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TEXTILE-BASED PRINTABLE ELECTRODES FOR
ELECTROCHEMICAL SENSING

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS
[0001] This application claims the benefit of priority from United States Provisional Patent
Application Serial No. 61/353,581, entitled "TEXTILE-BASED PRINTABLE ELECTRODES
FOR ELECTROCHEMICAL SENSING," filed on June 10, 2010, and United States Patent
Application Serial No. 61/354,157, entitled " TEXTILE-BASED PRINTABLE ELECTRODES
FOR ELECTROCHEMICAL SENSING," filed on June 11, 2010, both of which are

incorporated by reference in the present patent application.

BACKGROUND
[0002] This application relates to devices and techniques that use electrochemical
technologies, including sensors printable on textile.
[0003] Various healthcare monitoring systems are available for home-based or personal
management of healthcare. Efforts in this direction commonly incorporate physical sensors into
clothing for monitoring of vital signs. Little attention has been given to wearable chemical
sensors despite the fact that electrochemical sensing devices are ideally suited for meeting the

requirements of on-body physiological monitoring.

SUMMARY
[0004] Techniques and systems and apparatus are disclosed for implementing textile-based
screen-printed amperometric sensors.
[0005] The subject matter described in this specification potentially can provide one or more
of the following advantages. For example, the described techniques, systems and apparatus can
be used to implement direct screen printing of amperometric and potentiometric sensors onto
clothing and the favorable electrochemical behavior of such textile-based sensors. The described
textile-based printed sensors can survive large deformations and to display an attractive current
signals to various biomolecules and chemicals. Printed electrodes can be compatible with
clothing substrates. Additionally, the disclosed textile-based screen-printed (thick-film)
electrochemical sensors can offer great promise for wide range of future commercial

applications, relevant to healthcare/personalized medicine, sport, military, security or
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environmental applications including detection of toxic gases and chemical agents (e.g. nerve
agents) and explosive threat sensing. The latter has been demonstrated for TNT and DNT in
liquid and gas phase detected by chemical sensors printed on Gore-Tex. The described
techniques, apparatus and systems can provide clothing-integrated support electronics, display,
power and communication functions.

[0006] In one exemplary aspect, a chemical sensor incorporated into textile or clothing is
disclosed. The chemical sensor comprises at least one of an amperometric sensor and a
potentiometric sensor.

[0007] In another aspect, a method of sensing a chemical using a textile-incorporated sensor
is disclosed.

[0008] In yet another aspect, a method of incorporating a chemical sensor into textile is
disclosed. An ink formulation is selected based on a type of textile and a type of chemical to be
sensed. A viscosity of the ink formulation is selected for mechanical robustness when the ink
formulation is applied to the textile. The ink is printed onto the textile.

[0009] In yet another aspect, a chemical sensor incorporated into specific clothing elements
including at least one of an undergarment waistband, a bra strap, a cuff a sock, a wristband, an
armband, a headband, and a collar for optima on-body contact is disclosed.

[0010] In yet another aspect, a textile-integrated chemical sensor system includes a wearable
textile material, a chemical sensor incorporated onto the textile material and electronic
equipment for displaying and communicating results of sensing by the chemical sensor.

[0011] In yet another aspect, a textile-integrated chemical sensor is configured to perform at
least one of the following operations: sweat monitoring for alcohol levels,
performance/stress/exertion levels, incontinence products, wearable heart-rate, blood-pressure,
other healthcare-related monitoring, detection of toxic gases and chemical agents, and explosive
threat sensing.

[0012] In yet another aspect, a method of producing an explosive detection product
comprises patterning an electrochemical sensor onto fabrics such that the electrochemical sensor
is capable of detecting gas or liquid phase explosive chemicals.

