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II. PROJECT DESCRIPTION 

A. Project Overview

In Year 5, we have continued to develop and tweak our orthogonal sensors for the trace detection of explo-
sives. The end-state of this research project is a portable explosives trace detection (ETD) system, the size of 
a small toolbox, capable of continuously monitoring a wide variety of threat molecules in the vapor phase. 
The portable ETD system is passive, non-invasive, and operates in a manner similar to a dog’s nose, where 
vapor is continuously drawn across the sensors in a single pass, after which the vapors are expelled from the 
system. As vapor is drawn across the sensors, the energetic molecules are detected using micro-calorimetry. 
The heat effect associated with decomposition of the energetic molecule is monitored by measuring the elec-
trical power difference between two microheaters required to maintain a constant temperature, as the tem-
perature is scanned over a range from 50°C-375°C. One microheater is coated with a metal oxide catalyst and 
the second is left uncoated. The catalyst-coated microheater senses any measurable heat effects and any heat 
effects associated with decomposition of the explosive molecule, whereas the second microheater senses any 
sensible heat effects and thus, is the reference. The difference between the two signals (power) is the sensor 
response and it is attributed to the energy released during decomposition.
The portable ETD system can stand-alone or can provide a complementary tool to the existing Homeland 
Security Enterprise (HSE) toolbox. For example, our ETD system could enhance current capabilities used 
by TSA to screen for explosives at airports, by combining the superb visualization provided by computed 
tomography (CT) with our orthogonal trace detection capability. In so doing, checkpoint augmentation will 
have an unparalleled ability to detect explosives. Incorporation of our vapor detection system, which is based 
on two orthogonal modalities, into a checkpoint CT will provide true 3-D sensing (i.e. three orthogonal tech-
nologies), thus, dramatically increasing the probability of detection while reducing false alarms. Screening of 
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low-density compounds such as ammonium nitrate and triacetone-triperoxide using CT is not possible at this 
time. It is this ability to detect both nitrogen-based and peroxide-based explosives in the vapor phase that 
makes our sensor technology unique.
Perhaps one of the most important challenges in trace detection that our system addresses is false positives 
and false negatives. By employing built-in redundancy using two sensing platforms (a thermodynamic and a 
conductometric sensing platform) false positives and false negatives are mitigated. In addition to this, over 
the past year, the detection limits for our orthogonal sensors for trace detection have been lowered to 150 
ppb for TATP and 4 ppb for 2,4-DNT.  These detection limits were achieved without pre-concentration and 
without multi-pass protocols. We anticipate that these detection limits will be reduced further in Year 6, 
which represents an improvement of several orders of magnitude over the detection limits achieved prior 
to Year 5. In Year 5, we also investigated the effect of explosive concentration in the vapor phase on sensor 
response. Figure 1a shows a calibration curve for our thermodynamic sensor using a SnO2 catalyst (i.e. sensor 
response as a function of TATP concentration). Based on this calibration curve, the sensitivity of our sensor 
to TATP was approximately 4 x 10-4 W/ppm. Figure 1b shows the response of our portable ETD system (ther-
modynamic sensor response) to 156 ppb TATP. From Figure 1b, it can be seen that the peak response to 156 
ppb TATP was almost .002W. This value is well above the noise floor for the run.    

Sampling rate or throughput is always a concern in vapor detection, since the headspace or volume to be in-
terrogated for explosives will determine the timeframe for detection. This is especially true if our orthogonal 
sensors are going to be integrated successfully into checkpoint CT. One of the critical issues related to com-
plementary CT detection, which was addressed in Year 5, involved the ability to sample the entire headspace 
around a bag in the time that it takes the bag to be interrogated by X-rays. For instance, is our sampling rate 
adequate, so that the targeted response times are within the window of opportunity anticipated for typical 
CT scanning of baggage (10-12 sec)? Figure 2 shows the effect of flow rate on sensor response and the result-
ing T90 and T20 values for the various flow rates investigated. T90 is a measurement of the response time of 
a gas detection system. Most gas detectors respond exponentially, thus, to get a meaningful measurement of 
response time, the time taken to reach 90% of saturation is used. The recovery time T20, is the interval be-
tween the time at which an instantaneous variation from the standard test gas to clean air is produced at the 
sensor. It should be noted here that the actual response time (slope of the power vs. time curve) for flow rates 
of 130 sccm and above, is on the order of a few seconds, well within the timeframe for CT scanning. From the 
shapes of these curves, recovery time may be more of a concern than response time. It should also be noted 
that the maximum sensor response was not diminished when flow rates of 170 sccm or greater were used. 
This result has significant implications for high throughput detection (i.e. it appears that high flow rates can 

Figure 1: Calibration curve for our thermodynamic sensor employing a SnO2 catalyst (a) and our thermodynamic sen-
sor response to 156 ppb TATP (b).
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be used without any detrimental effect on sensor response). We have not yet established an upper flow rate 
limitation using our ETD system, but this will be a focus during Year 6. Also worth noting in Figure 2, is that 
the response times for flow rates greater than 25 sccm appear to be independent of flow rate, which is most 
likely limited by the current piping systems (i.e. the gas delivery system). We will continue to improve the gas 
delivery system in Year 6 in order to optimize response time and sampling rate for CT.

