
the enhanced approach. Results of the test were promising
with dc resistivity decreasing from 9.2 to 4.3 μΩ-cm and AC
losses at 6 GHz decreasing from 0.33 dB/mm to 0.02 dB/mm

Journal of Nanotechnology

15
Table 4: MCS material-substrate compatibility, from Bhattacharya
et al. [11], Copyright 2012 ASME. Reprinted with permission.
Substrate
Glass
Silicon
BT1
PEEK2
Kapton
Teflon
PES3
LCP4
Teslin
FR45
Mylar

Tin
+
+
+

−

Aluminum
+
+
+
+
+
+
+
+

−

−

−

+
+

−

+
−
−

−

Copper
+
+
−

+
−

+
+
+
+
−

+

1

Figure 15: Aerosol Jet printed Ag traces, 150 μm wide, on an
alumina cube, from King and Renn [87], Copyright 2009 Optomec.
Reprinted with permission.

50 μm

Figure 16: Image of MCS printed 50 μm wide copper line on glass,
from Bhattacharya et al. [11], Copyright 2012 ASME. Reprinted
with permission.

for the waveguide without and with a laser machined trench.
These results show that this two-step technique produces
results typical to commercial devices where a loss in the
range of 0.005 to 0.03 dB/mm is common. Enhanced M3 D is
more expensive due to the two-step process, but considering
a more than one decade improvement in losses, it may still
be viable.
Maiwald et al. [94] reported the creation of strain gauges
for nondestructive testing using Aerosol Jet. The devices are
a multilayer structure utilizing a printed polymer isolation
layer, 2 μm thick, below a silver Aerosol Jet printed strain
gauge, with 1–3 μm thick traces, and printed encapsulation.
The device on an aluminum surface is shown in Figure 18,
where the total size of the sensor is only approximately 7 mm
× 3 mm. The silver nanoparticle ink used was procured from

Fiberglass-reinforced Bismaleimide Triazine Epoxy.
ether ketone.
3 Polyethersulfone.
4 Liquid crystal polymer.
5 Glass-reinforced epoxy laminate.
2 Polyether

Advanced Nano Products Inc. and produced metallic traces
with up to 70% bulk conductivity at a sintering temperature
of 350◦ C. Experimental results show that the strain gauges
work as expected, with a reliable sensor signal after repeated
cycling. Aerosol Jet is beneficial in that it oﬀers the ability to
rapidly print strain gauges in arbitrary locations in a small
form factor.
A-DW systems Aerosol Jet and CAB-DW along with
MAPLE-DW were used to print silver nanoparticle-based
RFID antennas on Kapton film at NDSU [95]. The goal of the
research was to determine whether direct-write approaches
were amenable to RFID applications. The antennas designed
were based on “squiggle” patterns used by Alien Technology
for their UHF 915 MHz band tags. Each antenna which had
diﬀerent surface morphologies greatly depended on the type
of A-DW tool used. Figure 19 displays each antenna, along
with a detailed image of the surfaces, and edges where (a)
is the Copper etched antenna, (b) is the CAB-DW printed
antenna, (c) is the Aerosol Jet printed Antenna, and (d) is
the MAPLE-DW printed antenna. After the printed traces
were thermally postprocessed, RFID chips were attached, and
the maximum read distance of the printed antenna RFID
tags and commercially available copper-etched tags were
measured. It was found that even though the thicknesses
of the direct-written antennas were much less than 1 μm,
as compared to 4 μm for the copper etched tag, similar
read distances were obtained. The results of this test are
convincing evidence for the viability of using A-DW for
the rapid prototyping of RFID antennas. The use of these
techniques may assist RFID engineers with the development
of new and improved antenna designs capable of increased
read range.
Folgar et al. [101] produced multilayer structures using
ceramic-based inks printed with Aerosol Jet to form capacitors. 3D structures were formed through the use of a
combination of Aerosol Jet and selective laser sintering (SLS).
Their work is additional evidence in the ability to use A-DW
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Figure 17: Optical micrograph of all-direct-written chemisensors for the detection of nerve gas, reprinted from Marinov et al. [93],
Copyright 2007 IEEE.

