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II. PROJECT DESCRIPTION

A. Project Overview

The main deliverable of our research project is a portable explosives trace detection (ETD) system capable of 
continuously monitoring a wide variety of threat molecules in the vapor phase. Our ETD system is both pas-
sive and non-invasive, and will provide a complementary tool to the existing Homeland Security Enterprise 
(HSE) toolbox that could enhance current technologies used for the screening of explosives. For example, in 
one adaptation, we are combining our orthogonal sensors for trace detection with computerized tomography 
(CT). The screening of low-density compounds, such as 2,4- dinitrotoluene (DNT), ammonium nitrate (AN), 
and triacetone-triperoxide (TATP), using CT is not possible at this time. However, by combining the superb vi-
sualization provided by CT with our orthogonal sensors for trace detection, checkpoint augmentation would 
have an unparalleled ability to detect explosives. 
We have previously demonstrated that solid-state metal oxide sensors can successfully detect TATP at the 10 
ppm level. However, to improve sensor response time, sensitivity and selectivity, the large thermal mass as-
sociated with the solid-state sensors was dramatically reduced by replacing the microheaters with extremely 
low mass (25 um diameter) coils. These low mass sensors were able to detect TATP, at the 2 ppm level over 
a wide range of temperature, flow rate, and humidity conditions and 2,4-dinitrotoluene (DNT) at the 4ppb 
level (concentrations verified at NRL’s Vapor Test bed). Figure 1 on the next page shows the response of a 
thermodynamic sensor fabricated with a SnO2 catalyst cycled to 75oC, 100oC, 150oC, 250oC, 350oC, 450oC, and 
500oC and exposed to 20 ppm TATP. The activation energy for this rate-controlled process was 35 kJ/mol 
based on the power curves presented in Figure 1 on the next page. Previous work on our thermodynamic 
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sensors suggested that detection was based on the catalytic decomposition of TATP rather than the thermal 
decomposition of TATP, which has an activation energy in the range 136-148 kJ/mole. The activation energy 
for the thermal decomposition of hydrogen peroxide on zirconia surfaces is 33 kJ/mole, which is nearly iden-
tical to the activation energy determined for our TATP sensor. Also, in previous work, similar concentrations 
of TATP and hydrogen peroxide resulted in very similar responses. All of this supports the premise that the 
decomposition of TATP is catalytic in nature.

The effect of sampling or flow rates on sensor response and selectivity was also investigated this past year 
(see Fig. 2 on the next page). Flow rate was varied from 50 to 500sccm, and the peak power increased as flow 
rate was increased from 50 to 250sccm. There was no significant change in sensor response once a flow rate 
of 250sccm was reached, indicating that there were no adverse effects on sensor performance when higher 
flow rates were used. This is important since flow rate is an important parameter when trying to determine 
throughput while field testing our portable  ETD system; i.e. the flow rate needs to be large enough to sample 
the required volume of air in reasonable time. Operating under low flow conditions (50sccm) resulted in 
sluggish response times (on the order of minutes), whereas higher flow rate conditions produced a response 
times of 30 seconds. Therefore, it is recommended to use higher flow rates in terms of sensitivity and overall 
response as well as response time.

 

Figure 1: Response of a SnO2 coated-coil sensor held 75oC, 100oC, 150oC, 250oC, 350oC, 450oC, and 500oC and  
exposed to 20 ppm TATP. 
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Performance metrics for sensor selectivity and sensitivity, including quantifying sensor responses in the 
presence of interferrents was investigated in Year 4. Environmental tests confirmed that the effect of humid-
ity on sensor response was considerably more significant when detecting TATP as opposed to DNT. Humidity 
does indeed influence the performance of the low mass thermodynamic sensors when detecting TATP, as 
shown in Figure 3 (on the next page). Here, the presence of humidity lowered sensor response by 60%, when 
saturated conditions were used at 77°F (RH = 100% at 77°F). However, this degradation was considerably 
less when the relative humidity was reduced to the 12-75% RH levels, as shown in Figure 3. Under relatively 
high humidity conditions (100% RH at 77°F), the response of our thermodynamic sensor to 20 ppm of TATP 
degraded. However, the signal was still strong enough to be discernable from the noise floor or background signals. 
The selectivity for TATP shown in Figure 3 was encouraging, considering that the concentration of water in 
the vapor phase was many orders of magnitude greater than the TATP concentration in the vapor phase. Oth-
er interferents, such as smoke, will be investigated in Year 5.