One reviewer’s comment from the 2015-2016 Biennial Review communicated a lack of demonstrated per-
formance using our conductometric sensor platform. In Year 5, we have made significant progress in terms of 
sensor selectivity and sensitivity. In terms of sensitivity, our conductometric sensor responses were similar 
to those responses reported by Fine et al [1]. For example, they reported a conductometric response (Ro/R) 
of 1.5, where Ro is the resting resistance and R is the peak resistance achieved when exposed to the analyte, 
while our response was 1.8 when exposed to 20ppm TATP. In terms of selectivity, our conductometric sensor 
usually has an opposite “sign” relative to our thermodynamic sensor (i.e. thermodynamic response is positive 
while the conductometric is negative); however, we have seen a number of instances where this was not the 
case. Specifically, when testing for tetrahydrocannabinol (THC) vapor, both the thermodynamic and conduc-
tometric signals were positive, which is not the typical case.
One of the weaknesses identified for our project in the feedback from the Biennial Review in early 2018 was 
demonstrated sensor selectivity. We have made significant advances in terms of sensor selectivity and will 
continue to make advances in Year 6. Quantifying sensor responses in the presence of humidity was demon-
strated using TATP and 2,4-DNT as the analytes in Year 5. Under high relative humidity conditions (100% 
RH), sensor response diminished by less than 10% after repeated exposure when the 2-4, DNT concentration 
was on the order of 10 ppb. The sensor selectivity for 2,4-DNT is encouraging considering that the concentra-
tion of water in the vapor phase was many orders of magnitude greater than that of the analyte in the vapor 
phase. However, the effect of humidity on TATP response was much more noticeable and could be detrimen-
tal to the operation of the sensor. Under high relative humidity conditions (100% RH) sensor response to 
TATP dropped by approximately 66% (from 14mW to 5mW) when the TATP concentration was on the order 
of 1ppm. Based on these results, a nitrogen-annealing regimen was developed for the portable ETD system 
and was incorporated into the portable ETD system to ensure that the sensor is clear of humidity and oper-
ates at the highest efficiency possible.
In terms of sensor selectivity, a comparison of different catalyst responses to multiple analyte molecules has 
been investigated in Year 5. The results indicated that incorporating multiple catalysts into an array can pro-
duce unique signatures, capable of identifying specific compounds. For example, a FeO catalyst shows no de-
composition of DADP molecules, yet appreciable decomposition of TATP occurs when the same FeO catalyst 

Figure 2: The effect of flow rate on sensor response and tabulation of T90 and T20 values for flow rate tests. A vapor 
concentration of 20 ppm TATP and a SnO2 catalyst was used for all flow rate testing.
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was used. This suggests that an array of sensor-catalyst pairs could be used to establish a “fingerprint” for 
different explosive molecules that can be archived and later used to identify compounds in real time. Certain 
metal oxide catalysts absorb heat while others release heat, depending on the explosive. Thus, “fingerprint” 
plots have been constructed for a variety of catalysts (FeO, SnO2, CuO, ZnO). Each of these “fingerprint” plots 
is unique for a given explosive analyte even though the sensor response in general exhibited a similar shape 
for a range of sensor temperatures. 

