
R2-B.1: Orthogonal Sensors for the Trace 

Detection of Explosives

Abstract— An orthogonal sensor has been developed using thin fi lm microheaters and electrodes, 
printed onto alumina substrates and coated with various metal oxide catalysts. Experimental results 
to date indicate that this orthogonal sensor, consisting of thermodynamic and conductometric plat-
forms, is very effective in detecting explosives in the vapor phase at the ppm level or better.  The ad-
ditional conductometric sensor signature provides a certain redundancy, which helps mitigate false 
positives and negatives, while the core thermodynamic sensor is effective in detecting both nitrogen 
and non-nitrogen based explosives. In parallel with our ongoing sensor and catalyst development 
efforts to enhance sensitivity and selectivity, is the development of small footprint MEMS based sen-
sor, the latest version of which is shown in Figure 1.  This technology has the potential to produce 
large arrays of microheater sensors, each coated with different catalysts specifi cally tuned to specifi c 
threat molecules. Given the specifi c nature of the elements in each area and the thermal signature 
created by the target analytes, identifi cation of the specifi c explosive molecule will be possible. This 
is a passive detection system capable of continuously monitoring threat molecules where the detec-
tor is simply not waiting for the explosive to approach. Rather, it has an active collection system in 
the sense that the analyte is drawn over the active sensor elements. Progress made this year includes 
improved detection limits for TATP, DADP, 2,6-DNT and ammonium 
nitrate using new testing protocols employing active dynamic control 
to eliminate unwanted background signals and pre-concentration 
steps. Active dynamic control is achieved by adding a second micro-
heater without a catalyst coating, and measuring the difference in 
signals due to catalytic activity which not only improves the sharp-
ness of the characteristic signature but improves the magnitude of 
the response by a factor of 3-4. Finally, to lower the detection limit for 
threat molecules of interest beyond current levels, a polystyrene pre-
concentrator was incorporated into our detection system.  Based on 
preliminary experiments utilizing our pre-concentration approach, 
a 20% increase in sensor response was achieved, which could ulti-
mately translate into a ppb detection limit.
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Figure 1: MEMS sensor layout with 

four free standing diaphragms 

and associated microheaters; 

this most recent version of our 

5mm x 5mm prototype uses a 

Ti/Ni metallization to form a 

serpentine heater pattern, that 

when heat treated forms a nickel 

silicide heating element.

ALERT 
Phase 2 Year 1 Annual Report 

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

Project R2-B.1



Students

Name Degree Pursued Institution Intended Year of Graduation

Yun Chu PhD URI 5/2014

Daniel Mallin MS URI 12/2014

Mitch Champlin BS URI 5/2015

Ben Jacques BS URI 5/2014

Jimmy Chan BS URI 5/2015

Elizabeth Shokunbi BS URI 5/2016

Matin Amani BS/MS URI 5/2013

II. PROJECT OVERVIEW AND SIGNIFICANCE
The detection of explosives and explosive precursors in certain venues where the public and the military 
may be at risk to terrorist threats is of considerable importance to the Department of Homeland Security [1]. 
There are a number of analytical techniques that can detect the presence of explosives [3-10], however, there 
are a number of limitations when adapting these techniques in the ield [11]. Thus, a small footprint sensor 
that is self-contained and capable of continuously monitoring a wide variety of threat molecules is needed to 
quickly and accurately alert those in the area of a potential threat.  For example, TATP, an energetic material 
of particular interest to DHS because of its frequent use in terror attacks [12], is an energetic compound that 
can be manufactured with limited means.  It also contains no metallic or nitro groups, making it dif icult to 
detect with traditional sensing techniques [13].  Thus, our thermodynamic based sensor is ideally suited for 
the continuous-monitoring of threat molecules like TATP and other explosive compounds that exhibit a inite 
vapor pressure.   By combining with a conductometric signal and monitoring electrical conductivity changes 
in the same catalyst, a certain redundancy is provided that can help mitigate false positives and negatives, 
when integrated into the same sensor package. 