Figure 2: Responses of a SnO2 coated sensor to 20 ppm TATP as a function of mass flow rate. Inlet mass flow rates of 50, 
250, and 500sccm were investigated. 
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Recent tests confirmed that by reducing the thermal mass of our thermodynamic sensor by a factor of 200, 
sensor sensitivity and selectivity was dramatically improved. The detection limit for TATP was reduced to the 
2 ppm level and the detection limit for 2,4-DNT was reduced to the 4 ppb level, without sacrificing selectivity. 
These results were obtained at the Naval Research Laboratory’s (NRL) Vapor Test Bed and suggests that by 
reducing the thermal mass of our thermodynamic sensor even further (i.e. by going to a microelectromechan-
ical (MEMS)-based sensing platform, where microheaters are fabricated directly onto μm-thick free standing 
diaphragms), the detection limits could be reduced even further. 
Most of the sensor testing to date has been done using a bench-level or bench-scale apparatus under con-
trolled laboratory conditions. At the end of Year 4 we began testing our portable ETD system under con-
trolled laboratory conditions, prior to field-testing at NRL and Morpho detection. Moving forward in Year 5, 
field-testing of our sensor will continue to be a priority. In Year 4, this required designing and fabricating a 
portable version of our ETD system, which is the size of a small toolbox. Most of the space in the “box” was 
allocated to an APC back-up, which is used to power the portable ETD system (i.e. a portable power supply 
to power two mass flow controllers, a pump, associated electronics, and two microheaters). This required 
some re-engineering of the components and plumbing to reduce response time and power consumption. The 
re-engineering of the portable ETD system took additional time and resources, and was partially responsible 
for the delays in field-testing early in Year 4. A photograph of our portable ETD system is shown in Figure 4 
on the next page. We were able to replicate the results obtained from our bench-scale system in the Spring of 
2017 and field test our portable detection system at the NRL’s Vapor Test Bed in July 2017 and at Morpho De-
tection in August 2017. We plan to do additional field-testing in November 2017 at the Port of Savannah, GA.

Figure 3: Low mass thermodynamic sensor response to 20 ppm TATP under various humidity conditions.  Installing 
an empty vessel downstream from the TATP introduced a dilution effect (red curve), which lowered the response.  
Saturated air at 77 °F also reduced the response (green curve).  

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R2: Trace & Vapor Sensors 

Project R2-B.1



The ideal end-state of our research project and the ultimate deliverable is a portable ETD system, the size of 
a small tool-box, that is capable of continuously monitoring a wide variety of threat molecules. A transition 
product for our customers in the Navy is a handheld version of our orthogonal trace detection system (the 
size of a smart phone). Yet a third transition product of our research is to incorporate our orthogonal sensors 
for trace detection into a checkpoint CT system such that the superb visualization provided by CT is com-
bined with our unique capability to detect low-density compounds such as 2-4, DNT and TATP.  Screening of 
such low-density compounds using CT is not possible at this time but, by combining our orthogonal sensors 
for trace detection with CT, this may no longer be the case.

