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(57) ABSTRACT

Transparent indicator tape i1s used for the detection of
airborne chemicals 1 a suspect environment. In various
embodiments, the indicator tape 1s aflixed to a window or
lens wherein one or more colorimetric indicators clad to the
tape are exposed to the environment while humans or
detection devices on the other side of the window or lens are
not necessarily subjected to the suspect environment. In
various embodiments the colorimetric indicator 1s sensitive
to chemical warfare agents. Airborne chemicals including
chemical warfare agents may detected by visual review or
autonomous measurement of sensor color changes when 1n

t

e presence of a target chemical. In various embodiments,

t

ne an 1ndicator spot 1s split into sensitive and insensitive

regions such that colorimetric changes may be more readily
identified against a visually changing background.
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Environmental Testing Conditions
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METHOD AND APPARATUS FOR
DETECTING TARGET CHEMICALS WITH
TRANSPARENT INDICATOR TAPE

RELATED APPLICATIONS

[0001] This application 1s a continuation of U.S. non-

provisional patent application Ser. No. 16/283,712 filed on
Jun. 12, 2020, titled UNMANNED VEHICLE BASED

DETECTION OF CHEMICAL WARFARE AGENTS,
which 1s a continuation of U.S. non-provisional patent
application Ser. No. 16/283,712 filed on Feb. 22, 2019, tatled
MULTI-SUBSTRATE PASSIVE COLORIMETRIC SEN-
SORS FOR DETECTING TOXIC INDUSTRIAL CHEMI-
CALS AND CHEMICAL WARFARE AGENTS, which
claims priority to U.S. provisional patent apphcatlon 62/633,
619 filed on Feb. 22, 2018, the entirety of which are
incorporated herein. This application also claims priority to
U.S. provisional patent application 62/643,137, filed on Mar.
14, 2018 and U.S. provisional patent application 62/670,
848, filed on May 13, 2018, the entireties of both are
incorporated herein 1n their entirety. U.S. patent application
Ser. No. 14/089,627, filed on Nov. 235, 2013, 1s incorporated

by reference herein 1n 1ts entirety.

GOVERNMENT LICENSE

RIGHTS

[0002] This invention was made with government support
under contract #W911SR-18-0023 awarded by the Depart-
ment of Defense. The government has certain rights in the
invention.

FIELD OF THE INVENTION

[0003] The field of the disclosure relates to unmanned
vehicle based detection of toxic idustrial chemicals and
chemical warfare agents.

BACKGROUND

[0004] In conflict areas, military personnel are 1n constant
danger from chemical and biological threat exposure, which
has extended to civilian threats in recent terrorist attacks,
emphasizing the critical need for advanced detection tech-
niques. Unmanned Autonomous Systems (UAS) are 1deal
means of monitoring locations which may be hazardous or
otherwise problematic for live manned operations.

[0005] During the Cold War era, the power to deploy
weapons of mass destruction (WMD) was only available to
a few nation-states with large economic, political, industrial,
military, and social resources. The probability of an attack
was considered low; both the U.S. and the Soviet Union
subscribed to mutually assured destruction, a standoil para-
digm whereby neither had the incentive to be the first to

launch a WMD) attack, since utter annihilation would betall
both sides.

[0006] In the post-Cold-War era, the Soviet WMD stock-
pile has become dispersed, with more countries ramping up
R&D and production, while scientific and technical kno-
whow has become more readily available. One of the
greatest challenges to the safety of the United States i1s the
threat posed by adversaries employing irregular, disruptive,
and potentially catastrophic strategies—including the use of
terror, asymmetric attacks, and WMD), to challenge, mar-
ginalize, erode, and paralyze U.S. power. In simple terms,
even small bands of terrorists or lone wolves have the
potential to inflict massive damage. Conventional measures
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of deterrence are obsolete against an elusive enemy with few
tangible physical assets at risk and the willingness to die in
the pursuit of a cause.

[0007] In response, the U.S. Department of Defense has
developed a comprehensive Chemical and Biological
Defense Program, whose mission 1s to enable warfighters to
operate 1 all WMD environments unimpeded by chemical,
biological, radiological, and nuclear eflects. Research and
development (R&D), technology acquisition, and fielding
are entrusted to a single, cross-services chain of command:
the Joint Program Executive Oflice for Chemical and Bio-
logical Defense (JPEO-CBD), which seeks to continuously
improve the portiolio of technologies to address this ever-
evolving threat. R&D of new capabilities can take years to
accomplish, at a cost of millions to billions of dollars;
therefore, rather than start from scratch, the JPEO-CBD
sources 1nnovations via interagency and industry relation-
ships. The advantage of this approach 1s a basket of cheaper,
faster, more eflective new technologies. The downside 1s the
lack of integration of disparate technologies taken case-by-
case from the private sector. Therefore, multifunctionality
and 1nteroperability are desirable features of WMD abate-
ment technologies. Most importantly, near-real or real-time
detection 1s critical to ensuring proper coordination and
response—and this 1s where advanced sensors play a crucial
role. The goal 1s to move measurements from near real time
(<15 munutes) to real time (~1 to 10 seconds) at the
short-term exposure limit (STEL) or the immediately dan-
gerous to life and health (IDLH) level, without significant
loss of sensitivity or specificity.

[0008] The need for CBD sensing lies on a continuum
ranging from extreme events, involving super-catastrophes

such as a WMD breach of homeland defenses, to routine
prevention of more moderate mishaps.

[0009] Toxic environmental threats mnclude both chemical
wartare agents (“CWA’s”), and toxic industrial chemicals
(““TIC’s™). Although distribution and use has been generally
limited to armed forces, colorimetric detection paper M8 and
M9 has been available for the detection of a limited number
of chemical wartare agents by personnel by directly expos-
ing the detection paper to environments where airborne
CWA’s are suspected. M8 and M9 detection paper are
unsuitable, however, for a variety of real-world scenarios
and are generally used directly by personnel. Among other
limitations, the paper 1s unstable 1n many real-world condi-
tions, and 1s known for poor discrimination and frequent
false positive indications.

[0010] A more advanced available technology than
M8/M9 paper for sensing CWA’s and TIC’s may be avail-
able using a device known as an electronic nose. E-noses are
devices capable of measuring and characterizing volatile
aromas released from a multitude of sources. Electronic
noses were originally used for quality control 1n the food,
beverage, and cosmetics industries. Current applications
include detection of hazardous chemicals and explosives,
detection of odors specific to diseases for medical diagnosis,
and detection of pollutants and gas leaks for environmental
protection. These devices are complex and require power
supplies as well as mechanical and electrical components.
Additionally, passive integration with existing systems 1s not
possible.
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BRIEF DESCRIPTION OF THE

[0011] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawings will be provided
by the Oflice upon request and payment of the necessary fee.
[0012] FIG. 1 depicts an exemplar embodiment of dis-
closed colorimetric sensors coating onto a transparent sub-
strate and afhixed to an unmanned aerial system camera.
[0013] FIG. 2 shows an artist’s rendering of an implemen-
tation of disclosed high-durability colorimetric sensors used
in the field by military personnel and mounted for unmanned
operation.

[0014] FIG. 3 shows the chemical mechanisms for the
detection of CWA toxins sarin and soman.