III. RESEARCH ACTIVITY

A. State-of-the-Art and Technical Approach

An orthogonal sensor comprised of two independent sensing platforms; a thermodynamic sensing platform 
and a conductometric sensing platform has been developed such that a metal oxide catalyst is simultaneously 
interrogated upon exposure to an analyte.  No device that we know of interrogates the same catalyst by two 
independent means. The thermodynamic platform measures the heat effect associated with the interaction 
of speci ic target molecules with a catalyst, while the conductometric platform monitors electrical conductiv-
ity changes in the catalyst.  Heat effects in the thermodynamic sensor are measured using a digital control 
system and a microheater coated with a catalyst, which is thermally scanned over a selected temperature 
range. In this way, the electrical power difference between a catalyst-coated microheater and an uncoat-
ed microheater to maintain the same temperature is attributed to the heat effect associated with catalytic 
activity. In this way, an explosive molecule of interest can be decomposed in the presence of a responsive 
metal oxide catalyst at a speci ic temperature, to yield a unique signature or response. TATP, for example, is 
commonly used as an initiator in improvised explosive devices or IEDs due to its ease of manufacture from 
available precursors and simple preparation [14]. The state-of-the-art detection techniques for TATP rely on 
bench-scale analytical instrumentation techniques, including IR and Raman spectroscopy [3,9,10], ion mo-
bility spectrometry [5,13,15], terahertz absorption spectrometry [7,8], mass spectrometry [6,16,17,18] and 
luorescence spectroscopy [4]. These exhibit adequate sensitivity and stability from a detection viewpoint, 

but are somewhat limited for ield use since they cannot be adapted in a small footprint sensor platform and 
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are not capable of continuous monitoring. 
Our thermodynamic sensor is ideally suited for the continuous-monitoring of threat molecules, especially 
those explosive compounds that exhibit a inite vapor pressure. The sensor also has a built-in orthogonality 
to mitigate false positives and negatives, and the MEMs version of our sensor has the potential to be much 
more portable than these other techniques. Ours is a fully continuous monitoring technique and has the 
unique ability to detect nitrogen and non-nitrogen based explosives. By incorporating a second microheater 
without a catalyst coating as an active dynamic control, unwanted background signals can be iltered out 
and in turn the overall sensor response is much better de ined (see Fig. 2). The static thermodynamic sensor 
responses to 0.5 ppm of ammonium nitrate, using a tin oxide catalyst, are shown in Figures 3 and 4 on the 
next page. Here, the advantage of using a second microheater for active dynamic control is demonstrated. The 
red curve in Figure 3 is the tin oxide catalytic response and the blue curve is the response of the uncoated 
microheater. By subtracting these two signals, a thermodynamic “difference” signal is achieved (see Fig. 4 
on the next page).  The 0.25% increase in sensor response to ammonium nitrate shown in Figure 3 on the 
next page corresponds to a power difference of about 5mW.  In the past, the response to ammonium nitrate 
yielded no more than 2mW, thus the response using this approach has more than doubled the magnitude of 
the response to ammonium nitrate.
Characteristic responses to speci ic catalyst-analyte interactions have been collected for a number of threat 
molecules using our orthogonal sensor platform.  By matching a particular catalyst to its fundamental chemi-
cal properties using combinatorial chemistry techniques [19], a number of combinatorial libraries of cata-
lysts for analytes of interest to DHS were compiled over the last year. Typical responses of our orthogonal 
sensor platform, comprised of a thermodynamic and conductometric response to a speci ic catalyst-analyte 
interaction, are shown in Figure 5 on the next page. Here, the combined thermodynamic and conductomet-
ric responses to 2,6-DNT as a function of concentration using a tin oxide catalyst are shown. These results 
indicate that the orthogonal sensor is capable of detecting 2,6-DNT at the ppb level. In an attempt to lower 
the detection limit for threat molecules of interest beyond this limit, a pre-concentrator was incorporated 
into our detection system.  The pre-concentrator is 
comprised of many of the components already being 
used to fabricate our orthogonal sensor system; i.e. 
an alumina substrate, a thin ilm, nickel microheat-
er, a K-type thin ilm thermocouple and an alumina 
isolation coating. In addition to these components, 
however, a polystyrene ilm is spin-coated over the 
microheater, which is placed upstream of the active 
sensor elements. The merit in using this approach 
is demonstrated in Figure 6 on the next page. Here, 
the desorption of the 2,6-DNT molecules from the 
polystyrene surface produced a jump in response 
as the microheater coated with polystyrene placed 
upstream in lowing 2,6-DNT, was “turned on”. The 
down selection of candidate polymers to be used 
for pre-concentration purposes is not only based on 
“analyte” adsorption ef iciency but “analyte” desorp-
tion ef iciency as a function of temperature as well is 
shown in Table 1 on the next page.