At NRL, we recently demonstrated that our portable electronic trace detection system can detect TATP at the 
2 ppm level and 2,4-DNT at the 4 ppb level under a variety of temperature, flow rate and humidity conditions. 
Figure 5 on the next page shows the response of our low mass sensor to 2 ppm TATP (low humidity) at var-
ious sensor temperatures. There appeared to be little effect on response time with higher sensor operating 
temperatures but the responses were large and repeatable. Figure 6 on the next page shows the response of 
our low mass sensor to 4 ppb 2,4-DNT (50%RH). Note the rapid rise of the signal after the introduction of the 
analyte (60 sec) and until the sensor saturated at 480 sec, at which point the flow was terminated. Over the 
last year, we studied interference effects in our laboratory that were caused by streams of non-threatening 
background components, such as humidity. However, when we tested our portable ETD system at NRL, the 
effect of humidity on our sensor performance over time became apparent. To combat the effects of humidity 
on our sensor response, we periodically regenerated our metal oxide catalyst in flowing nitrogen at elevated 
temperatures. The effect of catalyst regenerations on sensor response was dramatic, as shown in Figure 7 on 
the following page. Here, a low mass sensor was repeatedly exposed to relatively high humidity levels while 
testing for TATP. Over time, sensor response diminished, as shown in the red curve. However, after regenerat-
ing in flowing nitrogen gas for several minutes at elevated temperature, the sensor response to 2 ppm TATP 
returned to the original levels (blue curve). This in-situ heating of the catalyst in flowing nitrogen had such a 
dramatic effect that we have incorporated this into our portable detection protocol in the form of a duty cycle, 
whereby the catalyst coated microheater is exposed to flowing nitrogen for several minutes before it is placed 
back into operation (i.e. before the analyte laden gas stream is passed over the catalyst coated microheater).  
As a result of this, our portable ETD system now has three microheaters, a reference microheater and two 
catalyst coated microheaters. When one catalyst coated microheater is “active,” the other catalyst coated  

Figure 4: Photograph and schematic of our portable ETD system, complete with a supply to power the mass flow con-
trollers, sampling pump, electronics, microheaters etc. Note that the universal serial bus (USB) power cable for data 
acquisition and control on left hand side will be connected to a laptop. Initial field trials of the portable ETD system 
were completed at NRL in July 2017 and subsequent trials were completed at Morpho Detection in August 2017.
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microheater is exposed to flowing nitrogen (catalyst regeneration) so that a fully regenerated catalyst coated 
microheater is always operational. 

Figure 5: Responses of our low mass, portable sensor to 2 ppm TATP under low humidity conditions when the sensor 
was operated at various temperatures.  

Figure 6: Response of our low mass, portable sensor to 4 ppb 2,4-DNT under 50%RH conditions. Note the rapid rise of 
the signal after the introduction of the analyte (60 sec) and until the sensor saturated at 480 sec, at which point the 
flow was terminated.
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B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

One of the weaknesses of our project identified during the last Biennial Review and addressed in the Year 
4 Work Plan was demonstrating selectivity; specifically, interference caused by streams of non-threatening 
background components, such as humidity. We have systematically investigated the effects of humidity on 
sensor sensitivity and selectivity in Year 4. The effect of humidity on sensor response was discernable over 
time but by no means a showstopper. Humidity lowered sensor response by 60% when saturated conditions 
were used at 77°F (RH = 100% at 77°F). However, this degradation was considerably less when the relative 
humidity was reduced to the 12-75% RH level. We have also learned that the total exposure time to high hu-
midity conditions can affect sensor response and needs to be investigated further in Year 5. The selectivity 
for TATP in the presence of interferents like water was still encouraging, considering that the concentration 
of water in the vapor phase was many orders of magnitude greater than the TATP concentration in the vapor 
phase (2 ppm). In Year 5, we plan on continuing to focus on environmental conditions such as humidity level 
and exposure time as well as other interferents that could affect sensor response. 

C. State of the Art and Technical Approach

Our state-of-the-art ETD system is fundamentally different from other trace detection systems. We are not 
aware of any other sensor platform that incorporates a catalyst, specifically tuned for a target molecule, to 
achieve the desired levels of sensitivity/selectivity necessary for the detection of threat molecules at trace 
levels. The approach used by Chen and Bannister for the detection of explosives comes closest to our tech-
nology [1-5]. Chen and Bannister were able to differentiate energetic materials from non-energetic materials 
using micro-thermal analysis; i.e. as it was heated, changes in an energetic material generated a thermal 
“fingerprint” due to decomposition. Our approach relies on the catalytic decomposition of the explosive mol-
ecule [2-5], which is much more specific, and when combined with high surface area catalyst supports and 
low thermal mass microheaters, much more sensitive to the molecules of interest. Therefore, we will be 
able to detect a wider range of threats to public safety without compromising sensor reliability due to false  