[0013] In yet another aspect, a process of fabricating a product for underwater sensing of
chemicals includes printing an electrode on a wearable material and printing a catalyst-

containing ink onto the electrode.
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[0014] In yet another aspect, a wearable garment product includes a substrate comprising a
garment material, an electrode printed on the substrate and a catalyst-containing ink printed onto

the electrode.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] FIGS. 1A and 1B are images of the screen-printed carbon electrodes on the
underwear (MERONA Ultimate Briefs brand) (Background) along with the morphology of a
single electrode (Right inset) and linear-scan voltammetric response for increasing NADH
concentrations over the 0-100 uM range (Left inset).
[0016] FIGS. 2A, 2B and 2C are top-view microscopic images of the printed carbon
electrodes on MERONA- (FIG. 2A, FIG. 2D) or COVINGTON (FIG. 2B) textile substrates, as
well as on a plastic Mylar substrate (FIG. 2C).
[0017] FIGS. 3A, 3B, 3C and 3D show effect of repetitive bending of sensor printed on
underwear upon the cyclic voltammetric background (pH 7 phosphate-buffer, 0.1M) response
(FIG. 3A, FIG. 3B) and the response for 5 mM ferrocyanide (FIG. 3C, FIG. 3D), bending time,
5 s; bending angle, 180° (inward); release time, 10 s; scan rate, 0.1 V/s. Underwear brand:
MERONA (FIG. 3A, FIG. 3C) and COVINGTON (FIG. 3B, FIG. 3D).
[0018] FIGS. 4A, 4B, 4C and 4D show effects of repetitive stretching on the cyclic
voltammograms of MERONA- (FIG. 4A, FIG. 4C) and COVINGTON - (FIG. 4B, FIG. 4D)
based electrodes for the background phosphate buffer (FIG. 4A, FIG. 4B) and 5 mM
ferrocyanide (FIG. 4C, FIG. 4D); stretching time, 5 s; release time, 10 s; stretching load was
applied to whole electrode in horizontal direction with a strain of 1.53. Other conditions, as in
Figures 3A-D.
[0019] FIGS. 5A, 5B, 5C, 5D, 5E and 5F show chronoamperometric response of the
MERONA-based electrodes to ferrocyanide (FIG. 5A, FIG. 5B) and hydrogen peroxide (FIG.
5D, FIG. 5E) solutions before (FIG. 5A, FIG. 5D) and after 2 stretching steps (FIG. 5B, FIG.
SE). FIG. 5C and FIG. 5F show the corresponding calibration plots before stretching (square),
and after the first (cycle) second (triangle) stretching. Stretching time, 5 s. Release time, 10 s.
Average Strain, 1.53.
[0020] FIGS. 6A, 6B and 6C show: (FIG. 6A) Linear scan voltammograms recorded at
MERONA-based electrodes for increasing levels of NADH in 20 uM steps, along with the
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resulting calibration plot (inset). Chronoamperometric curves of increasing NADH
concentrations (in 0.1 mM steps) of before (FIG. 6B) and after 2 stretching (FIG. 6C) steps.
Stretching time, 5 s. Release time, 10 s. Strain, 1.53.

[0021] FIG. 6D shows corresponding calibration curves associated to before stretching
(square), and after the first (cycle) and the second (triangle) stretching steps. Scan rate, 0.1 V/s.
Other conditions, as in FIGS. 3A-3D.

[0022] FIG. 7A shows exemplary screen-printed carbon sensors on underwear.

[0023] FIG. 7B shows an exemplary effect of mechanical stress.

[0024] FIG. 8 shows an example of sensors screen-printed on a Gore-Tex based fabric.
[0025] FIGS. 9A and 9B show data associated with screen-printed sensors on polyester and
Gore-Tex, including an effect of bending on the electrocatalytic activity.

[0026] FIG. 10 shows liquid phase detection of DNT and gas phase detection of DNT using
screen-printed sensors.

[0027] FIG. 11A shows dynamic optical contact angle measurements performed at t = Os
(left) and t = 1.5 (right) on (i) GORE-TEX, (ii) 100% polyester, (iii) 100% cotton, and (iv) 35%
cotton+65% polyester fabrics.

[0028] FIG. 11B shows static contact angle measurement performed on GORE-TEX fabric.
[0029] FIG. 12A shows optical images of various sensor patterns printed on the GORE-TEX
fabric. (Left) Integrated eight-electrode sensing device with silver conductive traces and carbon
electrode; (Middle) further insulated by blue insulating ink; (Right) single unit of three-electrode
sensing device.

