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Abstract: The recent geo-political climate has increased the necessity for autonomous, chip-sized, lightweight, 
air sampling systems which can quickly detect and characterize chemical, biological, radiological, nuclear, and 
high explosive (CBRNE) hazardous materials and relay the results. To address these issues, we have developed a 
self-powered 3-D chip architecture that processes air to produce concentrated size-sorted particle (and vapor) 
samples that could be integrated with on-chip nanoelectronic detectors for the discovery of weapons of mass 
destruction (WMD). The unique air movement approach is composed of a nanoscale energy harvester that 
provides electricity to a printed ion-drag pump to push air through coated-microstructured arrays. The self-
powered microstructured array air sampler was designed using computational fluid dynamics (CFD) modeling to 
collect particles from 1-10 microns at greater than 99.9999 % efficiency with less than 100 Pascal [Pa] pressure 
drop at a specified air flow rate. Surprisingly, even at minimum air flow rates below specifications, these CFD 
predictions were matched by experimental results gathered in a Government aerosol chamber. The 
microstructured array engineered filter equaled the collection capability of a membrane or a high efficiency 
particle air (HEPA) filter at a fraction of the filter pressure drop. 
 
Keywords: Air sampling, Self-powered, Nanotechnology, Ion-drag pump, Nanoscale, Microstructured array, 
Aerosol. 
 
 
 
1. Introduction 

 

Rogue groups and nations have ever-increasing 
access to the materials and technology necessary to 
field weapons of mass destruction (WMD) using 
chemical, biological, radiological, nuclear, and high 
explosive (CBRNE) agents. As a result, both civilian 
and military organizations have a critical need for 
advanced systems to detect these threats in a reliable 
and timely manner. 

High volume sampling is needed for detections of 
CBRNE threat materials at low-level concentrations. 
For high volume collection, conventional samplers 
can be heavy and large electrical power consumers, 
and when used in large numbers, rather costly. The 
U.S. Military, U.S. Department of Homeland Security, 

and other agencies have demands for inexpensive 
miniature air samplers for detection of CBRNE 
hazards. 

Much research effort has been expended in the past 
looking at collection of particles or aerosols, from air 
[1]. Impactors have been used for collecting aerosol 
particles for many decades. In their typical 
embodiment, a stream of gas containing particles is 
accelerated toward an impactor plate. Due to their 
inertia, the particles hit the impactor plate and are 
collected there while the gas is deflected. Therefore, 
only larger particles with great inertia are collected on 
the impactor plate for separation and/or detection 
while small particles with less mass and inertia are 
carried away by the gas stream. An example of this is 
the collection of particles on high efficiency particle 
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air (HEPA) fibers through particle laden air flowing 
through the filter. The particles are impacted, 
intercepted, diffused, and collected on the cross-
section of fibers at a substantial pressure drop. 

Particle bounce is a concern with impactors 
because it leads to loss in collection efficiencies. 
Particle bounce can be reduced by applying coatings 
and an electric field to the impaction substrate [2]. 
Electret® fiber filters add embedded electrical charge 
to augment the collection efficiency of the plastic 
fibers. The charged surfaces on the fibers add 
electrostatic collection to the mechanical capture 
mechanisms resulting in an increased performance of 
the filter without a corresponding increase in pressure 
drop [3-7]. The electric fields provided by charged 
fibers are an effective means for removing submicron 
aerosols due to their electrical mobility. The dendrites 
that form, further enhance the particle loading capacity 
of the charged fibers [8]. This dendrite formation is 
shown schematically in Fig. 1. The electric field 
augmentation of collection is expected to enhance the 
capture of large and small particulate on the fiber, and 
increase the aerosol loading. 

 
 

 
 

Fig. 1. Electrostatic Enhancement of Collection  
of Particulate with Dendrite Structures on a Single Fiber. 

 
 

2. Experimental Study 
 
2.1. Description of Microstructured Array: 

Engineered Filter  
 

A miniature sampler can be designed to replace 
conventional random fiber HEPA media by providing 
a plurality of orderly arranged microstructured arrays 
composed of "micropillars" for separating and 
collecting particles from an air stream as shown in  
Fig. 2. The micropillars are arranged in rows and are 
spaced apart from each other to define air 
passageways. These passageways are offset from 
micropillars in an immediately downstream row to 
form a tortuous air flow through the microstructured 
array (i.e. a clear line of sight through a 
microstructured array would reduce collection 
efficiency). The combination of configuration 
aerodynamics manipulation of the aerosol pathlines, 
appropriate choice of surface coatings, and 
electrostatic imposition on the flow should yield a high 
rate of particle diffusion and impaction on the surfaces 

of the micropillars. The significance of this engineered 
filter design effort is the unique attainment of the 
highest collection efficiency of aerosols at the 
minimum pressure drop (that can also be cleaned in-
place [9]). 