[0015] FIG. 4A-C show the results of selected agent
detection at given concentrations.

[0016] FIG. 5 shows the results of chloroethyl ethyl sul-
fide (“CEES”) detection at given concentrations.

[0017] FIG. 6A-B show a plot and table of humidity and
temperature validation testing points. FIG. 6A shows the
idealized test points. FIG. 6B shows the test points achiev-
able 1 real-world conditions.

[0018] FIG. 7A shows sensor results after exposure to
CEES at given temperature and humidity conditions. Sensor
output 1s shown depicted on the z-axis.

[0019] FIG. 7B shows sensor results after exposure to 5
ppm Phosgene (CG) at given temperature and humidity
conditions. Sensor output 1s shown depicted on the z-axis.
[0020] FIG. 7C shows sensor results after exposure to
DFP at given temperature and humidity conditions. Sensor
output 1s shown depicted on the z-axis.

[0021] FIG. 8A 1s a component diagram for an opto-
electronic reader.

DRAWINGS

[0022] FIG. 8B 1s a chart of target agent concentration
boundaries.
[0023] FIG. 9A-9C depict sensor array results from expo-

sure to 2 ppm (FIG. 9A), 10 ppm (FIG. 9B), and 20 ppm
(FIG. 9C) sarin (GB) vapor 1 a 50% relative humidity air
stream. Output results for each of the sensors are shown for
cross-reactivity.

[0024] FIG. 10 1s a chart of G-agent concentration equiva-
lencies.
[0025] FIG. 11 shows results of sensor array exposure to

10 and 20 ppm of GB/sarin and GD/soman.

[0026] FIG. 12 show criteria and obtained specifications
for an opto-electronic reader device for unmanned operation
and use of MIKE-tape.

[0027] FIG. 13 shows a field use of a small hand-held
UAS as an exemplar launch for utilizing MIKE-tape 1n a
highly mobile configuration.

[0028] FIG. 14A-B show sets of polymers considered
potentially suitable for MIKE-tape as a multi-sensor carrier
[polymers A-L].

[0029] FIG. 15A shows the chemical structure of a PSS-
based free volume enhancer FVE dernvative.

[0030] FIG. 15B shows an exemplar MIKE-tape sensor
cladding.
[0031] FIG. 16 shows the illustrated color scheme {for

coatings for chemical agent detection.

[0032] FIG. 17 shows the process steps for coating the
substrate.
[0033] FIG. 18 shows phantom standard quadcopter for

MIKE-Tape integration and testing and examples of sensor
tapes for placement onto the camera.
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[0034] FIG. 19 shows GB sensor coating applied onto five
substrates.
[0035] FIG. 20A shows the path of the UAS from the

starting point through a test ammonia cloud.

[0036] FIG. 20B shows the plot representing the time-
based optical change of the disclosed sensor element during
that tlight.

[0037] FIGS. 21A and 21B shows the results of time-
based acquisition of GD and GB sensor fiber responses to
100 mg/m> in dry and humidified air by means of one-meter-
long fiber, shown to illustrate the eflects of relative humidity
on sensor performance.

[0038] FIG. 22 shows the calibration plots of the perfor-
mance of the current optimized sensor claddings coated on
glass for detecting phosgene, hydrogen cyanide, ammonia
and chlorine.

[0039] FIG. 23A-B shows the results of exposed film
substrates after tap water (FIG. 23A) and salt water (FIG.
23B) immersion for 0, 5, 135, 30, and 60 minutes.

[0040] FIG. 24 shows a testing environment for a vapor
generation system for use 1n testing MIKE-tape configura-
tions.

[0041] FIG. 25 shows experimental DOE matrix to deter-
mine temperature and humidity effects on sensitivity.
[0042] FIG. 26 shows the target chemical vapor detection
scheme for the MIKE-Tape development.

[0043] FIG. 27 shows the previously developed results for
chemical sensor array and recorded measurement ranges of
the device.

[0044] FIG. 28 shows the result of H,S and HCN colori-
metric chemistry testing.

[0045] FIG. 29 shows a table of results of a very low level
of cross reactivity among the sensor formulations.

[0046] FIG. 30A-C show mmages of a test implementation
of MIKE-tape for detecting chlorine gas.

[0047] FIG. 31A-C show 1mages of a test implementation
of MIKE-tape for detecting phosgene vapor.

[0048] FIG. 32A-C show 1images of a test implementation
of MIKE-tape for detecting ammonia.

[0049] FIG. 33A-C show 1mages of a test implementation
of MIKE-tape for detecting cyanide gas (HCN).

[0050] FIG. 34A-C show 1images of a test implementation
of MIKE-tape for detecting chlorine gas with a half-tape
SENSOr.

DESCRIPTION

[0051] Disclosed are systems and methods for the robust
passive detection ol airborne toxins using a colorimetric
sensor clad to a stable substrate. In certain embodiments, the
substrate 1s aflixed to an adhesive material (tape). In certain
embodiments, the sensor and substrate are transparent. In
various embodiments, multiple sensors are coating onto a
substrate for the simultaneous detection of multiple toxins.
In various embodiments, the sensed or detected toxins
include a number of chemical warfare agents and toxic
industrial chemaicals. In various implementations, the tape 1s
allixed to a remote surface, which may be visually moni-
tored by a camera directly by focusing the camera on the
tape or may be aflixed to a camera lens by an adhesive
backing, such that colorimetric sensor changes may be
observed through the lens itself. The transparent substrate
may also be adhesively aflixed to windows for optical
detection of sensed toxins on the outside surface of the
window by a person or camera on the opposite, presumably
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protected side of the window. In an exemplar installation, the
camera with a sensor aflixed to 1ts lens may be onboard an
unmanned aerial System (“UAS”) or unmanned ground
Systems (“UGS”). An exemplar embodiment application 1s
known as the Mult1 agent Indicator Kit and Equipment
(“MIKE-Tape”). Certain aspects of the sensor substrate

including additives which enhanced sensor capabilities 1s
described.

[0052] The autonomous operation of UAS’s and UGS’s
has been improving to a degree that a single pilot can fly or
operate several drones at once. Adding functionality for
chemical detection on short flight missions to locate con-
tamination provides immediate intelligence, surveillance
and reconnaissance capabilities.

[0053] Chemical detectors are commercially available for
standofl and typical monitoring applications. However the
s1ze, welght and power-consumption are important factors
tor real-world implementation. Moreover, mechanical, hard-
ware and software integration complexity can limit the
adaptability of technologies. Colorimetric detection such as
in the disclosed system solves many of these problems, but
itself may be highly dependent on the conditions of use to
tacilitate eflicacy of the colorimetric sensor chemistry. In the
disclosed methods, an eflective modification of the sensor 1s
provided to account for operating the sensor in very low
humidity environmental conditions. Recent uses of toxic
warlare agents have occurred in very low humidity envi-
ronments, making this operational concern relevant to etlec-
tiveness.

[0054] Disclosed are methods for loading functionalized
colorimetric indicators mto customized polymers, and then
coating these polymers onto robust substrates for specific
applications. These disclosed methods for developing sensor
coated substrates may be implemented for remote sensing by
aflixing an adhesive coated sensor substrate to the camera
lens of an unmanned or remotely operated air or ground
system.