B. 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 [2] for detecting explosives comes closest to our technology. 
Chen and Bannister [2] were able to differentiate energetic (explosive) materials from non-energetic materi-
als using thermal analysis. Specifically, they used a micro-calorimetry approach for detection, where chang-
es in a material as it was heated generated thermal “fingerprints” due to decomposition. We have shown 
previously [3-5] that using our technique relies on the catalytic decomposition of the explosive molecule as 
opposed to thermal decomposition as suggested by Dubnikova et. al. [6-7]. Greve et al. [8] used micro-elec-
tro-mechanical systems (MEMS) technology to fabricate micro-hot plates for the detection of explosives in 
the vapor phase. The approach used by Greve et al. [8] and Chen and Bannister [2] do not rely on a catalyst for 
detection. Our approach relies on catalytic decomposition, which is much more specific, and when combined 
with high surface area catalyst supports (e.g. metal oxide nano-structures) is much more sensitive. 
Recently, a series of seminal experiments were used to establish a mechanism for detection and demonstrate 
the uniqueness of our thermodynamic approach, which relies on catalytic decomposition and not thermal 
decomposition of the energetic molecules. As a result, major implications for detection at extremely low lev-
els are anticipated. By mixing metal oxide catalysts with solid TATP, sealing them in capillaries, and running 
DSC analysis on the sealed capillaries, we observed that decomposition of TATP occurred at temperatures 
as low as 130°C in the presence of a SnO2 or CuO catalyst, but the TATP alone did not thermally decompose 
until 290°C (i.e. in the absence of a catalyst). Figures 3a and 3b show a thermodynamic sensor response to 
20 ppm TATP when a SnO2 catalyst was employed as a function of temperature. The initial response at 130°C 
(Figure 3a) suggests an endothermic response due to catalytic decomposition of TATP.  The magnitude of this 
catalytic decomposition (dark blue curve) increased from 0.3mW to 1mW as sensor temperature increased 
from 130 to 275°C respectively (other curves shown in Figures 3a). At 375°C, the magnitude of catalytic de-
composition decreased to 0.2mW and was overshadowed by a large exothermic response. In Figure 3b, the 
magnitude of the exothermic response at higher temperatures relative to the small endothermic response 
due to catalytic decomposition at 130°C can be seen on the same plot. A recent article on the decomposition 
products of gaseous TATP by Hiyoshi et al. [9] and the experiments described above lead to the mechanism 
for detection that follows. The mechanism depends on the formation of methane as the primary decomposi-
tion product of TATP decomposition and not acetone [9] which occurs when very fast heating rates and high 
temperatures are employed during decomposition in an inert gas ambient, such as argon or nitrogen.  
The likely mechanism for detection is that the TATP is catalytically decomposed to form methane and then 
the methane reacts with air (combustion), which liberates an enormous amount of heat and thus, produces 
a very large sensor response.  The magnitude of the large response is dependent on the amount of methane 
produced by catalytic decomposition of TATP at low temperatures. An energy analysis of the blue curves 
shown in Figures 3a and 3b, illustrate the relative magnitudes corresponding to decomposition and combus-
tion; i.e. approximately 20kJ/mole of TATP was absorbed during the endothermic decomposition of TATP 
and the larger response due to the combustion of methane was approximately 230kJ/mole. These values 
were estimated by integrating the area under the curve to find the energy produced per mole of TATP. It is 
possible that these heat effects are significantly higher due to heat losses to the ambient that is not taken 
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into account through the sensor response. The decomposition of TATP has been reported to be 62-400kJ/
mole of TATP according to Dubnikova et al [7], and depends on the decomposition pathway.  Meanwhile, 
the combustion of methane releases approximately 850kJ/mole; while both of these values are higher than 
those calculated from Figure 3b, the overall ratios of the two heat effects are very similar. The ratio of energy 
released due to the decomposition of TATP versus the combustion of methane reported in literature is 1:2.1 
to 1:13.7 (depending on the decomposition pathway) while the ratios of the energies calculated using Figure 
3b were approximately 1:11.5. The exothermic responses at high temperatures (375°C curve in Figure 3b), 
can be as large as 50mW depending on concentration of TATP and the temperature at which the sensor was 
operated. The large exothermic response is likely due to the combustion of methane by the carrier gas (air) 
and typically occurs after the initial catalytic decomposition of TATP, starting at 130°C. The initial catalytic 
decomposition of TATP is much smaller in response, opposite in sign and on the same order of magnitude 
as the heat of decomposition of TATP (i.e. the initial catalytic decomposition of TATP). It is this large heat of 
combustion of methane that has great potential for TATP detection at very low levels.

Several other techniques involving metal oxide catalysts have been successfully used to detect TATP [1, 10-
11] but these have their own set limitations. Their responses depend on changes in the electrical properties 
of the catalyst when exposed to the target gas and include changes in electrical conductivity, changes in di-
electric constant of the metal oxide, or changes in work function. A literature search of conductometric tech-
niques used to detect explosives such as TATP enabled us to compare our conductometric sensor responses 
to others. For example, conductometric sensors similar to ours [1], were used to detect carbon monoxide in 
the vapor phase. Fine et al. [1] reported their responses as a function of the resting electrical resistance and 
peak electrical resistance upon exposure. For concentrations of 5ppm (carbon monoxide), their response 
was approximately the same as our conductometric response when 10ppm TATP was used, suggesting that 
our sensor response was in the same range.
A number of other detection techniques [12-15] have shown some potential to detect TATP at trace levels; 
however, these techniques require expensive, large-scale equipment and complex procedures for successful 
operation, all of which would be difficult to implement in field applications [14]. Also, most conventional de-
tection methods that can detect nitrogen-based explosive cannot detect peroxide based explosives [11-12]. 
Sensor selectivity was considered a weakness of our project in the last review and we have made significant 
advances to the state-of-the-art in the past year. Figure 4a, shows the response of our thermodynamic sensor 
employing a SnO2 catalyst (blue) and reference sensor (red) to 2,4-DNT. There appears to be no catalytic de-
composition and only thermal decomposition here since both the catalyst-coated sensor and the reference 
sensor respond to DNT at 375°C. Figure 4b shows the same sensor exposed to 20 ppm TATP at 375°C where 

Figure 3: Thermodynamic sensor response to 20 ppm TATP as a function of temperature (a) and thermodynamic sensor 
response as a function of temperature over a longer time frame (b). Note the slight change in scale of the y-axis.
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catalytic decomposition occurs upon the introduction of TATP (small endothermic response within 15 sec) 
followed by a large exothermic response due to the combustion of methane. The reference sensor (red) does 
not respond at all, which suggests that without the catalytic decomposition of TATP, the combustion of meth-
ane does not occur. This demonstrates the excellent selectivity for TATP, since this effect was only observed 
with TATP and its decomposition products. Figures 4a and 4b, also indicate that when we use the same sen-
sor, the mechanism for DNT and TATP detection is completely different, once again demonstrating excellent 
selectivity.