Figure 2: Three thermodynamic sensor responses to 

7 ppm TATP using a ZnO catalyst. Our new sensing 

protocol employs active dynamic control, where a second 

microheater without a catalyst coating is exposed to the 

same analyte, which allows unwanted background signals 

to be fi ltered out, thereby increasing signal strength and 

sharpening sensor response.
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Figure 3: Thermodynamic sensor response to 0.5 

ppm of ammonium nitrate using “active dynamic 

control”.  The red curve is the tin oxide catalytic 

response and the blue is the response of an 

uncoated microheater.

Figure 4: Diff erence in thermodynamic sensor 

signals to 0.5 ppm of ammonium nitrate using 

“active dynamic control”; i.e. diff erence signal 

(or percent power diff erence) between a tin.

Figure 5: Orthogonal sensor response to various 

concentrations of 2,6-DNT using a SnO
2
 catalyst 

(concentration of 2,6-DNT vapor in gas phase 

indicated by black dashed line). Conductometric 

sensor response is presented in red and 

thermodynamic sensor response is presented in 

blue.

Figure 6: Sensor response to fl owing (2,6-DNT) using 

polystyrene pre-concentrator. Note step increase 

(pulse) in analyte detected when desorption of 

analyte (2,6-DNT) molecules from the polystyrene 

surface occurs when pre-concentration microheater 

upstream is excited.

Table 1: Desorption effi  ciency of various polymers to TNT as a function of temperature. The highlighted polymers 

exhibit nearly equal effi  ciencies of adsorption and desorption, which is the most desirable combination for pre-

concentration purposes.
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B. Major Contributions 

Our project on orthogonal sensors for trace detection has made a number of contributions to the ALERT 
Center’s research and education mission over the past year.  In terms of ALERT’s education mission, ive 
undergraduate students, two graduate students and a high school teacher were trained on a detection tech-
nology for trace explosives this past year.  Mr. Anthony Fascia, a chemistry and physics teacher from Hope 
High School in Providence, RI, worked on our detection technology this past summer and took that experi-
ence back to his students in the lab and classroom. In terms of ALERT’s research mission, two provisional 
patents were iled, two peer reviewed journal articles were published and six presentations were given at 
various conferences this past year.  All were related to the detection technology being developed for DHS at 
URI.  In terms of outreach, the United States Coast Guard and the Navy have expressed a keen interest in our 
detection technology, and these are highlighted in this report.  Finally, we are partnering with the US Army 
Research Laboratory, Naval Undersea Warfare Center (NUWC) and private corporations such as FLIR to com-
mercialize our sensor technology and get it into the hands of potential end users.