Figure 7: Responses of a low mass sensor (portable trace detection system) after repeated exposure to high humidity 
conditions (red curve) and after regenerating in flowing nitrogen gas for several minutes (blue curve). Note the low 
mass sensors were exposed to 2 ppm TATP in both cases.
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positives and negatives. For example, a potential interferent for TATP when using our sensor platform is ace-
tone, which is the decomposition product of TATP in the absence of any catalyst [6-8]. However, the catalytic 
decomposition of TATP using SnO or CuO results in hydrogen peroxide formation and not acetone [2-5]. Thus, 
those interferents anticipated in the absence of a catalyst may not affect selectivity, nor be an issue using 
our ETD system since hydrogen peroxide was the more prevalent decomposition product. The activation 
energy for our rate-controlled process was 35 kJ/mol based on the power curves presented in Figure 1. The 
activation energy for the thermal decomposition of hydrogen peroxide on zirconia surfaces is 33 kJ/mole, 
which is nearly identical to the activation energy determined for our TATP sensor. Previous work on our 
thermodynamic sensors suggested that detection was based on the catalytic decomposition of TATP rather 
than the thermal decomposition of TATP, which has an activation energy in the range 136-148 kJ/mole [2-8]. 
This provides further evidence that the catalytic decomposition of TATP is responsible for detection in our 
ETD system.

D. Major Contributions

We have demonstrated that our orthogonal sensor platform can detect TATP, at the 2 ppm level and 2,4- DNT 
at the 4 ppb level. These detection limits were achieved without both pre-concentration and multi-pass pro-
tocols, and we anticipate that these detection limits will be reduced further in Year 5 if these protocols were 
employed. Performance metrics for sensor selectivity and sensitivity, including quantifying sensor responses 
in the presence of humidity and select interferents, were also investigated in Year 4 (see Section II.B. for 
further details). In addition, we have systematically investigated the effect of gas flow rate (sampling rate) 
on the detection of TATP and 2,4-DNT in Year 4. Over the range of flow rates investigated (50-500sccm), we 
have determined that there were no detrimental effects on sensor response. In fact, we determined that flow 
rates over 250sccm have a beneficial effect on sensor response, and actually lead to a much larger response 
relative to the responses when lower flow rates were used. The effects of humidity and flow rate were inves-
tigated using a variety of energetic materials including TATP and DNT as the analytes. We plan to continue to 
focus on how environmental conditions could affect sensor response including other interferents in Year 5. 
By establishing performance metrics such as sensor selectivity and sensitivity under varying flow rate and 
humidity conditions, and making sure that these metrics transfer from our bench-scale ETD system to our 
portable system, or to the CT environment (CT tunnel), field-testing of our sensor should prove to be fruitful 
throughout Year 5. We have also continued to expand our libraries of sputtered catalysts to maximize sensor 
sensitivity and selectivity in Year 4. In addition to growing ZnO, CuO, and FeO nanowires as catalysts/cata-
lyst supports, a host of sputtered oxides including SnO, ZnO, CuO, NbO, VO, and WO have been investigated 
as catalysts for our low mass sensors (see Fig. 8 on the next page). The responses of our low mass sensor to 
specific analytes, including TATP and 2,4-DNT, to these oxide catalysts have been certified in Year 4 and will 
be incorporated into our portable ETD system in Year 5.
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E. Milestones

Field-testing of our sensor was a priority in the Year 4 plan. One of the biggest obstacles to field-testing our 
orthogonal sensor was making our portable ETD system small enough to be easily transported from place to 
place while keeping many of the same attributes of the current bench-scale system. Initial field-testing was 
completed at the Naval Research Laboratory’s (NRL) Vapor Test Bed in July 2017, a venue that has a relatively 
controlled environment. However, we had to devote additional time and resources to bench testing under a 
variety of environmental conditions, namely humidity and flow rate, to determine their effects on sensor sen-
sitivity and selectivity before transitioning our sensor to a portable device. We did not take this into account 
as part of our original Year 4 plan. Also, the portable ETD system requires a reliable supply to power the mass 
flow controllers, sampling pump, electronics, and microheaters. This required some re-engineering of the 
components to reduce response time and power consumption, which took additional time and resources.  
Field-testing of our sensor will continue to be a priority in Year 5, and the additional resources supplied by 
ALERT as part of the December 2016 call for supplemental funding requests was used for travel and packag-
ing of the portable ETD system used for the field trials in July 2017 at NRL and the field trials in August 2017 
at Morpho Detection. Bench testing of our portable ETD system in the Spring of 2017 indicated that it had 
all of the attributes of our bench-scale system and we were able to replicate the results obtained from our 
bench-scale system with our portable ETD system. Bench testing of the portable system included exposure to 
trace levels of TATP and 2,4-DNT under humid conditions as well as operating over a wide range of sampling 
rates and temperatures. 