 
 

 

 
Fig. 2. Schematic of Microstructured Array that shows 
that a tortuous is the only pathway to travel through the 

Microstructured array filter’s impaction surfaces.
 
 

To minimize particle bounce, several coatings 
have been tested for use in the microstructured array 
collectors. One type of coating used is adhesive to 
particles when the coating is drier, but it easily releases 
the particles into the collection liquid when wet. The 
coating on the micropillars must allow them to retain 
impacting particles and prevent their re-entrainment 
back into a fluid stream. However, the coating should 
allow easy extraction of the particles with a small 
amount of liquid for cleaning or analysis. One example 
of such a material is an electrosprayed aerogel-coating 
on the surface of the micropillars. 
 
 
2.2. Numerical Model of the Engineered 

Filter to Maximize Particle Capture 
Processes with and without Electric 
Fields 

 
Over 20 year ago, we had pioneered the use of 

computational fluid dynamics (CFD) software to 
predict particle collection efficiency and pressure drop 
for an aerosol collector [9]. Several CFD simulations 
have been run using different micropillar structures 
(orange) to optimize collection of different particle 
sizes. Fig. 3 shows a sample result of one micropillar 
configurations (viewed from above), where the blue 
lines are the velocity vectors and the green lines are 
the pathlines for the particulates. The top half of  
Fig. 3 (blue lines) shows the velocity vectors for the 
air flow while the bottom half (green lines) shows the 
particle paths. The particle paths (green lines) are 
designed to impact on the micropillars and be retained. 
The surface of the micropillars that capture particulate 
of interest are uniformly arranged impaction surfaces 
for efficient collection of particles without a large 
pressure drop as shown in Fig. 3. Simply, the design 
goal is to have the green particle traces terminate on 
the surfaces of the micropillars while blue lines do not 
coagulate representing a larger pressure drop. The idea 

Particle trajectory to get
through the Microstructured 
Array 

Particle-laden AIR FLOW

Microstructure 
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is to trade-off particle collection efficiency with 
pressure drop (that translates into energy 
consumption). This engineered filter is designed to 

capture particles at greater than 99.9999 % (and 
vapors) at a minimum pressure drop (100 Pascal [Pa]). 

 
 

 
 
Fig. 3. CFD Model of Particle Collection Prediction (as seen from above). Each orange micropillar row is placed to intercept 
particle traces (green lines) to produce an efficient aerosol collection at a minimum pressure drop (fewer closely-spaced blue 
lines or velocity traces). 

 
 

CFD-RC ACE™ code (CFD-RC Corporation, 
Huntsville, AL) was used to optimize the device 
geometry and flow velocity to achieve greater than 
99.9999 % collection efficiency of the particles of less 
than 10 microns in diameter at less than 100 Pa 
pressure drop. We varied the diameter and spacing of 
the micropillars and the spacing between adjacent 
rows of micropillars to increase diffusion and 
impaction along the direction of a particle-laden fluid 
flow. Fig. 4 shows the results of the optimization 
model used for the micropillar study which reduced to 
a configuration of 100 micron micropillars 
accompanied by a 100 micron gap on either side 
separated by a downstream offset row of the same size 
micropillars. 

 
 

 
 

Fig. 4. CFD Prediction of Collection Efficiency of Various 
Particles Sizes without Electric Fields. 

 
 

CFD-RC ACE™ is structured computational fluid 
dynamics (CFD) with multitudes of capabilities, 
including the ability to couple the electrostatic field 
with the fluid field for modeling electrostatic 
precipitation for dendrite formation. The impaction 
modeling in Fig. 4 shows that the microstructured 

array filter should show a steep decline in submicron 
particle collection. Therefore, an electric field 
augmentation was added. 