C. Major Contributions

Substantial improvements in sensor selectivity were made in Year 5. Specifically, sensor response in the pres-
ence of high humidity was demonstrated at the Naval Research Laboratory in Washington, D.C. using TATP 
and 2,4-DNT as the analytes. Under high relative humidity conditions (100% RH), sensor response dimin-
ished by less than 10% after repeated exposure when the 2-4, DNT concentrations were on the order of 10 
ppb. The sensor selectivity for 2,4-DNT is encouraging considering that the concentration of water in the 
vapor phase was many orders of magnitude greater than that of the analyte in the vapor phase. However, the 
effect of humidity on TATP response was much more noticeable and somewhat detrimental to the operation 
of the sensors. Under high relative humidity conditions (100% RH), sensor response to TATP dropped by ap-
proximately 66% (from 14mW response to 5mW) when the TATP concentration was on the order of 10ppm. 
As a result of the systematic study of the effects of humidity on sensor response, we determined that nitrogen 
regeneration of our catalyst is necessary when exposed to prolonged periods of high humidity. Thus, a duty 
cycle for nitrogen annealing of the catalyst was optimized in Year 5 and will be implemented into the latest 
version of the portable electronic trace detection system in Year 6. Specifically, a nitrogen-annealing regimen 
has been incorporated into the sensing protocol to ensure that the sensor is clear of humidity and operates at 
the highest efficiency possible at all times. This annealing process requires the catalyst to be heated to 600°C 
in a nitrogen atmosphere for approximately 10 minutes and is only necessary after the sensor has been under 
operation in a high humidity environment for extended periods of time (longer than 1 hour). Modifications 
have been made to the portable ETD system so that continuous detection is made possible through the use 
of a “standby sensor” that can be activated as the active sensor element while the previously active sensor is 
undergoing this nitrogen annealing process (i.e. a three sensor protocol is now used in our portable detec-
tion system). As a result, the end users of our technology can incorporate this duty cycle for uninterrupted 
operation.
In addition, we have systematically investigated the effect of gas flow rate (sampling rate) on the detection 
of TATP, DNT, and AN in Year 5. Over the range of flow rates investigated (25-250 sccm), we have determined 

Figure 4: Response of our thermodynamic sensor employing a SnO2 catalyst and a reference sensor to 2,4-DNT (a) and 
thermodynamic response of the same sensor exposed to 20 ppm TATP (b).
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that there were no detrimental effects on sensor response after a threshold of 5 sccm has been reached (see 
Fig. 2). The effects of humidity and flow rate were investigated using a variety of energetic materials includ-
ing TATP, DNT, and AN as the analytes. Most of the sensor testing to date has been done using a bench-level or 
bench-scale apparatus under controlled laboratory conditions. Moving forward in the current year and into 
Year 6, field-testing of our sensor will be the priority. Our portable system has now been re-designed several 
times and is about the size of a large lunch box, containing a power supply to power the mass flow control-
lers, a pump, associated electronics, and sensors. This re-design ultimately reduced response time and power 
consumption of our portable ETD system.
We recently established what we think is the most likely detection mechanism for TATP, which is a major 
contribution since there are major implications here for detection at very low levels. TATP is catalytically 
decomposed to form methane in the presence of a metal oxide catalyst [9] and the methane reacts with air in 
the carrier gas, which in turn liberates a large amount of heat (heat of combustion is 850 kJ/mole) and thus, 
produces a very large sensor response. The magnitude of the large response is dependent on the amount of 
methane produced by catalytic decomposition of TATP at low temperatures. It is this large heat of combus-
tion that has great potential for TATP detection at very low levels. To take further advantage of this, we are in 
the process of sputtering platinum nano/micro dots onto the metal oxide catalyst to combust any methane 
that is not converted to CO2 and H2O, much like the catalytic converter in an automobile.