F. Future Plans

Our project outcomes will continue to advance current capabilities by expanding the library of catalysts avail-
able for a number of threat molecules. Our portable ETD system will also provide a complementary tool 
to the existing HSE toolbox, and can enhance current technologies used for the screening of explosives at 
checkpoints and ports of entry. For example, the Department of Homeland Security (DHS) and Transporta-
tion Security Administration (TSA) are investing in new technologies to address evolving threats. One such 
technology is CT applied at the checkpoint. TSA faces the need to identify a larger variety of threats within 
highly-cluttered bags, where this may cause significant artifacts and false alarms against certain homemade 

Figure 8: Low mass sensor selectivity to TATP for a variety of sputtered metal oxide catalysts. Note that CuO exhibited a 
negative power change, whereas all other catalysts exhibited a negative power change upon exposure to 20 ppm TATP.
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explosives (HMEs). Field-testing of our sensor technology in these venues will answer many questions for 
DHS.
Initial field testing was done in a venue that had a well-controlled environment, i.e. the NRL’s Vapor Test Bed. 
It provided us with preliminary data on how our sensor was performing in the field including the effects of 
relative humidity on the operation and response of our sensors to TATP and 2,4-DNT.  The feedback from NRL 
was invaluable and helped us prepare for future testing venues. Environmental variables such as explosive 
concentration, humidity, and temperature that were closely controlled at NRL will not be as controlled as 
we move to other venues for field testing.  Additional field testing was done recently at Morpho Detection 
(August 2017), that built upon the recent success at NRL.  Specifically, TATP, 2,4-DNT and mono-nitrotoluene 
were detected at trace levels in real time on a continuous basis at Morpho Detection.   Mock screening of con-
tainers for the same explosives is planned at the Port of Savannah in Georgia in November of 2107.  We also 
plan to do screening of baggage for TATP vapor in a CT tunnel provided by International Defense and Security 
Solutions (IDSS), Inc. 

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

One group of potential end-users who would benefit from our ETD technology are CT manufacturers. To assist 
us in transitioning our sensor technology to CT manufacturers, IDSS is planning to set up a state-of-the-art CT 
system at the University of Rhode Island (URI). Having such capabilities at URI will enable us to evaluate our 
sensor technology in a “real” CT environment. This would give the manufacturers of CT systems the ability to 
screen for low-density compounds, such as TATP and AN, while screening baggage for higher-density explo-
sives using X-ray. This is not possible at the present time. By incorporating our vapor detection system into a 
checkpoint CT, a truly 3D sensing capability would be possible; three orthogonal sensor modalities would be 
brought together to mitigate false positives and negatives.