[0055] FIG. 1 shows an application of the disclosed sensor
103 with adhesive backed transparent substrate 102 to the
camera lens of a flying UAS 101 “eye” 104. Exemplar
UAS’s suitable for field operation implementation of a
remote sensor application include the Black Hornet 2 nano
PD100 or PD150. In this exemplar implementation, the
sensor cladding 103 which 1s aflixed to the camera by a
transparent substrate 102 will detect any of several chemical
wartare agents (“CWAs”), and toxic industrial chemicals
(““I'ICs”) 1n e1ther aerosol or vapor phase, under a full range
of real-world environmental conditions. Various embodi-
ment sensor arrays will detect CWAs and generate a visual
and self-reporting alarm via simple 1mage processing of the
passive sensor to operate for unmanned operation. This
disclosure 1ncludes implementation embodiments which
integrate, demonstrate, and validate the applicability of the
Mult1 agent Indicator Kit and Equipment “MIKE-Tape™ to
UASs for field applications.

[0056] FIG. 1 also depicts an implementation embodiment
of a flying copter camera and the integration Multi agent
Indicator Kit and Equipment “MIKE-Tape.” 102. An
embodiment of polymer-based sensor claddings 103 are
cllective sensing coating materials for detecting live agents,
showing high reactivity within <5 s response time. The
shown multi-dot multi-agent sensor clad detection tape 1s
suitable for passive itegration, and requires no additional
hardware, power, mechanical, data processing, electrical or
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optical processing structures other than those currently
available onboard the system.

[0057] An objective was to develop a chemical warfare
agent colorimetric detection platform that can improve the
stability of M8 and M9 test papers, with added self-reporting,
and gas-phase detection capabilities. Improvement of the
stability of current M8 test papers was accomplished by the
application of polymer claddings to maximize their stability
under adverse conditions. For some target agents, indicators
are based on the detection of CWA hydrolysis by-products,
through complex formation by an indicator dye-heavy metal
chelating reaction, are incorporated in the sensor arrays to
identily and quantify chemical warfare agent aerosols and
vapors.

[0058] Another objective was to provide for unattended
sensor array operation to meet the conditions of remote
sensing. FIG. 2 shows an artist’s depiction of an exemplar
embodiment field kit for detecting CWAs by visual and
seli-reporting inspection and unmanned operation. The color
of the sensor array changes when the test paper contacts the
target CWA agent(s). In the shown use, military personnel
206 use individual test strips 205 by wiping the strip against
a suspect surface 207. The individual MIKE-tape strip can
then be inserted 1nto a reader 203 for opto-electronic veri-
fication of any sensed CWAs by colorimetric changes of the
MIKE-tape. The opto-electronic unit 203 may also be used
as an unmanned detection unit. As detailed below, MIKE-
tape 1s both more stable and has improved agent specificity
over existing technology. These characteristics are obtained
by cross-linking density of each polymer matrix, chelating
agents, and indicator functionalization. The formulations are
subjected to calibration studies and aging eflect evaluation
of humidity and temperature eflects, as well as validation
testing.

Sensor Coatings

[0059] Stability and a high degree of agent specificity are
accomplished for MIKE-tape by correctly pairing chemaistry
of the sensor indicator with the substrate chemistry and
structural characteristics. As detailed below, the optimal
substrates are unexpected and non-trivial to determine.
Additives may be used both for the sensor indicator and the
substrate to improve the detection rapidity, stability and
specificity for individual toxic agents. Exemplar additives
described herein include hydrolyzing agents for improved
performance of indicators 1 low humidity condition, such
as bisphenol-a (BPA) and free-volume enhances or FVEs to
improve the stability and cladding of the indicator 1n sub-
strate polymers.

Indicator Chemistry

[0060] In exemplar embodiments, MIKE-tape suitable
indicator chemistries are based on acid-based Lewis 1indica-
tors or redox indicators. Examples of suitable Lewis indi-
cators 1nclude cresol red, bromothymol blue, bromocresol
purple, Congo red, or ethyl violet, selected based on specific
applications. Examples of suitable redox indicators include
dipyridines, benzidines, diphenylene diamine, or metallo-
porphyrins, also selected based on specific applications. The
first indicator system results in color change upon reaching
equilibrium with the target gases.

[0061] Improved specificity performance of the selected
indicators 1s achieved in various embodiments by specific
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additives that target the equilibrium at the pKb and pKa
according to the indicator and target gas reactions. Redox
indicators are based on a non-reversible reaction with the
target gaseous species resulting in 1rreversible color change.
[0062] The mmmobilization of this 1indicator/activator
chemistry 1nto a polymer matrix often offers tunable aprotic
media for the interaction of the indicator and the target gas.
The choice of the three components (indicator, activator, and
polymer), 1n addition to their ratio, 1s chosen 1n various
embodiments of MIKE-tape according to the reactivity and
specificity of the sensor cladding.

[0063] Development of optical-based sensor claddings
against CWA vapors produced an unexpected and unique
indicator composition that works by competitive binding of
CWA hydrolysis byproducts. FIG. 3 shows the mechanism
of chemical agent hydrolysis (with sarin and soman as
examples) and the subsequent detection by disclosed colo-
rimetric competitive indicators. As shown 1n FIG. 3, sarin
gas 301 hydrolyzes or decomposes when exposed to water
vapor 306 to release HF. Soman gas 302 similarly hydro-
lyzes or decomposes when exposed to water vapor 306 to
release HF 307. In various embodiments, an applicable
indicator dye 1s complexed with a metal salt 303 that
remains stable within the cladding but reacts 1n the presence
of the CWA hydrolysis byproduct (such as HF) 304 to
release the dye 305 from the metal salt 308 thereby exhib-
iting the colorimetric properties of the dye. In certain
embodiments, a hydrolyzing agent 1s utilized as an additive
to improve the effectiveness and reaction or detection speed
in low humidity environments. An exemplar tested hydro-
lyzing agent 1s bisphenol-a. Disclosed 1 application Ser.
No. 14/089,627 and incorporated herein 1s a colorimetric
technique for CWA vapor sensing, and specifically for GB
and GD early warning. Calibration plot for CWA sensor
substrates were generated as the sensor formulations were
tested against their target analytes in the gas phase, balanced
with clean air to create the desired concentrations. Specifi-
cally shown 1n FIG. 3 are examples of chemical wartare
agent structures (sarin, soman) and molecules released 1n
their hydrolysis.

[0064] FIG. 4A shows the GB/GD sensor calibration with
DFP simulant at 20, 15, 10, and 5 ppm. FIG. 4B shows
results of a GA sensor coating calibration using HCN 1n the
gas phase. FIG. 4C shows results of phosgene sensor cali-
bration. Shown 1 FIG. § are the results of hallf mustard
(CEES) sensor calibration.

Effects of Temperature and Relative Humidity on Sensor
Array Performance

[0065] An exemplar fully integrated sensor array was
tested against the range of temperatures and relative humid-
ity levels as charted i FIG. 6A following the design of
experiment (DOE) matrix shown 1n the table of FIG. 6B. For
certain embodiments, this testing served to quantily the
ellects of temperature and humidity on sensor array sensi-
tivity as a basis for baseline correction algorithms. Four
sensors (HD, GB/GD, GA, and CG) are exposed to all mine
test conditions to validate the chosen indicator and substrate
combination for an embodiment.