D. Milestones 

Field-testing of our orthogonal sensor for trace detection was the major priority in Year 5.  We demonstrated 
the capabilities of our portable ETD system at the Naval Research Laboratory (Vapor Test Bed) in Washington 
D.C.  A milestone that was not originally part of the Year 5 Work Plan was to do additional field-testing, at 
Morpho Detection (Rapiscan) in Andover, MA. In the latter field trial, we were able to detect a variety of the 
explosives in real time at trace levels and in the presence of interferrents such as methanol and hexane. While 
at Morpho Detection, our detection times were actually faster than the corresponding detection times of their 
IMS detection system using the same explosives, vapor concentrations, and interferrents. We are planning 
a return trip to the Naval Research Laboratory (Vapor Test Bed) in Washington D.C. this coming summer 
(2018) to evaluate the engineering modifications made to our system, including Restek coated-stainless steel 
tubing that minimizes adsorption of nitrogen-based explosive vapors. The additional field-testing at NRL was 
not part of the original Year 5 Work Plan and therefore, will take place in Year 6. Bench testing of the rede-
signed portable ETD system was started in the latter part of Year 5.
New, high surface area catalysts and catalyst supports were developed in Year 5 that enhanced the sensitivity 
and selectivity of our orthogonal sensors for trace detection. The preparation and characterization of high 
surface area catalysts based on select metal oxides was investigated within the framework of our thermody-
namic sensor to enhance sensor selectivity and sensitivity to TATP and 2,4-DNT. High surface area catalyst 
supports for our thermodynamic sensor platform were fabricated by electrospinning, nanowire growth, and 
porous nano-sponge growth through the use of oxidation treatments. In addition to growing ZnO, CuO, and 
FeO nanowires as catalysts/catalyst supports, a host of sputtered oxides including SnO, ZnO, CuO, NbO, VO, 
and WO have been investigated as catalysts. Figure 5 shows the effect of various metal oxide catalysts on the 
response to 20 ppm TATP. Note that the magnitude of the sensor response was different for each catalyst and 
that the response for CuO was negative in “sign.”
We have demonstrated in Year 5 that a low mass version of our orthogonal sensor greatly improved both sen-
sitivity and selectivity of our sensor as well as reducing the overall response time of the ETD system. These 
sensors had a thermal mass that was approximately 200 times less than previously reported sensors. As a 
result, much greater signal-to-noise ratios were achieved as well as a significantly reduced noise floor rela-
tive to previously reported sensors. Taking this lower thermal mass concept to the next level, a MEMS based 
version of our sensor should greatly improve performance and reduce costs.  The transition to a MEMS based 
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sensor platform was one of our project’s original objectives, since establishing a CRADA with the U.S. Navy 
(NCRADA-NUWCDIVNPT-13-801) in 2013 (i.e. to develop a MEMS based version of our orthogonal trace de-
tection system). This CRADA was extended through July 2019. Due to the high costs associated with MEMS 
fabrication, we have been fabricating an in–house version of our MEMS sensor in Year 5. Certain portions of 
the MEMS sensor can be fabricated in our laboratory and free-standing diaphragms based on silicon nitride 
have been made by back etching of silicon wafers followed by deposition of silicon nitride. My students work-
ing on the MEMS version of our sensor may still need access to the MEMS facility at MIT, which will enable 
us to produce a more cost effective vehicle for fabricating a MEMS sensor going forward. DHS and TSA are 
investing in new technologies to address evolving threats. CT applied to checkpoint screening by TSA, would 
greatly benefit from a complementary technology such as ours. This is particularly important as TSA faces 
the need to identify a larger variety of threats within highly cluttered bags where there is the potential that 
this may cause significant artifacts and false alarms against certain HMEs. Field-testing our ETD system in the 
environment of a CT tunnel will answer some of the questions raised by DHS and its stakeholders and will be 
achieved in Year 6. 

The U.S. Coast Guard has repeatedly expressed an interest in sensors that can detect both explosives and 
drugs. Relevant to this endeavor, in Year 5, we were able to detect THC (psychoactive constituent of cannabis) 
at the part per million level. A minimally invasive ETD system, capable of continuously monitoring the head-
space in cargo containers for explosives and drugs in real time does not currently exist. We had originally 
planned to do a field trial of cargo containers at the Port of Savannah (Georgia) but this did not materialize 
in Year 5, due to issues outside our control. An alternative is to test under more controlled conditions at the 
TSL facility in Atlantic City, New Jersey in Year 6. This will be a better venue for initial testing of our portable 
ETD system and will address several issues raised by DHS and its stakeholders.  The first task is to engage the 
administration at TSL to facilitate a field trial in Atlantic City, as part of our Year 6 focus.

E. Future Plans (Year 6)

In Year 6, we plan to use the carry-on baggage scanner at Northeastern University’s Burlington Campus to 
interrogate the air space around a bag. The CT tunnel environment is an ideal environment for our orthog-
onal sensors in that we can continuously scan the airspace around baggage in real time and our system can 
be readily incorporated into existing systems without major modifications to gain access to this air space. 
One of the issues we identified early on for the CT application using our sensor technology was the ability to 
sample the entire headspace around a typical bag in the time that it takes the bag to be interrogated by X-rays. 