B. Potential for Transition

The ultimate transition deliverable of our research project is a portable ETD system, the size of a small tool-
box, this is capable of continuously monitoring a wide variety of threats molecules. Our ETD system is a 
passive, non-invasive system that will provide additional screening capabilities for DHS and its stakeholders. 
For example, we have recently teamed with Devco Engineering and North Carolina State University (NCSU) 
to partner in a new high throughput sampling system for vapor detection. A proposal entitled “Rapid Perox-
ide Based Explosive Detection System” was submitted in response to a DHS BAA with a deadline of August 3, 
2017. We will continue to collaborate with industry (Morpho Detection, Smiths Detection, FLIR-Nomadics, 
and DetectaChem) as well as the Naval Undersea Warfare Center (NUWC) in establishing a path forward for 
our technology. Part of this effort is to determine which aspects of our ETD system could be incorporated 
into manufacturers’ existing systems. Specifically, we will explore if they could use our technology to detect 
peroxide-based explosives using their current detection systems. We have signed non-disclosure agreements 
(NDAs) with all of the manufacturers of trace detection equipment. Our cooperative research and develop-
ment agreement (NCRADA-NUWCDIVNPT-13-801) with NUWC was extended through July 2018 to continue 
the development of a MEMS-based version of our orthogonal trace detection system. The ultimate transition 
product for the Navy is a handheld version of our orthogonal trace detection system (the size of a smart 
phone), and the development efforts with the Navy will take us beyond Year 5. We are also partnering with 
IDSS to develop a checkpoint CT system that combines the superb visualization provided by CT with the ca-
pability to detect low- density compounds, such as AN and TATP, using our orthogonal trace detection system.
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C. Data and/or IP Acquisition Strategy

We have been in discussions with Morpho Detection (Andover, MA) regarding licensing our sensor technolo-
gy and we demonstrated our portable ETD system at Morpho in August 2017. Field-testing our portable ETD 
system at NRL and Morpho Detection went a long way in building confidence in our technology, so companies 
like Morpho Detection would be more inclined to license our technology. Also, by doing demonstrations of 
our portable ETD system at potential customer facilities, we can show firsthand that we can continuously 
detect explosives at trace levels in real time, a capability that few university groups have done, which should 
go a long way in helping to commercialize our technology. 

D. Transition Pathway 

This past spring, ALERT provided supplemental funding for our project to cover the additional costs associ-
ated with field-testing our ETD system. These costs included travel, packaging of components comprising our 
portable ETD system, and purchasing additional mass flow controllers. After successful field trials at NRL, 
we recently completed field trials of our portable trace detection system at Morpho Detection (August 2017).  
Additional field trials are planned at the Port of Savannah in November 2017. In addition to providing addi-
tional funding for our transition activity, the Center has provided a number of opportunities to engage with 
manufacturers of detection equipment and other stakeholders at the Advanced Development for Security 
Applications (ADSA) workshops as well as at the previous DHS biennial review. This, along with the feedback 
received from the testing at NRL and Morpho Detection, has proven to be extremely beneficial.  We were able 
to (1) determine certain operational characteristics that will ultimately help our detection system, (2) iden-
tify specific needs in terms of trace detection technology gaps, and (3) become better prepared to test our 
portable trace detection system in future venues. 

E. Customer Connections

We have continued to interact with the manufacturers of trace detection equipment over the past year includ-
ing Morpho Detection, Smiths Detection, FLIR-Nomadics and DetectaChem, which has proven to be benefi-
cial. For example, last summer Morpho Detection sent a team of engineers (including lead scientist Dr. Hanh 
Lai) to observe our bench-scale trace detection system firsthand, and this summer we demonstrated our 
portable system at Morpho Detection. Dr. Mark Fisher from FLIR-Nomadics has visited our labs on several 
occasions and scientists from DetectaChem have visited as well. We have had ongoing discussions with IDSS 
on partnering with them to enhance their detection capabilities by integrating our vapor detection system 
into an IDSS CT platform.  

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Peer Reviewed Journal Articles 

Pending –
1. N. Gomes, A. Rossi, P. Ricci, M. Ricci, S. Fusco, J. Cummings and O. J. Gregory. 2017. “Trace Detection of 

Explosives Using a Low-Mass Thermodynamic Sensor.” Submitted to Sensors and Actuators B: Chem-
ical.

B. Other Presentations 

1. O.J. Gregory and N. Gomes. “A Gas Sensor for the Trace Detection of Explosives.” MRS Fall Meeting,  
December 2, 2016, Boston, MA.
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2. O.J. Gregory and N.Gomes. “A Trace Explosives Detection System Employing Nanowire Catalysts.” 
IEEE Sensors, Oct. 2016, Orlando, FL.

3. N. Gomes. A. Rossi, S. Fusco, J. Cummings and O.J. Gregory. “Electronic Trace Detection System for 
Explosive Vapors.” URI Graduate Symposium, May 2017, Kingston, RI.
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