[0066] FIGS. 7A to 7C 1llustrate an exemplar CWA vapor
sensor array response (absorption changes) generated with
QtiPlot Random XY 7 Gridding function, using the Shepard
(uniform data) model. The measurements are given in mV or
intensity counts. Generally, there 1s a higher response at
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higher temperatures, and lower response at lower tempera-
tures. Sensor output 701 1s shown against temperature 702
and relative humidity 703. These trends were used 1n design-
ing and modeling the signal processing algorithms. The
results were consistent with CG and HCN sensor perfor-
mance, where lower temperatures slow gas diffusion into the
sensor cladding. Temperature compensation factors have
been extracted from this data and further integrated into the
concentration measurement model.

Optoelectronic System

[0067] As described above and shown 1n FIG. 2, 1n certain
embodiments MIKE-tape 1s implemented as a field detection
kit for personnel or for unmanned operation. These 1mple-
mentations may utilize an optoelectronic system to read the
colorimetric changes in the MIKE-tape sensors. The com-
ponent diagram in FIG. 8A depicts an exemplar reader
which 1s designed for a compact ruggedized housing (<0.5
ft.”), and operation at temperatures ranging from 0° C. to 55°
C. and at 10%-90% humuidity. As designed this unit 1s ready
for operation less than 30 seconds after power-up. The
power-up time 1s required for seli-calibration, and for the
power output from the LEDs, and to stabilize the tempera-
ture of other electronic components. The system dia-
grammed 1n FIG. 8A 1s designed for four-channel optoelec-
tronic operation for self-reporting in the event of HD,
GB/GD, or GA chemical release 1n the ranges shown 1n FIG.
8B.

[0068] The optoelectronic reader unmanned embodiment
1s designed for unattended operation, eliminating the need
for inspection of test papers such as M8 paper. The system
components were selected based on anticipated environmen-
tal conditions such as temperature fluctuations from —40° C.
to +80° C., and relative humidity from 5% to 95% RH. The
setup was tested and validated with the selected sensor
coatings.

[0069] A process was developed for validation testing of
the system self-reporting system for chemical warfare agent
aerosol/vapor detection. The sensor array was integrated
into a commercial detector evaluation system and tested for
proper Tunctionality. In the validation process, the sensor can
alternately sample clean air and challenge vapors. Challenge
vapors were generated by passing a nitrogen stream over a
small amount of liquid chemical agent (in an 1mpinger
bubbler) and diluting as needed with clean dilution air to
reach the desired concentration. Challenge vapor concentra-
tions were measured and verified using a commercial
(MINICAMS) automated gas chromatography system.
[0070] The sensor substrates were prepared and packaged
on a replaceable cartridge for mounting onto the optoelec-
tronic device for gas sampling and optical signal collection.
In order to evaluate and determine the level of detection of
our unattended sensor array for vapor detection, the chemi-
cal sensor array was tested against several live agents—GB,
GD, HD, VX—at varying concentrations in a commercial
setup.

[0071] Results of GB exposure from the testing are shown
in FIG. 9A-9C, where GB sensor coatings were tested at
concentrations of 2, 10, and 20 ppm (11, 55, and 110 mg/m°)
at 50% relative humidity at a validation test lab (ECBC and
CUBRC). The testing process consisted of exposure to 2.5
min. of clean air, 5 min. of agent gas, and 5 min. of clean air
for recovery and cleanup. The CWA concentrations were
higher than 1s typical in vapor detection testing setups, since
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the system 1s meant for unattended outdoor monitoring
similar to conditions described for M8 test papers. Some
cross-reactivity was noticed with the HD sensor coating,
which could be attributed to sensitivity modifications to the
sensor chemistry to improve sensor sensitivity.

[0072] The table FIG. 10 presents the test matrix and the
approximate range of vapor concentrations targeted for each
chemical agent. The tests were performed at ambient envi-
ronmental conditions (measured and recorded). The target
matrix acts as a starting point, and test results may be
utilized to iteratively optimize concentrations by deviating,
from the planned concentrations.

[0073] Inlive agent testing, the colorimetric sensor arrays

were exposed to sarin (GB) and soman (GD) nerve agent
vapors according to concentrations shown in FIG. 10.

Repeatable results were obtained with GD and GB as shown
in FIG. 11.

Evaluation of Sensor Array Analytical Characterization

[0074] Performance of the optoelectronic MIKE-tape
reader 1s measured according to system performance char-
acteristics and targets shown in FIG. 12.

[0075] A number of chemical sensing technologies have
been investigated for remote chemical sensing including
UAS copters. For many of these technologies, the power,
welght, and size requirements make them unsuitable. As a
solution to many of these and other problems with current
methods discussed 1n this application, disclosed 1s a simple
sensor cladding passively integrated onto a camera lens for
colorimetric monitoring. In certain embodiments, the cam-
era 1s mounted on a UAS “copter”. The utilized sensor
cladding technology 1s based upon selecting colorimetric
indicators for maximal contrast, custom cross-linking poly-
mers for optimal diffusion of each target chemical, and
activators that selectively bind to the target analytes, making
these detector coatings superior to other colorimetric sen-
SOIS.

[0076] Additionally, most such current detectors are not
good for sensing chemical agents while the sensor 1s 1n
motion, specifically at typical UAS copter maneuvering
speed. Tests have demonstrated highly reliable optical coat-
ings sensitive to a number of chemical agents and toxic
chemicals, which will be extended to remote sensing on
mobile connected camera, such as may be mounted on UAS
quadcopters. Integration with currently available UAS sys-
tems 1s straightforward, with passive sensor tape that does
not require a hardware interface, flexibly adaptable to many
robots mcludmg UAS’s. A prototype system demonstrated
ammonia sensors as an exemplar implementation of MIKE-
tape utilized on a UAS. These results are detailed below.

[0077] In an exemplar embodiment, a piece of clear tape
spotted with chemical indicators 1s applied over the down-
looking camera sensor; distance viewing 1s retained. The
camera and the system operator will see the change without
additional readout or communication electronics, as 1llus-
trated 1n FIG. 13. FIG. 13 shows Sergeant Scott Weaver
launching a Black Hornet Nano Unmanned Air System from
a compound in Afghanistan.

Polymer Matrix Substrates

[0078] For typical embodiments, sensor claddings consist
of optical grade polymers immobilized with colorimetric
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and/or fluorescent indicators that undergo optical changes
upon exposure to their target analyte.

[0079] The cross-linked polymers are based on a chosen
urethane acrylate polymer, co-polymerized with a silicone
backbone such as dimethyl siloxane, which in general 1s
chemically 1nert, yet leaves the polymer with the large
free-volume necessary for rapid target diffusion. Exemplar
polymers are shown in FIG. 14A and FIG. 14B. The
highlighted polymers from FIG. 14B were identified as
having optimal performance in tested MIKE-tape embodi-
ments.

[0080] The polymer 1s cured after immobilization with
target indicator mixture, and simultaneously cross-linked by
UV light or heat. The monomer’s functionality gives the
polymer enough polarity so that 1t is compatible with
indicator immobilization and does not interfere with color
rendering. If the cross-linking 1s too high, the polymers
become tough, hard, and impervious. I the cross-linking 1s
too low, the polymers are soft and weak, and too highly
permeable. Therefore, the cross-link density must be bal-
anced between toughness and permeability.