Figure 5: Effect of various metal oxide catalysts on the response to 20 ppm TATP. Note that the magnitude of the sensor 
response was different for each catalyst and that the response for CuO was negative in “sign.”
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We have improved response time over the last year, to the point where we think we can interrogate the air 
space around a bag as the bag is being scanned (CT). Quantitative outcomes would include determination 
of detection limits, detection times, and sampling rates for our vapor detection system operating under the 
constraints of the CT scanning environment. This will be a priority in Year 6. By using the carry-on baggage 
scanner at Northeastern University’s Burlington Campus for testing, the risks of not being able to access a CT 
scanner, which happened in Year 5 will be mitigated. Working towards this, characterization of the CT tunnel 
located at URI has been underway for several weeks now to establish the engineering parameters necessary 
to interrogate the entire air space in the tunnel within the time it takes to X-ray luggage, in particular, the 
volumetric flow rates necessary to screen 100% of the airspace. Preliminary bench experiments using the 
anticipated flow rates (approximately four orders of magnitude greater than current flow rates) are currently 
underway. So far, there appears to be no detrimental effects on sensor robustness, just a cooling effect that 
could be mitigated with preheating of the incoming air. Not only will this high throughput (high flow rate) in-
vestigation help with the interrogation of the air space in a CT tunnel, but it will also help with the anticipated 
sampling rates in a drone (UAV) application where forced convection determines sampling rate. (See Section 
III. A: “Relevance of Research to the DHS Enterprise and Potential for Transition.”)
We plan to schedule a field trial during the summer of 2018, so that we could transition our technology to 
an end user such as Integrated Defense & Security Solutions (IDSS) Inc. in Year 6. The final deliverable of our 
ALERT research project is a portable ETD system that is capable of continuously monitoring a wide variety of 
threats molecules in a number of environments, including that of the CT baggage scanner.
In Year 6, we plan to continue to improve sensor selectivity and sensitivity by exploiting the mechanism for 
TATP detection described within this report to go low (i.e. to lower the detection limit for TATP to better than 
1 ppb). For example, we plan to sputter platinum nano/micro dots onto the metal oxide catalyst surface as a 
secondary catalyst to “combust” all the methane produced by the catalytic decomposition of TATP, and take 
advantage of the additional heat effect so lower levels of TATP can be detected.
Recently, we modified our ETD system to allow much greater flow rates and plan to incorporate this into our 
Year 6 plan going forward. By utilizing our customized 16-channel data acquisition system, we can accommo-
date up to 15 active sensors and a reference sensor, and uniformly distribute them around the circumference 
of a 4 inch diameter tube. This large diameter sampling tube can be connected to the CT tunnel, so that the 
entire air space in the CT tunnel could be sampled in the same timeframe that it takes to scan the luggage for 
explosives. 

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. Perhaps the most important single challenge in trace detection that our ETD system addresses is 
false alarms; using built-in redundancies and orthogonal modalities, false positives and negatives 
are mitigated in our ETD system. The built-in redundancies in our system make detection more 
reliable so that the signals from each sensor are required for positive confirmation of the explosive.

2. Our portable ETD system can detect both nitrogen-based explosives and peroxide-based explosives 
at trace levels.

3. The orthogonal sensors comprising our ETD system cannot only detect the presence of an energetic 
molecule, but they also can be used to quantify the amount of explosive present in the vapor phase.

The ultimate deliverable of our ALERT research project is a portable ETD system, the size of a lunch-box 
that 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 capability for DHS and its stakeholders (i.e. a min-
imally invasive ETD system, capable of continuously monitoring the headspace in cargo containers and CT 
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tunnels for explosives in real time does not currently exist). Our ALERT research project addresses two major 
challenges facing the DHS Enterprise. One is that both nitrogen-based and peroxide-based explosives can be 
detected at trace levels using our ETD system. This would assist the DHS enterprise in a number of ways: 1) It 
could assist the manufacturers of commercial ETD systems that do not currently have the capability to detect 
peroxide-based explosives; and 2) it would give the manufacturers of CT systems the capability to screen for 
other low-density compounds, such as AN, which is not possible at this time. The second challenge facing the 
DHS Enterprise that our ALERT research project addresses is false alarms. By combining the superb visual-
ization provided by computed tomography (CT) with our orthogonal trace detection system, TSA will have 
unparalleled ability to screen for explosives at airports. Incorporation of our vapor detection system, which is 
based on two orthogonal modalities, into a checkpoint CT will provide true 3-D sensing (i.e. three orthogonal 
technologies), thus, dramatically increasing the probability of detection while reducing false alarms.
We will continue to collaborate with industry (Morpho Detection (RapiScan), Smiths Detection, FLIR-Nomad-
ics and DetectaChem) and 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 perox-
ide-based explosives using their current detection systems. We have signed NDAs with all of the manufactur-
ers of trace detection equipment. Our Cooperative Research and Development Agreement (NCRADA-NUWC-
DIVNPT-13-801) with the U.S. Navy (NUWC) was extended through July 2019 to continue to develop 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 capability to detect low-density 
compounds such as ammonium nitrate and TATP, using our orthogonal trace detection system. Recently, URI 
teamed with ITN Energy Systems Inc., Littleton, CO; Theiss UAV Solutions (Integration of Thin Film Devices 
with UAV); and ENrG (Flexible ceramics, electronic circuit optimization and device packaging) to develop a 
proposal in response to FlexTech Alliance 2018 Focused Solicitation. The title of the $1.5M proposed project 
was “Self-powered, Compact Wing-Mounted Trace Explosives Detection System for Soldier-Bourne UAV.” The 
objective of the project was to use thin film, solid-state lithium rechargeable batteries to power URI’s orthog-
onal sensors for trace detection deployed on the wing of a small scale UAV. The idea here was to combine 
flexible hybrid electronics with thin film batteries, sensors, signal processing electronics, and telemetry to 
remotely screen for threats in targeted areas.  

