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a  b  s  t  r  a  c  t

Humanitarian  demining  requires  a broad  range  of methodologies  and  instrumentation  for  reliable  identi-
fication  of  landmines,  antipersonnel  mines,  and  other  explosive  remnants  of  war  (ERWs).  Optical  sensing
methods  are  ideal  for this  purpose  due  to  advantages  in  sensitivity,  time-of-response  and  small  form  fac-
tor.  In this  work  we  present  a portable  photoluminescence-based  sensor  for  nitroaromatic  vapours  based
on the  conjugated  polymer  Super  Yellow  integrated  into  an  instrument  comprising  an  excitation  LED,
photodiode,  Arduino  microprocessor  and pumping  mechanics  for  vapour  delivery.  The  instrument  was
eywords:
xplosives detection
uper yellow
rduino
hotoluminescence
RW

shown  to  be  sensitive  to few-ppb  concentrations  of  explosive  vapours  under  laboratory  conditions,  and
responds  to simulated  buried  landmine  vapour.  The  results  indicate  that  a lightweight,  easy-to-operate,
low-cost  and  highly-sensitive  optical  sensor  can be readily  constructed  for landmine  and  ERW detection
in  the  field,  with  potential  to  aid worldwide  efforts  in  landmine  mitigation.

© 2017  Elsevier  B.V.  All  rights  reserved.

umanitarian demining

. Introduction

Global conflicts over decades have seen a legacy of landmines
nd Explosive Remnants of War  (ERWs) left buried and active long
fter the conflicts themselves may  be over. In addition to their
nherent danger, the presence of mines prevents trade, communi-
ation and land use among local peoples. While several demining
echniques are presently used successfully, there is still a press-
ng need in current humanitarian demining for rapid-response
n-situ measurement techniques appropriate to a wide range of
nvironments, since existing methods are not necessarily able to
perate over extended periods of time in the field. Common meth-
ds such as canines have stringent and limited working practice
n the field, in addition to occasional unpredictability or fitness-to-

ork of the canines [1,2]. Other commonly-used techniques, such
s metal detection, can flag false positives like harmless fragments
f metal [3]; others have intrinsic high danger, such as prodders
hich require a deminer to physically push at the landmine. Detec-

ion of vapours given off by landmines, such as tri-nitrotoluene
TNT) or its derivative di-nitrotoluene (2,4-DNT), can potentially
omplement the above methods to mitigate these issues, since the
on-contact nature of vapour detection allows one to identify a
andmine that may  be missed by other methods, for instance a plas-
ic mine being missed by a metal detector. A hand-held, in-situ and

∗ Corresponding author.
E-mail address: rg89@st-andrews.ac.uk (R.N. Gillanders).

ttp://dx.doi.org/10.1016/j.snb.2017.01.178
925-4005/© 2017 Elsevier B.V. All rights reserved.
sensitive system based on explosive vapour sensing would provide
an extremely useful tool in the field for demining.

In the development of a low-cost and field-serviceable instru-
ment, an Arduino Uno, from the Arduino family of off-the-shelf
development kits that have been receiving increasing interest since
their release in 2012, can be a suitable microprocessor to handle sig-
nal capture and A/D conversion. Recent work has shown Arduino
platforms integrated into optical sensing systems, for instance for
Copper (II) ions [4] and Volatile Organic Compounds in seawater
[5]. Another advantage to these platforms is that the device can
be flashed with firmware allowing the device to function without
the need for external control software from e.g. a laptop computer.
Simple functionality such as this allows for an “on/off” version of
the system, where an alert can be made by buzzer or warning light
to indicate the detection of explosive vapours, allowing a simple
deployment.

There have been extensive studies on conjugated polymer films
for explosives detection [6–12]. Conjugated polymers have great
potential for humanitarian demining due to the high sensitivity of
their light emission to the presence of nitroaromatic compounds.
The sensing mechanism is based on the transfer of an electron
from a photo-excited exciton state in an electron-rich polymer to
an electron-deficient adsorbed molecule from the vapours, result-
ing in a loss of light emission. The light emission is quenched, in
proportion to the level of nitroaromatic vapour present, as this

photo-induced electron transfer provides a non-radiative pathway
for the exciton to relax. This reduction in light intensity can sub-
sequently be monitored using a photodiode, aiding development
of low-cost, compact optical sensors. Since the polymers are typi-

dx.doi.org/10.1016/j.snb.2017.01.178
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.01.178&domain=pdf
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Fig. 2. (a) Schematic of instrumentation (not to scale); (b) Photograph of Enclosure
with labelled parts; (c) Loading mechanism with a Merck Super Yellow film.
Fig. 1. Chemical structure of Merck Super Yellow, with x:y:z = 1:12:12.