Figure 18: All Aerosol Jet printed strain gauge on aluminum
substrate with polymer isolation and encapsulation, reprinted from
Maiwald et al. [94], Copyright 2010, with permission from Elsevier.

systems for multilayer components. More complicated multilayer devices were built by Ha et al. [96] and Cho et al.
[102] who used Aerosol Jet for TFTs with a printed CNT
active layer. The source and drain were made via photolithography, while the rest of the device was printed. The active
layer was printed using an aqueous dispersion of CNTs, the
dielectric was a printed ion gel, and the gate was printed
PEDOT:PSS. A diagram and image of the device are shown
in Figures 20(a) and 20(b). This device is impressive in
that the performance (i.e., mobility, switching speed) was
improved from 200 μs to 50 μs when compared to other
printed devices in literature even at a supply voltage below
3V [96, 103, 104]. In Ha’s work, the TFT had a 50 μm ×
400 μm length and width, respectively. Jones et al. [97],
Vaillancourt et al. [105], and King and Renn [87] each
printed a similar CNT-based TFT using Aerosol Jet where
features as fine as 10 μm with channel lengths of 100 μm are
aﬀorded [106]. An image of the TFT is shown in Figure 20(c).
This TFT had the silver nanoparticle-based source, drain,

and gate contact along with the CNT active layer, ion gel
dielectric, and PEDOT gate produced by Aerosol Jet.
Silicon-based TFTs using CAB-DW printed source-drain
contacts were produced at NDSU [107] where the active
material (Si6 H12 -based liquid silane ink) was spun onto
silicon nitride coated silicon wafers [98]. Initial characterization of the TFT showed a field eﬀect, but no performance
characteristics (i.e., on/oﬀ ratio, mobility) were reported.
Poly 3-hexylthiophene (P3HT) TFTs using CAB-DW printed
source-drain electrodes were produced by Robinson et al.
[98]. This TFT, as shown in Figure 21, consisted of an n++
doped silicon wafer, 300 nm silicon nitride gate dielectric,
15 μm channel length silver nanoparticle-based source-drain
electrodes, 50 nm spin-coated P3HT film using trichlorobenzene (TCB), and spin-coated poly (methyl methacrylate)
(PMMA) in anisole (methoxybenzene). The TFT itself had
a mobility of about 10−2 cm2 /V-s. This TFT illustrates the
benefit of using CAB-DW’s high-resolution (5 μm) printing
which is easily able to produce 15 μm channel lengths.
The application of aerosol spray for solar cell metallization layers has been investigated by several groups for the
printing of the top metallization layer. Benefits associated
with A-DW are a consequence of the ability to print lines as
thin as 5 μm which aﬀords a reduction in shadowing, series
resistance, and production costs. Due to the noncontact
approach utilized with aerosol spray, thinner wafers (i.e.,
100 μm) can be used without the breakage associated with
contact print methods such as screen printing giving a higher
number of solar cells per Si single crystal boule [17, 108]. We
printed silver-based traces as thin as 7 μm on heterojunction
with intrinsic thin layer (HIT) solar cells produced in
collaboration with NREL. The HIT cells utilize an indium
tin oxide ITO transparent conducting oxide (TCO) lateral
transport layer, so no burn-through was required [17, 109].
Results of this work concluded that an improvement in solar
cell eﬃciency is realized when approximately 5 μm traces are
used in place of 90 μm traces with similar geometric shadowing. The high (9.8 mΩ-cm2 ) contact resistance at the ITO-Ag
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Figure 19: Picture and micrographs of alien squiggle antennas made with (a) copper etching, (b) CAB-DW, (c) Aerosol Jet, and (d) MAPLEDW, reprinted from Hoey et al. [95], Copyright 2009 IEEE.
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Figure 20: (a) Schematic representation of an Aerosol Jet printed CNT-based TFT. Source and drain were lithographically patterned while
active (CNT), dielectric (ion gel), and gate (PEDOT:PSS) were made with Aerosol Jet. (b) Image of patterned TFT [96]. Copyright 2010
American Chemical Society. (c) Image of CNT based TFT with silver contacts produced by Aerosol Jet, spin-coated CNT film, ion gel
dielectric, and PEDOT:PSS gate, reprinted from King and Renn, and Jones et al. [87, 97]. Copyright 2010, with permission from Optomec
and Elsevier, respectively.

interface, which results in an increased series resistance in the
cell, could possibly skew the comparison of results. Recent
results using Ag nanoparticle inks show a contact resistance
of 0.015 mΩ-cm2 and bulk resistivity of 3.5 to 4 × bulk
silver [110]. van Hest et al. [108, 111] utilized metal burnthrough inks designed for the Si3 N4 antireflection coating
(ARC) on solar cells. They printed metal inks, based on a
combination of silver, nickel, and copper, under ambient
and inert atmospheres with trace widths of approximately