B. Potential for Transition

Our ETD system could provide a complementary tool to the existing Homeland Security Enterprise toolbox 
by enhancing current capabilities used by TSA to screen for explosives at airports. By combining the superb 
visualization provided by CT with our orthogonal trace detection capability, checkpoint augmentation will 
give TSA and the CT manufacturers an unparalleled ability to detect explosives.
A stand-alone version of our detection capability could be used to interrogate the headspace in cargo con-
tainers entering our ports to screen for narcotics and explosives. We have demonstrated that our portable 
ETD system can detect triacetone-triperoxide (TATP), 2,4-dinitrotoluene (DNT), and ammonium nitrate (AN) 
at trace levels and thus, would be ideal to interrogate the headspace in cargo containers. The existing system 
is the size of a small toolbox, and has a sampling tube that could be inserted into the headspace of a cargo 
container to sample the volume of air in that space.
Recently, URI teamed with ITN Energy Systems Inc., Littleton, CO; Theiss UAV Solutions (Integration of Thin 
Film Devices with UAV); and ENrG (Flexible ceramics, electronic circuit optimization and device packag-
ing) to develop a proposal in response to FlexTech Alliance 2018 Focused Solicitation. The title of the $1.5M 
proposed project was “Self-powered, Compact Wing-Mounted Trace Explosives Detection System for Sol-
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dier-Bourne UAV.” The objective of the project was to use thin film, solid-state lithium rechargeable batteries 
to power URI’s orthogonal sensors for trace detection deployed on the wing of a small scale UAV. The idea 
here was to combine flexible hybrid electronics with thin film batteries, sensors, signal processing electron-
ics, and telemetry to remotely screen for threats in targeted areas.
We also envision that our orthogonal sensors could be used as a diagnostic tool for diabetes or a “diabetes 
breathalyzer.” We have already demonstrated that our orthogonal sensors are capable of detecting acetone 
in the vapor phase at trace levels. When a diabetic exhales into a tube such that the vapor can be interrogat-
ed for ketones in the breath, they can be correlated with distinct levels of ketoacidosis. Once again, a MEMS 
based version or handheld version of our detection system could be used as a non-invasive alternative to 
blood testing for diabetes, or even by schools as a method of detecting early onset diabetes in children. The 
sensor detects the heat effect associated with the catalytic decomposition of certain ketones, which can be 
found in the breath of someone with diabetes.

C. Data and/or IP Acquisition Strategy

Our IP strategy is to continue to work with companies such as Morpho Detection (Rapiscan) and FLIR-No-
madics and demonstrate the attributes of our sensor technology firsthand, so they can determine how our 
sensing technology can be integrated into their existing trace detection systems. In other words, field trials 
of our portable detection system at the customer’s facility. This outreach activity may become even more 
important as we expand our target molecules of interest to include drugs and narcotics, since such systems 
are of great interest to both TSA and the U.S. Coast Guard. The companies will be required to make detection 
systems that have the capability to detect explosives as well as narcotics moving forward. The disclosures 
for these applications of our sensors are listed under Section IV. (“Project Accomplishments and Documen-
tation”). 

D. Transition Pathway 

To transition our orthogonal sensor technology to end users such as manufacturers of CT systems, includ-
ing IDSS and Morpho Detection-RapiScan, sampling rate and throughput continue to be a primary concern. 
Towards this end, we will continue our efforts to increase throughput and have partnered with North Car-
olina State University and Devco Engineering (NC) to investigate high throughput sampling techniques for 
airports and other high traffic venues. In response to a recent DHS BAA, a proposal was developed by this 
team during Year 5, but the project was declined by DHS. We will continue efforts to increase sampling rate 
and throughput going forward in Year 6, based on the initial characterization of the CT tunnel located at URI 
(described in Section II.E. “Future Plans (Year 6)”).  After subsequent field-testing our portable ETD system at 
Northeastern’s Burlington Campus, we plan to share the results with IDSS and Morpho Detection and partner 
with them going forward in an effort to combine the superb visualization provided by CT with our orthog-
onal trace detection capability. This checkpoint augmentation will give TSA and these CT manufacturers an 
unparalleled ability to detect explosives. The most obvious way to transition our technology is to go to the 
manufacturers’ facilities and test our portable ETD at their locations on their equipment, but it does not make 
sense to do this until a demonstration has occurred at Northeastern University’s Burlington Campus with the 
carry-on baggage scanner located there. If the initial testing at Northeastern could be done in the early part 
of Year 6, the subsequent testing at customers’ sites could certainly be done within the Year 6 timeframe. 