The original analysis of micropillar arrays used 
CFD numerical modeling to predict solid particle 
penetration, using equations to describe single fiber 
trajectories. The relationship between the electrical 
forces (both induced and Coulombic mechanisms) and 
the single fiber particle collection efficiency is given 
in Equations (1) and (2) [4-5]: 
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where NQ0 is the induction parameter, Qf is the filter 
fiber charge, df is the fiber diameter, U0 is the velocity 
of the fluid at filter face, μ is the fluid viscosity, ε0 is 
the permittivity of free space, dp is the aerosol particle 
diameter, and εp is the permittivity of the aerosol 
particle. Equation (2) describes the electric field 
parameters: 
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where NQq is the Coulombic parameter and q is the 
charge of an elementary particle. It is expected that 
submicron aerosols will experience larger collection 
efficiencies due to the inclusion of electrical forces in 
the micropillar filter. These submicron aerosols would 
be less likely to be captured by mechanical processes 
and they are more likely to be captured by electric and 
diffusion mechanisms. Some of our initial results are 
shown in Fig. 5, where 0.3 micron particles are 
captured at 100 % efficiency when only a 1 V/cm 
electric field is applied while similar calculations 
performed without the added electrostatics exhibited 
insignificant collection efficiency. 
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Fig. 5. CFD of Impaction of 0.3 Micron Particles on Microstructures with an Electric Field of 1 V/cm. The particle 
trajectories (black dotted lines) are shown, showing the majority of particles being impacted and captured by the square 

micropillars (white square impaction surfaces). 
 
 
2.3. Self-Powered Chip-based Printed Air 

Mover 
 
Ion-drag pumping is not new and neither is the use 

of electrohydrodynamic (EHD) force for manipulation 
of flow field and particle trajectories within the flow. 
The electric field induced pressure gradients for 
driving the flow can be written as shown in Equation 
(3) [11]: 
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where ε is the dielectric permittivity of the fluid, ρ is 
the mass density, Q is the electric field space charge 
density, T is the temperature, and E is the applied 
electric field strength. The first term in the right hand 
side of Equation (1) represents the force on the free 
charges present and gives rise to the so called 
Coulomb force, which is the primary driving force in 
most ion-drag pumps for pumping a gas in the single-
phase mode. The second and third terms are the 
electrostrictive force and the dielectrophoretic (DEP) 
force which are ignored for this analysis. In this 
Equation (4), Q is the space charge density and is 
defined as follows: 
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where I is the current, u is the bulk fluid velocity, µ is 
the ion mobility, E is the electric field strength, and A 
is the flow cross-sectional area. In the simplest form 
for a laminar flow within a circular flow cross-section, 
one may derive a relationship between the pressure 
rise produced by the EHD pump, the driving voltage 
and the pump geometrical parameters using the 
relationships for the bulk velocity dependence on the 
current and voltage as well as the relationship between 
voltage and current (see Equation (5) [11]: 
 

2

2

6μ
ε u

p =Δ ,

 

(5) 

 

where u is the average particle escape velocity in m/s, 
µ is the ion mobility in m2/Volt-sec, and ε is the 
permittivity in C/Volt-m. It turns out that to solve for 
velocity in terms of the applied electric field strength, 
the pressure gradient easily overcomes the 100 Pa 
pressure drop of the microstructured array to push 
100 liters per minute of air through the 1 cm2 device.  
The nanoscale energy harvester, Nano-Boxx, which 
powers the air sampler is shown in Fig. 6 and is 
described in more detail elsewhere [12]. The Nano-
Boxx is a self-charging battery that generates electrons 
from ambient environments; the thermionic emission 
battery produces power at any air temperature. As 
soon as the Nano-Boxx is activated, a heat gradient of 
about 0.10C is established due to the emission of high 
energy electrons from the modified work function 
emitter electrode, φe. The lower a work function is, the 
easier electrons are released in the electrode gap. (The 
emitter work function, φe, has to be greater than the 
combination of the collector work function, φc, and the 
load voltage in order to get electrons to flow). The 
result of the high energy electrons leaving the emitter 
electrode is a slight loss of temperature of the emitter 
elecrode, Te. This heat loss is similar to the cooling 
effect of the evaporation of water from a hot surface. 
The heat gradient is maintained by a fluid designed to 
behave as a thermoelectric element – allowing the 
electrons to cross the 10 nanometer gap while 
minimizing the flow of heat. The gap-filling nanofluid 
provides the thermoelectric function by containing 
small quantum particles that allow electrons to hop 
across the gap while minimizing the heat transfer. 
These nanoparticles are sandwiched between two 
contact potential difference metals acting as electrodes 
to generate a voltage that drives the electron flow. In 
addition, the use of quantum dots to minimize the 
build-up of charge within the gap solves one of the 
problems that plagued thermionic converters. This 
nanoscale heat engine uses ambient air to replenish the 
electron energy while the heat is dumped elsewhere to 
a heat reservoir. With this thermionic solid-state 
device, the replacement of short-lived “constantly 
needing to be recharged” electrochemical batteries can 
be substituted with an (at least an eleven-year lifetime) 
thermionic battery. To meet the current discharge 
requirements, an ultra-capacitor capable of greater 
than 2C is printed onto the Nano-Boxx to keep power 
constantly available for more than a decade. The 
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revolutionary part of the approach is that the resident 
noise inherent in any diode is used to power an air 
moving device.  