C. Fuure Plans

Part of the research plan for next year will focus on lowering the detection limits of our orthogonal sensor for 
the trace detection of explosives using pre-concentration and active dynamic control, where a second (refer-
ence) microheater is used to eliminate unwanted background signals. We will also continue to miniaturize 
our existing orthogonal sensor platform by transitioning to a smaller-footprint, MEMS based sensor for ro-
bustness and performance.  This will include efforts to increase the versatility of our MEMs sensing platform 
by moving to a 4-channel version of our sensor; i.e. using 2 of the 4 microheaters as the references for active 
dynamic control on a single die or substrate to quantify the differences in signals between a catalyst coated 
and uncoated microheater response. 

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Dr. Ashwith Chilvery, an Assistant Professor of Physics from Talladega College, Talladega, AL, has applied for a 
DHS Scienti ic Leadership award for Minority Serving Institutions (MSI) for the next several years. If success-
ful, Dr. Chilvery and his students will spend time during the summer months in my laboratory at URI study-
ing nanostructured metal oxides for chemical sensing, infrared imaging and organic piezoresistive sensors. 
Dr. Chilvery’s proposal for a DHS Scienti ic Leadership Award is entitled, “Empowering Minority Scholars for 
Homeland Security’s Future Workforce via STEM Education and Research (EMPOWER).”

V. RELEVANCE AND TRANSITION

A. Anticipated end-user technology transfer

Partnering with the US Army Research Laboratory and the US Navy, we are developing a MEMs version of 
our orthogonal gas sensor that will serve as the enabling technology for a portable explosives trace detection 
system that is both self-contained and capable of continuously monitoring a wide variety of threat molecules. 
To develop the portable explosives trace detection system, our existing microheater based sensor is being re-
con igured to a MEMs platform using free-standing silicon nitride diaphragms (300 um x 300 um) to support 
the microheaters and catalysts, thereby creating the necessary thermal isolation in a microscopic platform. 
The Naval Undersea Warfare Center and URI have entered into a Co-operative Research and Development 
Agreement (CRADA- NUWCDIVNPT-13-801) to develop the technology required to produce an integrated 
MEMS and electrical measurement unit on a custom integrated circuit which can serve as a platform for mul-
tiple catalysts, thermal measuring devices and reference microheaters. NUWC has considerable expertise in 
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the development of MEMS devices, the custom integrated circuit design, device packaging and air low issues. 
FLIR Nomadics will be our commercialization partner responsible for sensor packaging and system integra-
tion.

VI. LEVERAGING OF RESOURCES

We are currently pursuing the commercialization of a MEMs version of our orthogonal sensor with FLIR No-
madics, a manufacturer of instruments that are capable of detecting trace levels of explosives.  In a parallel 
effort (to our current research on sensor development), we have been leveraging our limited resources by 
partnering with the US Army Research Laboratory and the US Navy (NUWC) to develop a MEMs based sensor 
with built-in orthogonality and are currently completing a fourth version of our MEMs device. We can then 
leverage the packaging and sampling expertise that exists at FLIR with our latest MEMs based sensor and 
combine with their best practices.  FLIR has extensive experience in this area and currently manufactures 
the FIDO system for combat, physical security and anti-terrorism operations. To assist in the transition to a 
commercial product for trace detection, we have sought additional funding from DHS and have responded to 
a recent DHS BAA for a portable explosives trace detection system. Our white paper entitled “A MEMS Based 
Sensor with Built-in Orthogonality”, was submitted to DHS under the BAA EXD 13-03; Technical Area 3: Por-
table Explosives Trace Detection Systems.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. Chu, Yun, Mallin, Daniel J., Amani, Matin and Gregory, Otto J., “Detection of Peroxides Using Pd/SnO2 
Nanocomposite Catalysts”, Sensors and Actuators; B Chemical, Vol. 197, 2014, p. 376–384. 

        Pending- 
1. Chu, Yun, Mallin, Daniel, J. Amani, Matin and Gregory, Otto J., “Detection of Explosives Using Orthogo-

nal Gas Sensors”, IEEE Sensors Journal, in press.