E. Customer Connections

We will continue to collaborate with industry (Morpho Detection/Rapiscan, Smiths Detection, FLIR-Nomad-
ics, and DetectaChem) and the Naval Undersea Warfare Center (NUWC) in establishing a path forward for our 
technology.  We currently have signed NDAs with the following companies and a CRADA with the U.S. Navy:
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• Morpho Detection (RapiScan) - Dr.  Hanh Lai
• Naval Undersea Warfare Center (NUWC) - Dr. Theresa Baus
• FLIR-Nomadics - Dr. Mark Fisher
• IDSS, Inc. - Mr. Joe Perisi
• Smiths Detection - Dr. Reno DeBono
• ITN Energy Systems - Dr. Brian Berland

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Minority Serving Institution Students and Faculty
a. Professor Abdennaceur Karoui and his students from North Carolina Central University (NCCU) 

are planning to spend Summer 2018 in our research laboratory at the University of Rhode Island. 
The timeframe is such that this Year 5 activity will overlap with Year 6. Specifically, Prof. Karoui 
and his students will evaluate their quantum dot-based sensor for the detection explosives at 
trace levels and compare their sensor performance to our sensor performance. They plan to use 
our vapor delivery system for explosives to quantify their outcomes as part of the ALERT/NCCU 
DHS Scientific Leadership Collaboration. They do not currently have access to explosives, nor do 
they have a way to deliver explosives in the vapor phase to their sensor. 

B. Peer Reviewed Journal Articles 

Pending – 
1. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Caron, Z., Platek, M., & Gregory, O.J. “Catalytic Decomposition of 

Explosives Using Transition Metal Oxides.” ACS Sensors. In review.
2. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Caron, Z., Platek, M., & Gregory, O.J. “Nano-structured Catalysts 

for Thermodynamic Gas Sensors.” ACS Nanoletters. In review.
3. Rossi, A., Ricci, P., Gomes, N., Fusco, S., Ricci, M., & Gregory, O.J. “Trace Detection of Explosives Using a 

Low Mass Thermodynamic Sensor.” Sensors and Actuators B Chemical. In press. 
4. Rossi, A., Gomes, N., Ricci, P., Ricci, M., Cummings, J., & Gregory, O.J. “Trace Detection of Explosives 

Using Low-Mass Sensors.” IEEE Sensors. In submission. 

C. Peer Reviewed Conference Proceedings

1. Rossi, A., Gomes, N., Ricci P., Cummings, J., & Gregory, O.J. “Trace Detection of Explosives Using Low-
Mass Sensors.” IEEE Sensors 2017 Conference, Glasgow, Scotland, October 29, 2017.

D. Other Presentations

1. Seminars
a. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Platek, M., & Gregory, O.J. “Trace Detection of Explosives: A 

Thermodynamic Approach.” Morpho (Rapiscan), Andover, MA, August 15, 2017.
b. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Platek, M., & Gregory, O.J. “Trace Detection of Explosives: 

A Thermodynamic Approach.” Naval Undersea Warfare Center, Middletown, RI, November 16, 
2017.
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c. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Platek, M., & Gregory, O.J. “Portable Calorimetric System for 
the Detection of Explosives.” University of Rhode Island, Department of Chemical Engineering 
Graduate Symposium, Kingston, RI, May 16, 2018.

2. Interviews
a. Interview with Steve Klamkin and the WPRO Saturday Morning News (99.7FM), April 21, 2018. 
b. Doiron, S., & Nielsen, S. “URI professor, students create ‘digital dog nose’ to detect explosives.” 

WPRI (Fox 12 News), Providence, RI, April 17, 2018. 
c. Crandall, B. “URI professor, students develop portable explosive detection device.” WJAR 10 

(NBC 10 News), Providence, RI, April 17, 2018.
d. Harrison, E. “URI Professor Creates Portable Bomb Detector.” NPR, Rhode Island Public Radio, 

April 17, 2018.
e. Gravelle, K. “URI Professor Creates Explosive-Detecting Prototype.” The Narragansett Times, Vol. 

L3, No. 32, p. A3, April 20, 2018. 
f. “URI Chemical Engineering Professor Creates Prototype to Detect Bombs.” South County Inde-

pendent, Vol. L3, p. B8, May 10, 2018.

E. Student Theses or Dissertations Produced from This Project

1. Gomes, N. “Trace Detection of TATP Vapor Using a Low Mass Thermodynamic Sensor.” PhD, MS 
Chemical Engineering, University of Rhode Island, August 2017.

F. Technology Transfer/Patents

1. Inventions Disclosed
a. Rossi, A., Ricci, P., & Gregory, O.J. “A Marijuana Metabolite Vapor Sensor.” September 19, 2017. 
b. Rossi, A., Ricci, P., Kelly, A., Fusco, S., & Gregory, O.J. “A Portable Trace Explosive Detection Sys-

tem.” September 1, 2017.
c. Rossi, A., Ricci, P., & Gregory, O.J. “A Breathalyzer for Diabetes Diagnosis.” December 19, 2017. 

2. Patents Awarded
a. Gregory, O.J., Caron, Z., Mallin, D., & Champlin, M. “Systems and Methods for the Detection of 

Compounds.” U.S. Patent 9,759,699B1. September 12, 2017.
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