 
 

 
 

Fig. 6. Schematic of Circuit for Thermionic Battery  
Heat Engine. 

 
 

The efficiency limit for every heat engine is given 
by the Carnot efficiency, ɳCARNOT, which is determined 
only by the temperatures THOT and TCOLD of the hot 
and cold reservoirs as shown in Equation (6). 
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In a thermionic converter, the elevated 

temperatures produce higher efficiencies of energy 
utilization. Hence, thermionic devices are usually 
operated at higher temperatures and consequently 
achieve greater efficiencies at these elevated operating 
temperatures. However, the operation of the 
thermionic converter at close to room temperature 
means that the Carnot efficiency for a Nano-Boxx 
thermionic device (operating at 0.10C removed from 
ambient conditions) is incredibly small. Nevertheless, 
the infinitesimal Carnot efficiency is offset by the 
number of electrons generated by a Nano-Boxx 
producing an energy density of 1550 watt-hour per 
liter (Wh/l) which is over 40 % greater than lithium-
ion batteries. In addition, the Nano-Boxx has a specific 
energy of close to 2000 watt-hour per kilogram 
(Wh/kg) that is an order of magnitude better power 
performance than silver-zinc batteries. In summary, 
the Carnot efficiency is of little concern if the energy 
density and specific energy surpass competing 
electrochemical battery technologies. 

The successful thermionic converter depends on 
the work functions of the electrodes and the 
conduction of heat-bearing electrons across the gap. 
When considering the entropy balance of the Nano-
Boxx device, several simplifications can be 
considered. The heat transfer through the connection 
wires, radiation losses, and Ohmic heating can be 
minimized using the thermoelectric nanofluid 

properties. Specifically, radiative heat transfer 
(Stefan-Boltzman heating) at room temperature is very 
small and is disregarded. The electronic processes 
including the electron emission and electron cooling 
are considered in Equations (7) and (8) [12-47]. 
 

Qin = Pec+Pr+Plwc, (7) 
 

Qout = Peh+Pr+Plwc, (8) 
 