B. Peer reviewed conference proceedings

1. Chu, Yun, Mallin, Daniel, J. Amani, Matin and Gregory, Otto J., “Detection of Explosives Using Orthogo-
nal Gas Sensors”, IEEE Sensors 2013 Conference, November, 2013.

C.  Other conference proceedings

1.  Y. Chu, D. Mallin, M. Amani, O. J. Gregory, Department of Homeland Security Center of Excellence- 
ALERT Year One Review, Boston, MA, Feb. 2014, “Detection of Explosives Using Orthogonal Gas Sen-
sors”.

D.  Other presentations

1. D. Mallin and O.J. Gregory, Graduate Symposium Series-Chemical Engineering Dept., Univ of Rhode 
Island, Kingston, RI, April 25, 2014, “The Detection of Explosives and Explosive Precursors using Gas 
Sensors with Pre-concentration”.

2. M. Champlin, B. Jaques, J. Chan and O. Gregory, Graduate Symposium Series-Chemical Engineering 
Dept., Univ. of Rhode Island, Kingston, RI, April 25, 2014, “Thermodynamic Sensors for Trace Detec-
tion”.
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3. M. Champlin, B. Jaques, J. Chan and O. Gregory, Northeast Regional AIChE Student Poster Contest, 
Storrs, CT, April 19, 2014, “Thermodynamic Sensors for Trace Detection”.

4. O.J. Gregory, Naval Undersea Warfare Center (NUWC), Middletown, RI, April 18, 2014, “A Thermody-
namic Sensor for Trace Detection”.

5. Y. Chu, D. Mallin, M. Champlin, B. Jaques, J. Chan and O.J. Gregory, Department of Homeland Security 
Center of Excellence-ALERT Year One Poster Session, Boston, MA, Feb. 18, 2014, “Trace and Vapor 
Sensors”.

6. Y. Chu, D. Mallin, M. Amani, O. J. Gregory, IEEE Sensors 2013 Conference, Baltimore, MD, Nov. 2-6, 
2013, “Detection of Explosives Using Orthogonal Gas Sensors”. 

E.  Student theses or dissertations produced from this project

1. Yun Chu, Solid State Gas Sensors for the Detection of Explosives and Explosive Precursors, May 2014, 
PhD., University of Rhode Island-Chemical Engineering

F.  Transferred technology/patents

1. “Optical Time Domain Re lectometry (OTDR) Sensor for the Trace Detection of Explosives”, URI pat-
ent disclosure and Provisional Patent; O.J. Gregory, T. Wei and J Oxley, iled May 2014.

2. “Orthogonal Sensor for the Passive Detection of Explosives”, URI patent disclosure and Provisional 
Patent; O.J. Gregory, M. Amani, Y. Chu and D. Mallin, iled January 2014.

G.  Requests for assistance/advice

1. From DHS
a. Coast Guard inquiry Jan 2014; Mr. Cornell Rosiu, Environmental D.R.A.T. Supervisor-First Coast 

Guard District contacted us about the capability of our sensors through URI’s DHS website to de-
termine if our sensor could help them with oil pollution in New Bedford Harbor, MA. The Coast 
Guard was looking for ways to passively monitor the waters in New Bedford Harbor, to deter-
mine if they could be used to identify the sources of pollution.  Prof Euler (URI) and I responded 
with a number of options for the Coast Guard to consider.  As of May 2014, the Coast Guard was 
considering various options.

2. From Federal/State/Local government
a. US Navy (Naval Undersea Warfare Center, Middletown, RI) expressed a strong interest in using 

gas sensor technology to detect leakage of propylene glycol dinitrate (Otto fuel) when charging 
torpedoes just before deployment; i.e. a sensor that could be alarmed to let personnel know if 
leakage has occurred while transferring the fuel.  The Navy plans to issue a contract, once we 
demonstrate that our sensor can detect vapors of propylene glycol dinitrate at trace levels.   Cur-
rently there is no solution to this problem.
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