ally spin-coated to give films a few tens of nm thickness on glass
ubstrates, the sensor films can be produced in large enough quan-
ities for disposable use after positive identification of explosives.
he commercially-available polymer Merck Super Yellow, part of
he PPV group of conjugated polymers and illustrated in Fig. 1, has
reviously been shown to have a high PLQY [13]. The chemical
roperties of this material has been characterised in other work for
pplications as polymer LEDs (PLEDs) [14], and displays high sen-
itivity to nitroaromatic vapours with 2,4-DNT giving a significant
uenching effect [12].

In this work we present a small-form, low-cost, robust, easy-
o-use and field-serviceable optical sensor for explosive vapours to
elp address the challenges involved in humanitarian demining. It

s anticipated to be able to be used in conjunction with established
umanitarian demining technologies to aid in reduction of false
egatives and contribute to a more comprehensive surveying suite
f technologies.

. Experimental

.1. Film fabrication & characterisation

Films based on the conjugated polymer Super Yellow (sup-
lied by Merck) were prepared by spin-coating, at 2000 rpm,
rom a 6.5 mg/ml  solution of the polymer in toluene onto 1 cm

 1 cm glass coverslips from Agar Scientific. The film thickness
as measured using a Veeco Dektak 150 surface profiler and films
ere typically 100 nm thick. The film thickness has previously

een shown to affect the speed of response to vapours due to
olecules penetrating the polymer matrix at a fixed rate [9], and

o films of 100 nm thickness were chosen to allow a fast response
o the vapour. Photoluminescence Quantum Yield (PLQY) mea-
urements were performed in an integrating sphere [15], using

 Hamamatsu Photonics C9920-02 measurement system with an
xcitation wavelength of 440 nm.  Absorption and emission spectra
ere measured with a Cary 300 Bio UV–vis absorption spectrome-

er and Edinburgh Instruments FLS980 Fluorescence spectrometer
espectively.

.2. System architecture

The system operates by a polymer film being loaded into an
irtight sample chamber with windows on each side to allow exci-
ation by an LED, and collection of photoluminescent emission by a
hotodiode. The vapour is drawn via the bottom face of the enclo-
ure by a pump, past the polymer film, and out via an exhaust
ine. The pump and LED are switched on manually by switches on
he enclosure, with emission data being processed on an Arduino

icroprocessor prior to being sent via USB to a laptop.

Fig. 2(a) shows a schematic of the system architecture, with a

hotograph of the system with lid removed in Fig. 2(b) and a pho-
ograph of the sample-loading mechanism in Fig. 2(c). The LED
as a high-power Royal Blue LUXEON LED from Philips, driven
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Fig. 3. Low-power transimpedance circuit for photodiode.

I of th

b
s
m
a

Fig. 4. LabView-based GU

y a 9 V battery and standard LED driver circuitry. The emission

pectrum of the LED, with a peak wavelength of 447.5 nm,  closely
atches the absorption of the Super Yellow polymer with an

bsorption peak at 440 nm.  The detection module of the sensing
e optical sensing system.

system was  constructed of a Hamamatsu S2386–44 K photodiode

with high-sensitivity and low-noise, integrated with an Analog
Devices AD8015ARZ low-power transimpedence amplifier, as illus-
trated in Fig. 3. The DC-powered PCB was  designed to fit directly
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n the surface of the Arduino via analogue input pin A0. The detec-
or module was held in a home-made adjustable bracket to allow
ertical and horizontal movement of the photodiode for alignment.
he Arduino was addressed to a VI in LabView via USB connection,
nd communication was achieved via LabView MakerHub, a tool
or interfacing platforms such as Arduino to National Instruments
oftware. The LabView Graphical User Interface (GUI) displays both
he raw data signal and the signal smoothed by moving-average, to
ccount for random noise fluctuation, in real-time and both sets of
ata were saved automatically in an Excel sheet for further data
rocessing. The GUI is illustrated in Fig. 4.