where the Pec is the electron cooling, Pr is the heat loss 
to radiation, and Plwe is the heat conducted away from 
and the ohmic heating of the lead wire for the emitter. 
Similarly, Peh is the electron heating at the collector. 
The energy flux balance of the device become 
Equations (9) and (10):  
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where Je is the current density for the emitter, φe is the 
emitter work function, Jbc is the current density for the 
back current from the collector, kB is Boltzman’s 
constant, Te is the emitter temperature, and Tc is the 
collector temperature. Similarly, Peh is the electron 
heating of the collector. Since the radiation losses at 
room temperature are minimal, and the electron 
cooling exceeds the joule heating in the wire, Qin is the 
heat added from the ambient environment to the 
electron gas working fluid. Because of the nanofluid, 
the discrete energy levels allow one to initially ignore 
the kBT term along with the back currents, JBC. 
Similarly, Qout also ignores the radiation heating and 
back currents and is predominately the result of the 
electron heating. When considering entropy in 
Equation (11), the difference is the heat minus the 
work per electron or dQ - dW = T dS + p dV where 
there is no change in volume. Previously, we discussed 
why the emitter work function, φe, must be larger than 
the collector work function, φc, and also noted that the 
emission of electrons from the emitter electrode results 
in cooling, - these observations result in entropy 
calculations that are proved to be positive in  
Equation (11): 
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Therefore, the Nano-Boxx power production process 
is favored by the second law of thermodynamics (e.g. 
entropy) analysis. The harvesting of the noise from a 
layered diode is not a first or second law of 
thermodynamics violation. 
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The source of the noise in the layered diode circuit 
or thermionic battery is in accordance with the 
Richardson-Dushman law; the currents from the first 
metal (i.e. emitter) and second metal (i.e. collector) are 
found in Equations (12) and (13): 
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where φe and φc are the electron work functions of 
emitter (Tungsten-cesium oxide – 0.88 eV) and 
collector (Gold cesium-oxide – 0.65 eV), respectively, 
T is the absolute temperature of the ambient (373 0K), 
k is the Boltzmann constant (8.62⋅10-5 eV/0K), and Ar 
is the Richardson constant (that varies for each 
material – maximum 1.2⋅106 A/m2K2 with W-Cs2O 
8⋅104 and Au-Cs-O – 0.9⋅104 A/m2K2). Since the work 
function of the collector, φc, is less than the work 
function of emitter, φe, the contact potential difference 
must be overcome to transfer electrons. Since the area 
of a Nano-Boxx cell is 10-2 m2, the current transferred 
from metal 1 to metal 2 is approximately 0.061 A/cm2. 
Therefore, electrons will be transferred to the material 
with the smaller work function (assuming the load is 
also surmounted) due to the device configuration. As 
shown in Fig. 6, the cathode emitter surface (i.e. with 
the higher work function φe) is charged negatively and 
the collector anode (i.e. with the lower work function, 
φc) is positively charged. An electric field, ECPD, and a 
contact potential difference, Vload, appear in the gap, 
correspondingly. In this case, the condition of 
equilibrium is the equality of the Fermi levels wherein 
the currents are matched, i.e. j1= j2. This equality 
signifies that the potential barrier for the electrons 
moving from the right to the left, i.e. φc+eVload, is 
equal to the potential barrier for the electrons moving 
from the left to the right, i.e. φe.  
In other words, the following equality is valid to derive 
the contact potential difference, Vload, in Equation (14): 
 

eloadc qV ϕϕ =+ , where 
q

V ce
load

ϕϕ −= , (14) 

 

where q is the magnitude of charge of an electron. 
Assuming that both conductors are at the same 
temperature, usually electrons will migrate across the 
contact surface from the low work function material to 
the material having the greater work function. 
However, the emitter work function must be larger 
than the collector work function to overcome the 
contact potential difference. Thus, the average energy 
level of the electrons in the material with the greater 
work function, EF2, will be lowered and 
correspondingly the average energy level of the 
electrons in the material with the lower work function, 
EF1, will be raised. This migration of electrons across 
the contact surface will continue until the average 

energy levels of the two materials are equalized and in 
equilibrium. 

The significance of the Nano-Boxx testing is that 
the thermionic emission can be predicted and shows a 
close correlation with the Richardson’s equation. The 
first three data points show a surprisingly accurate 
agreement with the Richardson’s equation predictions 
of small currents at low temperatures. Therefore, one 
is able to model and predict the performance of a 
Nano-Boxx (see Fig. 7): 

The divergence of the correlation from the 
Richardson’s equation at higher temperatures is the 
result of thermoelectric nanofluid limitations.  

As the electrical current starts, a substantial energy 
flux away from the emitter is made possible by the net 
energy exchange between the emitted and replacement 
electrons [12-47]. The replacement electrons from the 
wire connected to the emitter do not arrive with an 
average energy at the Fermi energy, EF, but lower [15]. 
A new more complete theory for energy exchange 
processes in electron emission is formulated [16]. It is 
found that the tunneling contribution to the availability 
of vacant states is necessary to explain the electron 
replacement process occurring in the emitter region. 
The introduction of the tunneling states now makes it 
possible to obtain both the average energies of the 
emitted and replacement electrons. Contrary to the 
assertion of several authors that the replacement 
energy is equal to the chemical potential of the emitter, 
the electron replacement process takes place in the 
available energy states below the Fermi energy in the 
emitter. The reduced energy of the replacement 
electrons is 10-100 meV less than EF  
(0.0862 meV = 10K) [15]. Therefore, the Nano-Boxx 
energy cycle provides electricity for the air sampler. 

 
 

 
 

Fig. 7. Modeling of Nano-Boxx Thermionic Emission 
(dark line) and Experimental Results (Red line). 

