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Abstract— Thousands of explosive vapor trace detectors
deployed in the field require frequent verification and
calibration to guarantee their accurate operation. In this
paper we describe the use of precision micro-dispensing
technology in the development of vapor generation
instruments for the calibration and testing of explosive
detectors. Several digitally controlled systems ranging from
bench-top/research instrument to a hand held unit using inkjet technology have been prototyped and tested. The use of
digitally controlled ink-jet dispensing to precisely eject
minute amounts of dilute explosive solutions and convert
them into vapor has been demonstrated. An electrical pulse
applied to a piezoelectric micro-dispenser causes a drop of
fluid to be ejected through a precise orifice. These droplets
land on a heater that converts them to vapor. The amount of
explosive delivered to the detectors can be controlled by the
number of drops (dose mode – specified number of drops is
generated) and the frequency of the droplet generation
(continuous mode – droplets are generated continuously at
fixed frequency). An additional control of the amount of
explosive is provided by the concentration of the explosive
solution that is dispensed facilitating the generation of
infinitely small amounts of explosive vapors. The prototypes
built have been evaluated with commercially available
detectors in both dose and continuous modes. Ultimately,
the ability to further miniaturize the vapor generators will
lead to units that are embedded into next generation
detectors for real-time verification and calibration.

1. INTRODUCTION
Vapor Trace Detectors
The need to detect very low levels of illicit substances
(chemical and biological agents and explosives) has become,
after September 11, 2001, a priority for the federal, state and
local government agencies. Systems capable of detecting

minute amounts of the above materials are required in the
airports, border crossings and high security areas.
Explosives represent one important class of illicit substances
with the military explosives (e.g. TNT, RDX, PETN, HMX)
being an important subclass that is currently targeted by the
various trace detection methods. Trace detection – detection
of very small amounts of the explosives – identifies people
or things that have come in contact with explosives. The
trace detection methods have been implemented in a variety
of instruments ranging from hand held and portable to
bench-top or portals.[1,2]
The detection methods can be classified in: separation
methods (gas chromatography - GC, high performance
liquid chromatography – HPLC, capillary electrophoresis CE), ion detection methods (mass spectroscopy – MS, ion
mobility spectrometry – IMS), vibrational spectrometric
methods (infrared absorption, Raman scattering, etc.),
UV/visible methods (fluorescing polymers, colorimetric
reactions), immunochemical sensors, electrochemical
sensors. [1,3,4]
The Need for Vapor Calibrator
The vapor generator provides the reliable standards that are
needed to maintain the accuracy and sensitivity of the vapor
trace detectors that are used in the field. To make sure that
the sensitivity of a system is still acceptable, periodic
evaluation and, if necessary, recalibration are required. By
creating explosive vapors of known concentration, the vapor
generator will provide the means to verify the detection limit
of the systems in the field and their recalibration. IMS is one
of the most popular technologies employed in the vapor
trace detection, but it is sensitive to variations in pressure
due to weather or altitude. The vapor generator can be used
to recalibrate IMS systems at various operating /
environment conditions.
The continuous research and development for the
improvement of the detection limit requires a vapor source
of very low concentration. It is desired that such a vapor
source is portable, because a large number of the vapor trace

detectors deployed in the field are fixed. Existing
technologies [5,6] are not very precise and cannot be easily
miniaturized. By creating a vapor containing a precise
amount of explosives, the vapor generator provides the
means to quantify the improvements in the development of
the explosive detectors. Moreover, the capability to
dynamically adjust the vapor concentration by several
mechanisms (amount of fluid used for evaporation, temporal
distribution of the evaporated material), will allow the
verification of the full range of the detectors and allow
calibration over its entirety.
The wide variety of methods and their implementation in the
vapor trace detectors make their comparison difficult. Moore
[4] states that “there is an urgent need for standard testing
protocols to enable fair and complete comparisons of
available trace and stand off detection methods”. An
accurate explosive vapor generator can provide the means to
calibrate the instruments deployed in the field and, at the
same time, can be a tool to compare the sensitivity of
various instruments.