The enclosure was an IP67-rated enclosure from FIBOX with
imensions of 188 × 188 × 130 mm.  The enclosure was  fitted with

 purpose-built platform to stabilise the component parts; a USB
onnector and switches for the pump and LED were also mounted
n the enclosure. An in-house built stainless steel sensing chamber
as designed to have a lock mechanism to enable ease of sensor film

eplacement in the field, with two windows for excitation and emis-
ion and the film aligned with the windows. The LED was  mounted
n one side of the sensing chamber to illuminate the film through
ne window. The fluorescence was collected through the other
indow using a 20 mm focal length aspheric condenser lens from

horlabs focussed onto the photodiode. Air samples were drawn
n through a stainless steel tube on the bottom face of the enclo-
ure via a path length of approximately 1 cm,  through the sample
hamber and out via exhaust on the rear side of the enclosure by a
icropump from TCS Pumps, with 600 ml/min maximum flow and

owered by 9 V battery. For studies with Super Yellow, a 550 nm
ong pass filter from Thorlabs was used to the signal emission from
esidual excitation light. The entire system weighs approximately
.1 kg.

.3. Procedure for measuring response to calibrated flow of
xplosive vapours

To assess the system’s response to explosive vapours, it was  first
ttached to a benchtop vapour delivery apparatus, with a clean
2 line and a line with N2 gas contaminated with 1 g of 2,4-DNT

Sigma Aldrich) connected to the inlet of the system. The system
as flushed with clean N2 for several seconds and the data acquisi-

ion software started before 2,4-DNT vapour was introduced to the
hamber, bypassing the pump mechanism. The measurement was
ade at a sample rate of 1 Hz over approximately 2 min, and the

ecrease in photoluminescence emission was monitored over time.
he system was flushed with clean N2 after each run to prevent
ontamination of the sensing chamber.

.4. Simulated buried landmines

Simulated buried landmines were prepared with 1 g of a TNT-
ontaining composite material or 2,4-DNT in a metal or plastic
ontainer with holes drilled into the lid to allow for vapour release,
nd buried in soil or sand at a depth of 2 cm,  5 cm or 10 cm in clay
ots. Blank samples were made by placing empty containers below
he soil or sand surface in clay pots. The TNT samples inside the con-
ainers are NESTT materials from www.xm-materials.com which
re comprised of silica particles coated with the explosive mate-
ial (∼8% explosive). The samples were securely held in a glove
ox for one year prior to testing to allow diffusion of the vapour
olecules to the surface, and to provide a controlled environment,
ith humidity and temperature inside the sealed box constant at

8% RTH and 23 ◦C. To make a measurement the sensor system

as positioned over the pot and ambient air drawn through the

ample chamber by the pump. The LED was turned on and data
ollection started shortly prior to air pumping, with the system
nlet approximately 1 cm from the sand/soil surface. Measurements
tuators B 245 (2017) 334–340 337

were taken at 1 Hz sample rate for approximately 100 s. Clean air
was pumped through the sample chamber between measurements
to avoid contamination or residual explosive particles within the
sensing chamber.

3. Results and discussion

3.1. Merck super yellow film characteristics

To enable close spectral matching of the system excitation LED
and optical emission filter with the photophysical properties of the
polymer, the absorption and emission spectra of Super Yellow films
of 100 nm thickness was  measured. As shown in Fig. 5, the absorp-
tion band of Super Yellow is quite broad, with a peak at 440 nm,
while the emission spectrum, with �ex = 440 nm,  shows a peak at
590 nm giving a relatively large Stokes’ Shift of 150 nm. This large
separation between excitation and emission wavelengths allows
optical filtering above 550 nm to readily block the vast majority of
excitation light. The film PLQY was  measured to be 40%.

3.2. System response to 2,4-DNT vapour flow

The detection system was  attached on one side of the sensing
chamber used in previous explosives detection studies [6–8,12].
Clean nitrogen was purged for a few seconds through the cham-
ber prior to the 2,4-DNT vapour-line being introduced. Fig. 6 shows
the photoluminescence quenching by 2,4-DNT reducing emission
intensity by approximately 63% over 100 s. The emission can be
seen to drop by 30% in the first 10 s of measurement with a sub-
sequent decrease in quenching over time, indicating saturation of
available quenching sites. By contrast, the clean control line shows
a drop in emission intensity by around 3.5%, attributable to minor
degradation of the polymer under illumination. We  estimate the
Limit of Detection (LoD) to be 1/30th of the vapour concentration
present in the experiment, which sets a maximum bound of 30 ppb
(assuming a saturated vapour pressure of DNT), but is likely to be
significantly lower than this.

While some conjugated polymers can be recycled via nitrogen
flushing, Super Yellow films only show partial reversibility with the
application of heat to release the adsorbed explosive molecules. The
films do not return to the original intensity levels probably due to
residual nitro aromatic molecules from the vapour retained within
the polymer matrix.