 
 

2.4. Compiled Microstructured Array Filter 
 
The focus of the initial work was a CFD parametric 

analysis that determined the optimal 100-micron 
micropillar geometry for particle collection as a 
function of pressure drop as shown in Fig. 8. These 
model insights were used to fabricate a microstructured 
array filter. 
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Fig. 8. Scanning Electron Micrograph (SEM) of the 
Microstructured Array Sheet Architecture that Compiles 
into an Engineering Filter. The 100-micron gaps  
and micropillars are evident. The next sheet is a spacer with 
the following sheet similar to above with the micropillars 
placed such that an unimpeded path through the 
microstructured array does not exist. 
 
 

The micropillars are a series of aerogel-coated 
vertical columns strategically arranged to capture 
particulate. As shown in Fig. 9, the aerogel coating is 
submicron in thickness and retains water that  
softens the collision between the particle and the 
micropillar surface. 

 
 

 
 

Fig. 9. SEM of Aerogel Coating. 
 
 

As shown schematically in Fig. 10, the 
microstructured array filter is compiled to form the 
autonomous air sampler. 

It should be noted that the bottom corner (gray and 
blue boxes) is where the microstructured array resides. 
The top layer is presented as the printed ion-drag pump 
components that forms the air mover. The air flow 
voltage driver is generated by joining dissimilar metal 
electrodes. At the nanoscale, intense electric fields to 
move air via ion-drag can be obtained by placing 
charges on nanostructures. The second (possibly 
composed of several sheets downstream) layer will 
host many particle and vapor detectors with their 
associated electronics. The next layer is the Nano-
Boxx thermionic battery that is a source of power for 
the air sampling device. Finally, the bottom layer is 
envisioned to be the antennas to communicate the 
recent air sampling results for the interrogation of air 

for hazardous materials. For the testing in the aerosol 
chamber, only three layers of the microstructured 
array were compiled for the aerosol collection 
efficiency testing as a function of air flow rate. 

 
 

 
 

Fig. 10. A Schematic of the Compiled Sheet Architecture of 
the Microstructured Array. Only three layers of 
microstructured arrays were used for this aerosol collection 
air testing.  

 
 

2.5. Experimental Apparatus and Procedure 
 

As shown in Fig. 11, the compiled micropillar 
array is placed within a device to ensure smooth flow 
streamlines. The velocities selected were around 
5 meters per second and incurred less than an inch of 
water pressure drop (100 Pa). Polystyrene latex 
spheres (PSL) of two-micron size particle diameter 
were passed through the micropillar array to determine 
collection efficiency as a function of air flow rate. This 
focused experimental effort was used to validate the 
CFD modeling. The design air flow rate through the 
microstructured arrays is 100 liters per minute for a  
1 cm2 area microstructured array. The question arose 
as to how low an air flow rate may result in less 
particle collection. The air flow can be changed using 
different electrical and testing conditions. Isokinetic 
sampling conditions are maintained with the 
microstructured array filter throughout the testing 
trials. 

Several of the assembled test apparatus were 
placed in the Edgewood Chemical and Biological 
Center (ECBC) Aerosol Sampling Chamber 
(photographed in Fig. 12) to measure the collection 
efficiency of the microstructured array as a function of 
air flow rate.  
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Fig. 11. A Micropillar Array Assembly is placed within  
a larger device to insure good testing procedures. 

 
 

 
 

Fig. 12. A Photograph of the ECBC Aerosol Sampling 
Chamber (Aberdeen Proving Ground, MD). Microstructured 
Arrays Air Filters are placed inside the chamber with three 
reference filters to determine the particle collection 
efficiency. 

 
 

The initial testing of the microstructured array was 
performed by challenging a miniature coated-
microstructured array filter with flowing PSL-laden 
air. The PSL was injected into the flowing air stream 
by a nebulizer and thoroughly mixed by the convective 
processes within the chamber to provide as close to a 
uniform sample as possible. A two-micron diameter 
sized PSL was passed at various air flow rates to 
determine the collection efficiency. Simultaneously, a 
similar configuration composed of a filter with a 
Nucleopore™ membrane with the air flow controlled 
by a rotameter was found in the second isokinetic 
sampler. The membrane filter was selected as 100 % 
collection efficiency because the pores are too small to 
allow a two-micron diameter size to pass through the 
membrane. The fluorescent PSL deposited on the 
membrane (Whatman Inc.-Nucleopore™ track-etch 
0.2 micron pore size) was extracted with 5 minutes of 
vortexing in 1 milliliter of sterilized water. The 
influent and effluent suspensions of fluorescent 
particles sample concentrations obtained from the 
micropillars prototype and parallel isokinetic sampler 
were quantified by a Fluorometer (Turner Quantech 

Digital Filter Fluorometer Model # 109535). A 
baseline of known concentrations of PSL was created 
and used to calibrate the Fluorometer for the PSL used 
to target the micropillar filter.  
 