[0081] Optimum colorimetric indicator systems are indi-
cated by immobilizing the target indicators into UV-curable
polymeric claddings. The polymer cladding 1s selected
based on its cross-linking density (referred to as the mono-
mer:oligomer ratio), mechanical properties, adhesion coet-
ficient, and indicator compatibility. The table in FIG. 14A
lists Raymet polymers evaluated for suitability. The table 1n
FIG. 14B a full list of tested polymers. The highlighted

polymers 690-4 (polymer J) and 144-28-3 (polymer F) were
identified as optimal.

Free Volume Enhancer Additives

[0082] The immobilization indicator/activator(s) 1nto
selected polymer matrix though the use of proper solvent
mixture, 1s further optimized with the addition of free
volume enhancers to improve the porosity of the cured
polymer matrix allowing higher diffusion characteristics to
the target gas.

[0083] An eflective way to tune the gas diffusion and
moisture content 1s to add free volume enhancers (FVE) to
the polymer matrix.

[0084] FVEs are modified poly (styrenesulifonate) (PSS)-
derivative chemical compounds (FIG. 15A) that are highly
compatible with many silicone and acrylate polymer matri-
ces. In vaiour embodiments, derivatives of these FVEs mis
used to increase the free volume (polymer porosity) in order
to enhance gas diffusion, and hence response speed. Such as
but not limited to, PSS-octa [(3-hydroxypropyl)dimethylsi-
loxy] substituted, PSS-(2-(trans-3,4-cyclohexanediol)ethyl)-
heptaisobutyl substituted, and PSS-trisilanol-1sooctyl sub-
stituted, were evaluated as suitable sensor claddings.

[0085] Further enhancement of the coating cross-linking
will increase measurement range, sensitivity, and long-term
stability, and shorten response time. These parameters are
optimized for the overall system response criteria. In one
embodiment, optimization 1s performed by adding {free
volume enhancers (FVE) to sensor cladding formulations.
The function of this additive 1s to open the polymer cross-
linking structure, as shown in FIG. 15A, increasing the
diffusion rate, response speed, reactive surface area, and
consequently the sensitivity. A photograph of this sensor
cladding exemplar MIKE-tape 1s shown 1 FIG. 15B.




US 2022/0091105 Al

[0086] FIG. 16 illustrates the color scheme of target agent
interaction with developed dye chemistry immobilized into
custom designed polymer coatings. Various embodiments
available include single or multiple combinations of six
sensors for target chemicals (NH,, Cl,, and HCN) and
chemical agents (GB/GD, HD, and VX). As indicated above,
the selectivity and reactivity of the selected dyes depends
significantly on the choice of polymer matrix in terms of:
[0087] diffusion characteristics of the target agent;
[0088] stability of the immobilized dyes against tempera-
ture, moisture, and aging;

[0089] cross-reactivity towards other chemicals.

Optical Coating Design and Mounting

[0090] Developed cross-linked polymers are selected and
designed for each target analyte, and their diffusion proper-
ties are tuned to optimize coating sensitivity, selectivity,
response speed, and stability. These polymers are based on
urcthane acrylate polymer, co-polymerized with a silicone
backbone such as dimethyl siloxane, which 1n general 1s
chemically inert yet leaves the polymer with the large
free-volume necessary for rapid target diflusion.

[0091] Free volume enhancers (FVE) are selected based
on the imitial diffusion characteristics of the cross-linked
polymers. The addition of FVE contributes to the sensor
coatings 1 two ways: the first 1s to increase the open
structure of the cured polymers (increasing the porosity of
the polymer matrix); the second 1s that the functional groups
in the FVEs can tune the pH of the polymer, increasing the
hydrolyzing eflect of the analyte, or the chelating eflect of
the hydrolysis by-product, and therefore pushing the reac-
tion kinetics forward.

[0092] The polymer formulation 1s cured after immobili-
zation with the target indicator, FVE, and other additives,
and simultaneously cross-linked by UV light or heat. Colo-
rimetric functionalized cladding for high selectivity 1s
shown 1n cross-reactivity testing of a multiplexed sensor
matrix developed for first responders.

[0093] FEach indicator system 1s optimized for high selec-
tivity without the need for sophisticated pattern recognition
as 1n non-specific dot-array techniques.

[0094] FIG. 17 shows the steps of applying formulated
sensor cladding onto supporting substrates (glass, quartz, or
adhesive tape), spin-coating, and curing with heat or UV.
[0095] The coating thickness 1s typically controlled by the
solids content of the polymer formulation and the speed of
spin-coating. The film thickness 1s typically optimized for
both the desired degree of optical density change and
response speed. In an embodiment using a UAS as the
system platform, the optimized film 1s placed onto the copter
camera, as 1llustrated in FIG. 18. FIG. 18 shows on the left
a test platform 1801 and embodiment DJI Phantom standard
quadcopter for MIKE-Tape integration and testing. Shown
on the right are exemplar MIKE sensor tapes for placement
onto the camera 1802.

Multiplexed Detection through Patterned Tape

[0096] The sensor claddings may be fabricated at large
scale by a deposition technique that 1s capable of yield>500
sensor elements per day. This precision fluid dispensing
system consists of a precision micro-syringe applicator and
servo-controlled X-Y-7 ftranslation stage (adapted from
equipment designed for the biosensor market). With precise
control over positioning and dispense rates (micrograms/
millimeter), this technology is suitable for laying down
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precise amounts of viscous sensor polymer in linear arrays
in the scalable fabrication of chemical reagents with 10 um
resolution; this machine could easily be adapted to produce
ten or more sensor channels 1 needed.

[0097] The disclosed sensors have been effectively fabri-
cated onto a variety of surfaces, showing good adhesion,
continuing reactivity, and sensitivity. These surfaces were
coated with GB sensor cladding, and the color change was
noticed upon exposure to DFP (GB simulant) 1n the vapor
phase (FIG. 19). The adhesion to different matrices did not
allect the sensing performance of the claddings.

[0098] FIG. 19 shows GB sensor coating applied onto five
substrates, shown before and after exposure to DFP: coated
wood before 1901 and after 1902: coated metal betore 1903
and after 1904; coated paper before 19035 and after 1906;
coated Styrofoam before 1907 and after 1908; coated glass
betore 1909 and after 1910.

Sensor and Prototype Validation Testing

[0099] Developed chemical sensing thin-film claddings
have been validated by US government laboratories, includ-
ing Edgewood laboratories (ECBC) and that the product
meets military requirements after validation and subsequent
optimization, meeting targets for sensitivity, response time,
low power, and wireless communication.

Drone Copters Implementation Testing

[0100] Highly reliable optical claddings sensitive to
chemical agents and toxic chemicals have been developed.
The deployment of these claddings will be extended to
remote sensing placement on the MIKE-tape on remotely
operated cameras such as may be mounted on UAS flying
quadcopters. Integration is straightforward, with non-pow-
ered sensor tape that does not require a hardware interface.
Deployment 1s tlexible and may be adapted to a number of
cameras and UAS systems. Demonstration of ammonia
sensors (as a model) mounted with MIKE-tape on a UAS
(InstantEvye, by PSI) vielded the performance shown in
FIGS. 20A and 20B. The image 1n FIG. 20A shows the path
of the UAS from the starting point through the ammonia
cloud; FIG. 20B shows the plot representing the time-based
optical change of the disclosed sensor element during that
flight. The plot shows how the ammoma sensor optical
signal changes as the sensor maneuvers through a cloud of
amimonia.