50 μm. In addition to metal inks, they are currently investigating silicon dopant containing conductive inks, laser
sintering of Aerosol Jet printed traces, and printed interdigitated back contact (IBC) cells. If more information about
conductive inks for solar cells is desired, a review of printed
inorganic solar cells and the available inks for conductive
traces containing metalorganic, nanoparticle, and glass frit
for example is written by that same group at NREL (Habas
et al.) [112].
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Figure 21: (a) Optical micrograph of Ag source and drain electrodes deposited by CAB-DW on SiNx -coated Si wafer with a channel length
of 15 μm, (b) schematic of all-solution processed bottom-gate P3HT active TFT [98].

(a)

(b)

Figure 22: Aerosol Jet printed Ag traces for solar cells; (a) optical
image prior to LIP, reprinted from Mette et al. [99], Copyright 2007,
with permission from John Wiley & Sons LTD. (b) SEM image
of cross-section of Aerosol Jet printed trace with LIP. Aerosol Jet
printed seed layer is highlighted in orange, reprinted from Horteis
and Glunz [100], Copyright 2008, with permission from John Wiley
& Sons LTD.

Researchers at Fraunhofer ISE [99, 100, 113] devised a
front metallization scheme in which the front side metallization layer is deposited with Aerosol Jet, cured, and followed
with a light-induced plating (LIP) of silver. The LIP process
preferentially electroplates silver onto the Aerosol Jet printed

traces when the solar cell is under illumination due to the
potential on the metal. A final line width of 50 μm and height
of 10 μm can be achieved with a 25–30 μm wide by 1 μm high
Aerosol Jet printed seed layer. This method reduced the series
resistance loss normally resulting from the greater than bulk
resistivity of printed silver traces by plating silver onto the
contact thereby reducing the eﬀective bulk resistivity [100].
Seed layer traces as thin as 14 μm could be achieved with a
metalorganic ink, but with poor edge definition as illustrated
in Figure 22(a) [99]. An SEM image of the finished trace on
a solar cell with the seed layer shown in orange can be seen in
Figure 22(b) [100]; notice that the majority of the volume of
the trace is plated silver. The procedure used by Fraunhofer
greatly reduces the complexity of solar cell manufacturing
as compared to a photolithographically defined metallization
layer and may see commercial application. An improvement
to the Aerosol Jet with LIP method was reported by Drew
et al. [113] where laser chemical processing (LCP) was
used to simultaneously form selective heavily doped emitters
and burn through the SiO2 ARC layer before Aerosol Jet
printing. Minimum contact resistance achieved with Aerosol
Jet was 0.99 mΩ-cm2 , much greater than that achieved with
evaporated Ti/Pd/Ag contacts (∼0.15 mΩ-cm2 ), but low
enough to be used for 1-sun illumination [113]. Without
LCP treatment, minimum contact resistance was 2 mΩ-cm2
[100]. This method is another example of the innovations
possible with A-DW technologies combined with other
techniques.

7. Conclusions
Aerosol direct-write is a relatively new class of technologies
rapidly becoming available for commercial use in electronic applications where a noncontact, high-resolution,
and 3D capable tool is required. Aerosol Jet is the leading
commercial technology available for A-DW, with CABDW, MCS, and aerosol lens focusing still in development
stages. These devices all rely on aerodynamic focusing to
create controllably fine deposits. The understanding of the
physics of the fluid-particle interactions enables developers
of A-DW technologies to further improve these devices
reducing overspray, improving resolution, and decreasing
tool downtime. Recent advancements in aerosol visualization
and measurement using shadowgraphy and other techniques

Journal of Nanotechnology
have led to an improved understanding of aerosol focusing as
pertaining to A-DW technologies.
The coupling of A-DW technology to electronics leads
to several advantages over traditional techniques including
reduced costs, reduced time to startup, and improved feature
resolution. A-DW has been shown capable of printing
features for electronic devices such as TFTs and solar cells.
Newer technologies such as MCS are not used in many applications, but have been shown capable of printing without
postprocessing, a feature which could reduce production
costs. The overall development of A-DW technologies may
lead to a more widespread use for microelectronics applications especially those where rapid prototyping is employed.
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