 
3. Experimental Results  

 
3.1. Coating Effect on the Particle Capture 

by a Microstructured Array Filter 
 
Specific aerogel-coatings were added to the 

micropillars to aid in the collection of low-
concentration particles (or absorb gases, such as 
chemical vapors). The photographs in Fig. 13 show the 
dramatic increase in the number of fluorescent 
particles deposited on the micropillar surfaces when a 
coating is present. 

 
 

  
 

Fig. 13. Uncoated (left) and Coated Micropillars (right) 
with Illuminated Fluorescent Particles. 

 
 

3.2. Dendrite Formation on Microstructured 
Arrays due to Electric Fields 

 
The collection efficiency of a micropillar aerosol 

collector can be further enhanced by adding electric 
fields to the microstructures to ensure that virtually all 
of the airborne particles are attracted to, and retained 
by, the micropillars. The micropillars may therefore be 
used to collect particles through the combination of 
mechanical and electrical mechanisms. As shown in 
Fig. 14, photographs and dendrites are formed by 
electrostatic interaction of particles on the micropillars 
with a 1 V/cm electric field. These dendrites increase 
the amount of particles which can be captured without 
the consequential additional pressure drop. 

 
 

   
 

Fig. 14. Photographs of micropillars under magnification. 
Deposited Spheres Creating Dendrites on Micropillars (left). 
The dendrites on the micropillars shown at different 
magnification (right). 

Replaceable coupon of 
microstructured array 

Air Inlet 

Inlet Flow 
Conditioner 
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3.3. Aerosol Chamber Measurement of the 
Collection Efficiency Demonstrated by 
a MicroStructured Array 

 

We have successfully demonstrated that 
particulate materials can be captured on 
microstructured arrays at greater than 99.9999 % 
efficiency for 2 micron diameter particles. As shown 
in Fig. 15, the collection efficiency was demonstrated 
to be higher than 99.9999 % for the membrane filters 
at Edgewood Chemical and Biological Center (ECBC) 
testing. The significance of the experiments is that the 
microstructured arrays demonstrated similar 
collection efficiencies to the reference membrane 
filters for the collection of aerosols at a small fraction 
of the pressure drop. Three reference membrane filters 
that are considered to capture 100 % of the particles 
(at high pressure drops) were distributed through an 
ECBC chamber. Similarly, several microstructured 
arrays operating at air flow rates of 5, 10, 15, 20, and 
25 liters per minute (LPM). If one considers the 
collection efficiency as representing particles, then the 
membrane filters captured 101, 103, and 97 particles 
representing the particle concentration variation 
throughout the ECBC chamber. 

 
 

 
 

Fig. 15. Coated Micropillar Collection Efficiency Test 
Results as a Function of Flow Rate. 

 
 

Microstructured array filters captured 99.9999 % 
of the particles and were equivalent to membrane 
filters while operating at a fraction of the pressure 
drop. Even at very different air flow rates, the 
microstructured array exhibited greater than 
99.9999% collection efficiencies. Usually, fiber filters 
suffer reduced collection efficiencies at lower air 
velocity conditions. Therefore, the engineered filter 
demonstrated new capabilities that have not been seen 
previously. 

The CFD predictions matched the high collection 
efficiency experimental results observed. The 
significance of these results is that a solid-state “Smart 
Filter” composed of microstructured arrays has 
demonstrated a design that captured more particles 
more efficiently at minimal energy costs. Since 

membrane filters are better than HEPA filters for 
collection efficiency, it can be argued that the low 
pressure drop microstructured array engineered filter 
outperforms HEPA filters. These micropillar-based 
filters can be outfitted with specialized nanocoating 
functionality on various rows. The result is a scalable 
filter that can capture, identify, and in some cases 
eliminate more particulate, using less energy than any 
other filter. 