[0101] Previous work has established the feasibility of
colorimetrically indicating G-type nerve agents (GB and
GD) by means of colorimetric sensor cladding chemistry
coated on silica glass optical fiber. The indicator chemistry
in this case 1s sensitive to HF as a by-product of GB and GD
agent hydrolysis. As described above these formulations
may be adapted for MIKE-tape utilizing the described
enhancements and selected polymer substrate.

[0102] FIG. 21A-B 1illustrates the optical fiber cladding

response over 1 m to GB and GD live agent testing at 100
mg/m° in both dry and 50% RH air flow. These exposures
were carried out with genuine samples of agent.

[0103] Previous work has also validated the performance
of toxic industrial chemical (TIC) sensor arrays for first
responders and environmental monitoring. Calibration plots
ol the performance of the current optimized sensor claddings
coated on glass for phosgene, hydrogen cyamde, ammonia,
and chlorine are shown in FIG. 21. These claddings are
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optimized for functional sensor coatings. FI1G. 21 shows the
results of thin film sensor coating response curves for
ammonia 2101, chlorine 2102, hydrogen cyanide 2103, and
phosgene vapor detection 2104.

[0104] FIG. 22A-B show the sensor cladding response to
a 10 ppm chlorine release aiter immersion in tap water and
salt water. The photos show that our polymer colorimetric
indicator for chlorine 1s unaflected by immersion for up to
an hour 1n either tap water or salt water.

[0105] The chemicals and materials needed to produce the
target-sensitive colorimetric sensors are disclosed. Pure
polymer resins, solvents, free volume enhancers, and sub-
strate material will also be acquired for indicator immobi-
lization and selection of a target matrix. Agent simulants
such as CEES (2-chloroethyl ethylsulfide), commonly
referred to as “half mustard,” and diisopropyl fluorophos-
phate (DFP), which are CWA simulants for sulfur mustard
and soman/sarin respectively, are used for testing and vali-
dation. Imitial individual sensor coatings are fabricated with
white or transparent backing material, to observe the indi-
cator response and select the most eflective polymer matrix
for each sensor coating.

[0106] In an exemplar embodiment, single analyte sensor
tapes are positioned onto the DIJI Phantom copter camera
lens. Each sensor tape has its colorimetric change recorded
using an ocean-optic spectrometer 1 a controlled test, as
shown 1n FIG. 23. In certain embodiments, additional coat-
ing optimization steps (layer-by-layer versus single-layer)
are performed to establish the ultimate response on the DII
Phantom platform. Applications of this embodiment are
applicable to other UAS platforms such as the PD-100 or
PD-150 Homet, PSI Instant Eye, or other UAS or UGS

platform.

Testing Environment

[0107] The utilized gas testing system 1s modeled after
those at government and commercial testing laboratories,
and has been validated by West Coast Analytical Service,
Inc. (WCAS) 1for generating precise concentrations of
hydrogen sulfide mixtures. The difference between what was
calculated based on generated gas (63 ppm) and what
WCAS measured (66 ppm) was well within the range of
expectation for this type of analysis. An engineering analysis
has also been conducted of the complete gas delivery
system; the analytical data included the mass controller
error, an analysis of mixing conditions, and the humidity
generation error. The results show that the concentrations
generated have a C_+0.04% error, which 1s 1n close agree-
ment with the WCAS report (C_ 1s the error associated with
the labeled concentration of as-purchased gas) Therelore,
the precise generation of vapor concentrations 1s dommated
by the analytical grade of gas we purchase, which deter-
mines C_. This testing system 1s used to generate mixtures
of air with hydrogen cyanide, ammonia, and chlorine gases.
[0108] Generating vapor from liquid dusopropyliluoro-
phosphate (DFP) 1s expected to be subject to more fluctua-
tions. The downstream concentration 1s measured with a
commercial handheld photoionization detector (PID) (RAFE,
MimRAE 2000) calibrated for sarin and mustard gas. A
multiplicative correction factor 1s used according to guide-
lines from RAE. In the vapor generation system, a stream of
pure nitrogen 1s bubbled through the liquid agent simulant
DFP. The nitrogen then becomes a carrier gas containing the
simulant vapor. The vapor concentration 1s modified by
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diluting the carrier flow with humidified air, which 1s then
introduced to the sensor sample. The resulting color change
1s monitored by an optical fiber coupled to a commercially
available Ocean Optics spectrophotometer, as 1llustrated 1n
FIG. 24. The DFP vapor tflow 1s measured and calibrated by
means of the MiniRAE PID.

[0109] FIG. 24 shows the disclosed testing environment
for a vapor generation system 2401. The vapor delivery
system (VDS) form certified agent vapors by means of
volumetric dilution by digital mass flow controllers. The
diluted vapor 1s introduced into a tlow cell housing the
indicator samples. Fiber optic cables fitted with lenses
launch and collect the light perpendicular to the films, 1n
transmission mode, 1n order to monitor the intensity of light
passing through the samples. FIG. 24 shows a schematic
2402 of the vapor generator, which generates DFP and
CEES vapors. (MFC=m a s s tlow controller).

[0110] The target analyte air flow passes over the sample,
embedded in the film. The resulting color change 1s mea-
sured 1n real time with a white light source 1n which the light
1s passed perpendicularly through the sample. The light 1s
then collected and carried into the receiving end of a
commercially available Ocean Optics USB2000 UV/VIS
spectrometer, where any color change 1s indicated by spec-
tral absorption. The spectrometer 1s capable of 3 ms, real-
time, continuous data acquisition, which enables us to
measure response times with high precision. Fiber optic
cables fitted with collimating lenses carry and collect the
light guided through the sample. A bifurcated fiber optic
bundle for transmitting the light from the light source to the
sensor f1lm, and recovering the optical changes of the sensor
to the spectrometer, 1s used for testing surface coatings.

Validation of MIKE-Tape Operating Characteristics

[0111] In order to optimize and validate the operating
conditions and characteristics for the MIKE-tape, a method
was developed for quantitying the effects of temperature and
humidity on sensitivity by means of a designed experiment
(DOE) on film samples. Each film sample will be exposed
either to a 1 ulL droplet or to vapor phase at 50% IDLH
concentration in a predetermined background environment
for a length of time, after which 1its optical absorbance will
be measured. The results of the experiment are analyzed
with commercial Minitab® software to determine the
response surface characteristics of the films. Thus, variations
due to temperature and humidity are quantified. Measure-
ments are taken under the conditions shown in the table in
FIG. 25. Duplicate samples are measured to insure the
quality of the data. These conditions were selected based on
field relevance.

Evaluation of Long-Term Stability

[0112] 'To validate long term stability, the systems 1s tested
under stress conditions to the improved sensor materials
previously selected. Highly Accelerated Life Testing
(HALT) 1s used to stress the sensors to failure 1n a relatively
short time. HALT, however, does not determine the lifetime
of the sensor, but 1t 1s an indicator for the relative stability
of the elements being evaluated.