3.3. Buried explosives

Fig. 7 shows the Super Yellow emission intensity response to
2,4-DNT from several simulated buried landmines, with a control
emission intensity. The sensing system was  placed around a cen-
timetre above the surface of each clay pot containing a simulated
mine. The excitation LED and micropump were switched on, and
the emission monitored in real-time at a sample rate of 1 Hz. The
control measurement was  taken by pumping ambient air in a non-
explosive environment with the excitation LED switched on; the
straight-line decrease in intensity can be attributed to degradation
of the polymer under intense illumination in air [16,17]. How-
ever, a much faster exponential decrease in intensity can be clearly
observed when the film is in contact with explosive vapours.

TNT vapour was also readily detected by the system. It is known
that TNT has a lower vapour pressure of 9.15 ppb compared to
411 ppb for 2,4-DNT [18], and does not have as strong a quench-
ing effect on Super Yellow as does 2,4-DNT [12]. Super Yellow

films were used to detect two 2,4-DNT samples, a TNT sample
under the same conditions, and a control sample as before. Fig. 8
shows the response for all four samples, with the Super Yellow
being quenched by around 65% by 2,4-DNT, and 45% by TNT. The
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Fig. 5. Absorption and emission spectra of Merck Super Yellow films spin-coated onto a glass coverslip. Emission spectrum recorded with �ex = 440 nm.

Fig. 6. Response of system to 2,4-DNT vapour delivered via nitrogen line (Black line) with clean nitrogen control line (red). The normalised signal response shows the drop
in  measured fluorescence from the film with time. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Attributes of sensor responses in Fig. 8.

Nitroaromatic Material Media Depth QE (%) at 100 s Slope at 10 s (s−1)

DNT Plastic Soil 2 cm 65 0.035

a
f
r
t
a

b
c
b

DNT  Plastic Soil 

TNT  Plastic Soil 

Control  Plastic Soil 

ttributes of these responses are shown in Table 1, where a clear dif-
erence in Quenching Efficiency (QE) over 100 s and Slope at 10 s is
eadily apparent between the buried explosive vapours, including
he nitroaromatic molecule, the container material, burial media,
nd burial depth, and the control mine.
Table 2 shows the range of measured QE at 100 s and slope
etween 0 and 10 s for a range of simulated buried landmines. It
an be seen that a high quenching efficiency is observed from all
uried explosives, hence the amount of vapour present above the
2 cm 65 0.039
2 cm 42 0.018
2 cm 21 0.006

surface after one year is sufficient to be detected with the system at
a distance of approximately 1–2 cm from the surface and the inlet
of the system.

4. Conclusion
We  have demonstrated a portable, low-cost optical explosives
vapour sensor based on quenching of photoluminescence from the
conjugated polymer Super Yellow. The hardware was designed and
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Fig. 7. Response of Super Yellow films to 2,4-DNT buried in a plastic casing at a depth of 2 cm in soil (black and red lines), and in sand (purple line) against blank sample
(blue  line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Comparison of Super Yellow films with 2,4-DNT (black and red lines) and TNT (green line) against blank (blue line), with the explosives buried at 2 cm under soil in
plastic.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Matrix of simulated buried landmines and corresponding sensing attributes.

Nitroaromatic Material Media Depth QE (%) at 100 s Slope at 10 s (s−1)

DNT Plastic Sand 5 cm 68 0.048
DNT  Metal Sand 2 cm 67 0.053
DNT  Plastic Soil 10 cm 74 0.047
DNT  Metal Sand 10 cm 72 0.05
TNT  Plastic Sand 2 cm 69 0.049
TNT  Metal Soil 5 cm 73 0.048
TNT  Plastic Soil 5 cm 71 0.04
TNT  Plastic Sand 10 cm 70 0.049
TNT  Metal Sand 10 cm 74 0.051
TNT  Metal Sand 5 cm 76 0.042
DNT  Metal Soil 5 cm 74 0.042
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eveloped to be modular and user-friendly in the field by utilising
ff-the-shelf components, such as the Arduino microprocessor, in
ddition to low power requirements and a lightweight form. The
hotoluminescence was significantly quenched by vapours from
uried simulated landmines containing 2,4-DNT and TNT, at con-
entrations of approximately 400 ppb and 9 ppb respectively. With
he sensitivity, fast response time, the low-cost and portability
xhibited by the system, it shows promising attributes for deploy-
ent in the field for humanitarian demining in the future.
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