2. INK-JET
Background
In the case of the drop on demand (DOD) ink-jet printing
systems, a volumetric change in the fluid is induced either
by the displacement of a piezoelectric material that is
coupled to the fluid [7], or by the formation of a vapor
bubble in the ink, caused by heating a resistive element.[8]
This volumetric change causes pressure/velocity transients
to occur in the fluid and these are directed to produce a drop
that issues from an orifice.[9,10] Demand mode ink-jet
printing systems produce a droplet only when desired.
Figure 1 illustrates a piezoelectric based DOD system, in
which a droplet is generated only when a voltage pulse is
applied to the piezoelectric actuator. In traditional printing
systems the drops are targeted to specific locations on the
substrate/paper. For the vapor calibrator discussed in here,
the droplets land on the heating element.
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Figure 2 – Sequence of generation of 50µm droplets
(ethylene glycol) at 4kHz
The Advantages of Ink-Jet Technology
Some of the general benefits of the ink-jet dispensing are
transferred to this application. They are:
• High precision: Ink-jetting produces highly repeatable
drops. The very sharp edges in the photo in Figure 2
reflect the high repeatability of the dispensing.
• Continuous variation: The very small size of the
individual drops (20-200picoliters) produces, from the
perspective of this application, almost continuous
variation of the total (accumulated) amount.
• Dynamic range: The output range of a vapor generator
based on ink-jet microdispensers extends from almost
zero (equivalent of several drops) to several thousands
of parts per trillion. The low end resolution can be
further increased by using more dilute solutions
containing the substances of interest.
• Data driven: The piezoelectric dispensers are
electrically driven and they can be controlled from data
files. This makes the technology easily adaptable for
automatic testing.

3. VAPOR CALIBRATORS
Vapor Generator for Olfaction Threshold
The initial instrument developed for detector evaluation was
designed for the determination of the threshold (sensitivity)
of the human nose which can be used as an early symptom
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Figure 1 – Schematic of a drop on demand ink-jet
printer in which each pulse produces a drop
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The process of droplet formation and ejection from the
orifice of a DOD device is indicated in the time-sequenced
photos of Figure 2, taken under stroboscopic illumination at
the driving frequency of the dispensing device. The droplets

Figure 3 – Photoionization detector response for
various number of drops; bottom curve - 6 drops and
top curve - 618 drops.

for the onset of neurodegenerative diseases like Alzheimer’s
and Parkinson’s.[11,12] For this application droplets of
lemon extract and phenethyl alcohol are generated and
deposited onto a heater where they are evaporated. The
vapors are presented to the patient nose. A modified
staircase testing procedure was implemented to determine an
olfaction threshold for each subject. Experiments with this
olfactometer provided information on the output as a
function of number of drops (Figure 3).

The dispense head sub-system (Figure 5) consists of the
MicroJet devices, heater, reservoirs, temperature controls
and interconnects.

Bench-top Prototypes

Second Prototype—A second prototype of a bench-top
vapor generator (Figure 6) was reduced to a single dispenser
per head, but incorporated other functions: ability to control
four separate dispenser heads, cooled reservoirs for the
explosive solution, software controlled heater temperature.

First Prototype—A first prototype was built for NIST and it
incorporated six different MicroJet dispenser, each with a
separate reservoir. This system permits the use of multiple
fluids and thus provides the capability of testing interactions
between the different substances.
Fluid Drops

This system was used in conjunction with various detectors
in continuous operation. The parameters of the studies
consisted in the type of explosive used, the flow rate of the
carrier gas (dry nitrogen) and the frequency of generation of
the droplets. [13]
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Figure 4 – System schematic and key components

Figure 6 – Multi channel bench-top vapor generator

The principle of operation is similar to the olfactometer and
is depicted in Figure 4. The droplets landing on the heater
(at set temperature) are evaporated and the vapors are
carried towards the detector / sensor to be tested. A
particularity of this system consists in the fact that the walls
of the outlet tube are heated to prevent the deposition
(condensation) of the explosive vapors on the wall. Because
of the heating a cooling coil (Figure 5) was used to maintain
a lower temperature in the region upstream of the vaporizer.