[0113] Stress Test 1: The sensor 1s stressed by being

quickly cycled between hot (100[]C) and wet (100% RH)
conditions by exposing the sensor to boiling water vapor and
relatively cool and dry conditions (ambient temperature and
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RH). This combination of conditions applies both tempera-
ture and humidity soaks and temperature and humidity
shock cycles. If the sensor has an underlying weakness, this
test 1s generally successtiul 1in stimulating failures 1n <100 hr.
Sensor operation will be checked periodically throughout
the test.

[0114] Stress Test 2: The sensor i1s stressed by being
exposed to airborne contaminants at elevated concentra-
tions. Building materials, especially carpets, caulking, paint,
and particle board, have been found to emit volatile organic
compounds (VOCS), and some buildings have been found to
have levels of VOCs up to 400 times higher than outside.
Sensors are exposed for one to four weeks to levels of the
selected VOCs from 10-50 times higher than their typical
levels. Sensor performance 1s checked periodically through-
out the test.

MIKE-Tape Performance at ECBC and CUBRC Test
Laboratories

[0115] 'To validate the described MIKE-tape systems and
implementation, sensor coatings are fabricated and sent to
ECBC laboratories for GB/GD, Vx and HD aerosol testing,
while TIC sensor coatings are tested at CUBRC laboratories
for testing against the target chemicals listed 1n the table 1n
FIG. 29. Testing includes comprehensive environmental
testing of CWA and TIC vapor sensor claddings to demon-
strate the feasibility of coating functionality against a broad
range of chemical contaminants under a range of tempera-
ture and humidity levels.

[0116] Calibration curve and sensitivity: Both simulant
calibration data and live agent calibration data from previous
development 1s used to evaluate the CWA Test System
calibration and sensitivity parameters.

[0117] Precision: Repeated exposures of each sensor indi-
cator to 1ts target are conducted to measure precision and
accuracy. A blind test 1s conducted in which the sensor signal
1s computed through its corresponding calibration curve.
The resulting concentration are then be compared with the
actual concentration levels.

[0118] Response time: Multiple exposures to varying con-
centrations of CWA vapors are conducted and compared
with response time measurements from live agent testing.

[0119] Range: Calibration data will be used to determine
the measurement dynamic range of each sensor element and
evaluate the lower and upper detection limits.

[0120] Reproducibility: Repeated exposures to known lev-
els of CWA simulant vapors, using at least three sensor
arrays Tlabricated according to the same procedure, are
conducted to evaluate the reproducibility of the sensing
array.

[0121] CWAs such as V, H, and G agents and TIC vapors
are detected 1n two ways:

[0122] a. Easy-to-use, simple, and rapid MS8 test papers
detect and differentiate among these agents. However,
outdoors these test papers usually require Ifrequent
replacement because they are degraded by exposure to
sun, dust, and rain. In addition, assessing their response
requires visual mspection, and the indicators are limited
to M8 paper matrix encapsulation; they cannot be coated
onto other surfaces. Other spot test kits and detector
tapes—such as the Chameleon Chemical Detection Arm-
band sold by Morphix Technologies, and Draeger detector
tubes—all share the same drawbacks.
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[0123] b. Iomization mass spectrometry (IMS) systems,
surface acoustic wave (SAW) electrochemical units, pho-
toionization detectors (PIDs), and other popular point
detectors for chemicals and CWAs all require trained
personal to operate and calibrate them. Finally, open path
spectroscopy units (stand-ofl detectors) can also detect
multiple compounds, but they are very bulky and expen-
sive, and like all others mentioned require trained opera-
tors and frequent maintenance.

[0124] Neither category of detectors i1s suitable for inte-

gration into drone copters because of their size, weight,

hardware, and software interface requirements. The dis-
closed approach bridges the gap between simple colorimetry
and passive integration 1nto drones, by applying customized,
selective, sensitive, and reliable colorimetric claddings onto
the copter camera. The sensor claddings will detect multiple

CWAs and TICs, 1n both aerosol and vapor phase, under a

tull range of real-world environmental conditions.

Sensor Array for TIC Colorimetric Detection

[0125] In previous work, a handheld vapor detection sys-
tem was developed based on developed sensor claddings for
measuring multiple toxic industrial chemicals (TICs). Some
of the developed TIC sensor arrays 2601 are shown in FIG.
26 with their target detection specifications 2602.

[0126] Samples of HCN and H,S sensor chemistries were
tested against 25 ppm HCN and 50 ppm H,S 1n vapor phase,
showing strong reactivity with an intensely visualized color
change (FIG. 27). Indicators were immobilized i UV-
curable silicon. Shown in FIG. 27 1s the visual observation
of color change of developed colorimetric indicators 1immo-
bilized 1n proprietary polymers. FIG. 27 2701 (left) shows
the result of H,S colorimetric chemistry tested with 50 ppm
H,S vapor; and shown 1n FIG. 27 2702 (right) 1s the result
of HCN sensor chemistry tested with 25 ppm HCN vapor.
[0127] Unlike other colorimetric sensor arrays, with
reported high degrees of cross-response, the developed
MIKE-tape colorimetric coatings are selected for the highest
degree of selectivity towards their target chemicals. The
table 1n FIG. 28 shows results of a very low level of cross
reactivity among the sensor formulations, enabling 1t to
selectively 1dentify the level of each TIC.

[0128] Developed colorimetric optical claddings are tested
against water immersion for implementation as armband
chemical warfare agent colorimetric sensor for military use.
Validation results shown in FIG. 29 of exposed film sub-
strates after submersion 1n tap water 2901 (top) and salt
water (bottom) 2902 for 0, 5, 15, 30, and 60 min. FIGS. 30A
and 30B show photographs of the sensor cladding response
to 10 ppm chlorine vapor after submersion in tap water and
salt water. The photos show that described polymer colori-
metric mdicator cladding was unaflected by immersion for
up to an hour 1n either tap water or salt water.

[0129] 'To provide a rapid and eflective response to chemi-
cal release, first responders need a reliable, portable, and
rugged device that identifies and characterizes multiple
chemical hazards in rapidly-evolving emergency situations.
Addressing such a need 1s the developed “MOSA”—a
Multi-Analyte Optical Sensor Array whose underlying tech-
nology consists of optical indicator-based chemical sensors
arranged 1n a mimaturized multiple parallel waveguide
array. Hach individual waveguide element 1s chemically
sensitive to 1ts target chemical agent. A compact, 1nexpen-
s1ve, optoelectronic system measures the presence and con-
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centration of analytes that the waveguide encounters by
monitoring the intensity of the light carried by the optical
waveguides.

Transparent MIKE-Tape Visual Testing

[0130] Operational capability and performance of MIKE-
take indicators and polymer substrates were tested for sys-
tem validation using a typical UAS/UGS camera system
with aflixed with MIKE-tape and individual indicators.
These tests were utilized to validate performance during
operation and to identify solutions to improve operation
performance. Depth of field utility of the camera was
demonstrated through these validation tests.