The ability to extract deposited particles from the 
microstructured array into liquid has been 
demonstrated at ECBC at over 99 % with a vortex 
particle extraction method (see Fig. 16). The 
significance is that the particles captured on the 
microstructured array can be transferred to an 
extraction fluid at high efficiencies for producing 
confirmation samples for the wet analytical methods. 
Since these particle removing microarrays will have to 
be cleaned periodically to avoid contamination, their 
particle extraction efficiency should be as high as 
possible. 

 
 

 
 

Fig. 16. ECBC Collection Efficiency and Extraction  
of Particles from the Microstructured Array. 

 
 

Particles can be captured onto nanostructures such 
as aerogel. While the aerogel-coated microstructured 
array is only 250 nanometers thick, the reduction of 
micron-size diameter particle bounce is significant. 
Aerogels have high porosity and provide a large 
effective surface area. Hydrophobic silica aerogels are 
water repellant, but allow water vapor to diffuse 
through them with very little hindrance. Because the 
pore size is less than the mean free path of the 
molecules, the molecules collide with the walls of the 
pores more frequently than with each other. In the case 
of a water molecule colliding with a hydrophobic pore 
wall, the water molecule bounces off without losing 
very much energy (speed). If the interaction with the 
wall is favorable, then the molecule will lose energy in 
colliding with the wall and the progress of the 
molecule will be slowed or halted. Since the mean free 
path is only a few nanometers, there are a very large 
number of collisions before a molecule can diffuse 
from one side of a film or particle to another. 
Therefore, the engineered microstructured array filters 
utilize ordered aerogel-coated impaction surfaces that 
are more energy efficient and can be regenerated  
for reuse. 

Micropillar Collection and Extraction Efficiency
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4. Future Designs  
 

Currently, the detection of the captured particles 
on the microstructured arrays was accomplished with 
electromagnetic interrogation approaches. One 
approach for the detection of accumulated hazards on 
the surfaces of the microstructures is to scatter light 
from the deposited samples. Examples of this 
approach are the optical interrogation of captured 
materials with Terahertz, ultraviolet fluorescence, 
infrared, and Raman spectroscopy. However, a 
discovery is that exposure to an ionized gas lyses the 
biological material creating more cellular structures to 
optically interact [48-49]. For example, both normal 
and mutant spores (with a single protein missing from 
a spore-coat) were able to have different optical 
interrogation results after ionized gas lysing.  

Eventually, one or several microstructures will be 
used to internally guide the light from a printed light 
source to interact with deposited biological sample on 
the micropillar. The reflected radiation back to the 
detector will form the basis of detection. This internal 
focusing of light within the microstructured array 
facilitates the detection of hazardous materials such as 
radiological and nuclear compounds. The integration 
of several techniques scanning the sample in a few 
seconds is the goal. This air sampler can be integrated 
with optical, mass scanning, polymerase chain 
reaction (PCR), and other detectors. Future work will 
also focus on the adsorption of vapors for detection. 

The fielding of ubiquitous, inexpensive, self-
powered, sensitive CBRNE sensors will make 
terrorism more difficult, capturing perpetrators more 
likely, and response to a hazardous material release 
incident more obvious. The goal is the eventual 
elimination of terrorist events with self-powered 
internet-of-things (IoT) sensors closely monitoring  
the air. 
 
 

5. Conclusions 
 

The design of a microstructured array using 
computational Fluid Dynamics (CFD) allowed the 
design of air samplers that capture the particle range 
of interest at the minimum pressure drop. We 
demonstrated that microstructured arrays can be 
configured to collect particles from 1 to 10 microns at 
greater than 99.9999 % collection efficiency. The 
CFD predicted collection efficiency of 99.9999 % was 
verified experimentally. Furthermore, the imposition 
of electric fields allowed collected particle size range 
to be extended down to 0.3 microns for viral-size 
particles. The prediction of the formation of dendrites 
due to the electric fields from the captured aerosols 
was experimentally observed. Additionally, the 
coatings on the microstructured array allow the 
particles to be retained by minimizing particle bounce. 

The operation of a self-powered solid-state air 
sampler was an important goal of this demonstration 
effort. Since the expected life of a thermionic battery 

is at least 11 years, the reality of a miniature efficient 
air sampler has been proven. 
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