Additional functions were incorporated in the software to
control all four dispenser head, to record environmental
conditions and the tests that were run. Current work includes
the control of the temperature profile in time for the
evaporator/heaters. This function might be desired in the
case of detectors that are sensitive to the solvent that is used
to dissolve the explosives. In this case, the heater could be
set initially at a relatively low temperature that ensures the
evaporation of the solvent. Once the solvent is driven away,
the detector can be exposed to the air stream coming out of
the vapor generator while the temperature is increased to
values that drive off the explosive from the heater. A final
heating at high temperature ensures that all the residuals on
the heater are burned off.
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Figure 5 – Dispense head sub-system

A prototype of a portable vapor generator was designed and
built (Figure 7). This hand held system has a similar
principle of operation as the bench-top systems. Most of the
differences are in the actual construction, especially in the
control part. The control of the vapor generator was done
using a two channel MP3 player. One channel provides a
frequency signal that is used to adjust the temperature of the
heater (the higher the frequency the higher the heater
temperature). The second channel provides the trigger signal
to generate the drops. The two outputs can be synchronized
to correlate the drop generation to the temperature of the
heater.

Thermal Analysis—Thermal analysis was also run to
determine if the heater power is sufficient to achieve
temperatures in the 200ºC range (possibly required for the
residual burn off). Continuous power on to the heater
produced temperature exceeding the desired values (Figure
9).
Output—The final part of the simulations incorporated the
analysis of the concentration of the explosive vapors at the
outlet as a function of time (Figure 10). In these simulations
we have assumed a triangular release of the explosive on the
heater.
Figure 7 – Prototype of a handheld vapor
calibrator
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Flow Analysis—This vapor generator does not incorporate a
heater for the outlet area. Even though the output tube is
fairly short, we have evaluated the trajectory of the particles
leaving the heater by numerical simulations in Fluent. The
flow pattern has indicated that the markers released from the
heater surface would be concentrated to the axial region of
the output (Figure 8).
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Figure 10 – Time dependent explosive mass fraction at
various points in the outlet plane

4. TESTING RESULTS

Figure 8 – Output section of the portable vapor
generator. The colored lines represent the
trajectory of the markers leaving the heater

Figure 9 – Temperature distribution on the solid
surfaces presented as isothermal contours

The systems are capable of operating in two modes: a
continuous mode in which the droplets are generated
continuously at a selectable fixed frequency and a dose
mode which consists of the generation of a specified number
of drops at a selected frequency. From a practical
perspective, the portable vapor generator might only need
the dose mode operation.
NIST has used the first bench-top system fabricated by
MicroFab to evaluate the potential range provided by a
vapor generator employing ink-jet microdispensers for
several explosives (RDX, TNT and PETN) and has shown
that the concentration can be varied almost continuously
from 0 to hundredths of parts per trillion (v/v) when
operating the dispenser in continuous mode.[13,14]
Experiments have also shown the ability to step up the
output by stepping up the drop generation frequency.
Tests were also made with the second bench-top vapor
generator in both continuous mode and dose mode. Figure
11 shows a sample result. In the case depicted in the figure a
solution obtained by diluting a TNT standard using ethanol
to an effective concentration of 1µg/mL was dispensed in
dose mode using one to five drops. The equivalent amount
of explosive varied from 62 to 310 femtograms.
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The system can be further miniaturized and implemented in
a module. Such a modular component can be incorporated in
the vapor trace detectors for automatic testing and
calibration.
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Figure 11 – Detector response at various amounts of
dispensed explosive solution

5. CONCLUSIONS AND FUTURE DIRECTIONS
Feasibility of the use of the ink-jet based explosive vapor
generator to calibrate the explosive trace detectors was
demonstrated with the two bench-top prototypes. The
prototype of the portable vapor generator has shown the
ability to miniaturize the system for a future hand–held
(field) calibrator. All built prototypes have shown that they
are capable to generate femtogram level of explosives. The
range of explosive vapors produced by the prototypes satisfy
the current detectors on the market and can be easily adapted
for the use of any forthcoming vapor detectors.
Work will continue with the design and fabrication of a
research test bed that incorporates the explosive vapor
generation using ink-jet. This system will be evaluated in
terms of the explosive output by Gas Chromatography Mass
Spectroscopy (GCMS) and with commercial explosive
vapor detectors.
A hand held (portable) vapor generator will be designed and
built using selected and optimized functions that are
transferred from the research test bed. Concept of a hand
held vapor generator is shown in Figure 12.
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