[0131] FIG. 30A-C show still images taken from the
implemented system camera with MIKE-tape athixed to the
camera during testing for chlorine gas exposure at 20 ppm
for O seconds (FIG. 30A), 15 seconds (FIG. 30B) and 30
seconds (FIG. 30C) with the applicable indicator cladding.
FIG. 31A-C show still images taken from the implemented
system camera with MIKE-tape aflixed to the camera during

testing for phosgene vapor exposure at concentrations of 25
ppm for O seconds (FIG. 31A), 30 seconds (FIG. 31B) and

60 seconds (FIG. 31C) with the applicable indicator clad-
ding. FIG. 32A-C show still images taken from the imple-
mented system camera with MIKE-tape aflixed to the cam-

era during testing for ammonia exposure at a concentration
of 200 ppm for O seconds (FI1G. 32A), 30 seconds (FI1G. 32B)

and 60 seconds (FIG. 32C) with the applicable indicator
cladding. FIG. 33A-C show still images taken from the
implemented system camera with MIKE-tape athixed to the
camera during testing for cyanide gas exposure at a con-
centration of 55 ppm for O seconds (FIG. 33A), 30 seconds
(FIG. 33B) and 60 seconds (FIG. 33C) with the applicable
indicator cladding.

[0132] In an alternative embodiment, one or more MIKE-
tape indicator spots clad to the substrate have one half of the
indicator spot exposed to the environment, and the other half
of the spot covered, or sealed from the environment. This
implementation allows a simpler and more reliable visual
detection of indicator colorimetric changes, particularly
when viewed against changing background conditions
which would be present during real-world operation of a
UAS or UGS mmplementation of MIKE-tape. This embodi-
ment also provides a more reliable system for autonomous
detection by an optoelectronic system or 1mage processing.
[0133] FIG. 34A-C show still images taken from the
implemented system camera with MIKE-tape atlixed to the
camera during testing for chlorine gas exposure with a split
indicator at concentrations of 20 ppm for O seconds (FIG.
34A), 15 seconds (FIG. 34B) and 30 seconds (FIG. 34C)
with the applicable indicator cladding.

[0134] The MIKE-tape system exhibits broad spectrum
chemical, biological, explosives, and toxic industrial chemi-
cal detection, with passive integration that does not require
the readout device or sophisticated data processing of other
colorimetric dot array sensors.

[0135] There 1s a strong military need for a rugged,
reliable means of chemical detection that will be easy to
integrate into unmanned autonomous systems (UAS). There
1s an even greater need for an automated system that
climinates the human from the liquid CWA detection loop
while maintaining the accuracy of detection. Many embodi-
ment applications of MIKE-Tape may meet this need includ-
ing the exemplar embodiment of where the MIKE-tape 1s
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integrated into drone copters through the adhesion of a
functionalized and highly developed colorimetric chemical
sensor tape onto the copter camera lens.

[0136] What has been described herein 1s considered
merely illustrative of the principles of this invention.
Accordingly, 1t 1s well within the purview of one skilled 1n
the art to provide other and different embodiments within the
spirit and scope of the invention.

I claim:

1. A system for the passive detection of target airborne
chemicals 1n an environment,

comprising:

at least one colorimetric indicator which changes color

when exposed to at least one target airborne chemical;
a transparent polymer substrate,
wherein the at least one colorimetric indicator 1s clad to
the transparent polymer substrate,
wherein the transparent polymer substrate 1s aflixed to
an environment facing surface of a transparent win-
dow or lens;
an optical detector located adjacent to a non-environment
facing surface of the transparent window or lens;

wherein the transparent polymer substrate 1s positioned
between the optical detector and the environment such
that a line of sight from the environment and the optical
detector passes through the transparent polymer sub-
strate;

whereby when exposed to a target airborne chemaical the

corresponding colorimetric indicator clad to the trans-
parent polymer substrate changes color, indicating
presence of the at least one target airborne chemical.

2. The system of claim 1 wherein the at least one target
airborne chemical 1s a chemical warfare agent.

3. The system of claam 1 also comprising an opto-
clectronic reader capable of discerning color changes of the
at least one corresponding colorimetric indicator coating.

4. The system of claim 1 wherein the transparent polymer
substrate 1s transparent tape.

5. The system of claim 1 wherein the window 1s a vehicle
window.

6. The system of claim 1 wherein the lens 1s a camera lens.

7. The system of claim 1 wherein the window 1s a window
ol a fixed structure.

8. The system of claim 5 wherein the vehicle 1s an
unmanned vehicle.

9. The system of claaim 1 wherein the at least one
colorimetric indicator covers at least a first portion of a
contiguous regular shape and wherein at least a second
portion of the contiguous regular shape 1s either covered by
a transparent material blocking exposure to the suspect
environment or 1s not covered by the at least one colorimet-
ric indicator.

10. A method for passive detection of target airborne
chemicals comprising:

exposing to a suspect environment at least one corre-

sponding colorimetric indicator which changes color
when 1n contact with at least one target airborne chemi-
cal 1n the suspect environment;

wherein the at least one corresponding colorimetric indi-

cator 1s 1immobilized 1nto a transparent polymer sub-
strate aflixed to an environment facing surface of a
transparent window or lens;

discerning color changes of the at least one corresponding,

colorimetric indicator;
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whereby the color changes of the at least one correspond-
ing colorimetric indicator indicate the presence of the at
least one target airborne chemical 1n the suspect envi-
ronment.

11. The method of claim 10 wherein the at least one target
airborne chemical 1s a chemical warfare agent.

12. The method of claim 10 wherein the transparent
polymer substrate 1s transparent tape.

13. The method of claim 10 wherein the window 1s a
vehicle window.

14. The method of claim 10 wherein the lens 1s a camera
lens.

15. The method of claim 10 wherein the at least one
colorimetric indicator covers at least a first portion of a
contiguous regular shape and wheremn at least a second
portion of the contiguous regular shape 1s either covered by
a transparent material blocking exposure to the suspect
environment or 1s not covered by the at least one colorimet-
ric indicator.

16. A transparent chemical indicator tape comprising:

at least one colorimetric indicator which changes color

when exposed to at least one target airborne chemical;

a transparent polymer substrate,

wherein the at least one colorimetric indicator 1s clad to
the transparent polymer substrate,

wherein the transparent polymer substrate 1s aflixable
to an environment facing surface of a transparent
window or lens,
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wherein the transparent polymer substrate 1s a trans-
parent 1ndicator tape;

wherein the transparent tape may be positioned between
an optical detector and the environment such that a line
of sight from the environment and the optical detector
passes through the transparent indicator tape;

whereby when exposed to the at least one target airborne
chemical the corresponding colorimetric indicator clad
to the transparent polymer substrate changes color,
indicating presence of the at least one target airborne
chemical.

17. The transparent indicator tape of claim 16 wherein the
at least one target airborne chemical 1s a chemical wartare
agent.

18. The transparent indicator tape of claim 16 wherein the
lens 1s a camera lens.

19. The transparent indicator tape of claim 16 wherein the
window 1s a vehicle window.

20. The transparent indicator tape of claim 16 wherein the
at least one colorimetric indicator covers at least a first
portion of a contiguous regular shape and wherein at least a
second portion of the contiguous regular shape is either
covered by a transparent material blocking exposure to the
suspect environment or 1s not covered by the at least one
colorimetric indicator.
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