[0030] FIG. 12B shows SEM images of (i) top view of GORE-TEX fabric, (ii) printed
carbon electrode on GORE-TEX fabric and (iii) magnified portion of carbon electrode.

[0031] FIGS. 13A, 13B and 13C show cyclic voltammograms of various fabrics-based
sensing devices in steady state (i, i1) and five initial scanning cycles (iii, iv) in (i, 1ii) 50 mM
phosphate buffer (pH 7.4) and (ii, iv) 10 mM potassium ferrocyanide. (FIG. 13A) GORE-TEX,
(FIG. 13B) 100% polyester, and (FIG. 13C) 100% cotton fabrics. Scan rate, 100 mV s-1 for i and
ii, 300 mV s-1 foriii and iv.

[0032] FIG. 14 shows effects of repetitive bending on the cyclic voltammograms of GORE-
TEX fabric-based sensor in 10 mM potassium ferrocyanide. Ten bending operations were

conducted between either two consecutive cyclic voltammetric experiments. Bending time, 1 s;
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release time, 1 s. Bending was applied at inward 180° with 1 mm bending radius. Scan rate =
100mV /s.

[0033] FIGS. 15A and 15B show Square Wave Voltammograms (left) of GORE-TEX fabric-
based sensors to DNT; (FIG. 15A) and TNT (FIG. 15B) in 0-50 pg / mL (i=v) and
corresponding calibration plots (right). Increasing potential step, 4 mV; Amplitude, 25 mV;
Frequency, 20 Hz. Current in calibration plots are sampled at -0.86 (FIG. 15A) and -0.75 V (FIG.
15B).

[0034] FIGS. 16A and 16B show response of the GORE-TEX fabric-based sensors to
alternating blank / DNT (FIG. 16A) and blank / TNT (FIG. 16B) samples with analyte levels at
20 pg/mL using square wave voltammetry. Scanned potential: -0.6>-1.2 V (A) and -0.5>-1.1 V
(FIG. 16B); SWYV parameters, as in Figure 15A. The surface was rinsed with the blank buffer
solution following each explosive measurement.

[0035] FIG. 17 shows vapor-phase detection of DNT using the GORE-TEX fabric-based
sensors at various exposure durations after placing the analyte: a=>i: 0, 4, 8, 12, 16, 20, 24, 28,
and 60 min. Scanned potential, -0.4 to -1.0 V; SWV parameters, as in Figure 15. Inset: Image for
testing apparatus.

[0030] FIGS. 18A, 18B, 18C and 18D are as follows: FIG.18A shows screen printed
electrodes (SPE) on an underwater garment. The three-electrode configuration comprises an
Ag/AgCl reference electrode as well as a carbon working and counter electrodes printed directly
onto neoprene. Center: Two different SPE designs on neoprene. FIG. 18B shows a three
electrode configuration equivalent to (FIG. 18A) comprising an additional insulator layer (blue);
FIG. 18C Array of 4 silver electrodes (the feature width of each contact line is ~195 pm, the
pitch between adjacent electrodes is ~280 pm, and the diameter of the active area of each
electrode is ~ 440 um). FIG. 18D Scanning electrode micrograph illustrating the working
electrode area on a neoprene substrate (42x, 5 kV).

[0037] FIGS. 19A, 19B, 19C and 19D show the following. Cyclic voltammograms for 5 mM
ferricyanide at SPE on flexible neoprene (FIG. 19A) and rigid alumina (FIG. 19B) substrates.
(FIG. 19C) Voltammogram illustrating the effect of ten repeated bending operations. (FIG. 19D)
Relative currents obtained for the redox peaks of 5 mM ferricyanide extracted from the repetitive
bending data presented in FIG. 19C). Scan rate, 50 mV/s.

[0038] FIGS. 20A, 20B, 20C and 20D show chronoamperograms of the tyrosinase-modified
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neoprene SPE in the presence of various phenolic compounds (step potential: -0.3 V vs
Ag/AgCl). Samples were incubated on the electrode surface for 2 min prior to measurement. Fig.
28a shows phenol, FIG. 20B shows 4-chlorophenol, and FIG. 20C shows catechol curves. The
insets show the corresponding calibration curves. FIG. 20D shows the stability of the signal over
time with respect to the initial measurement at t = 0 min (100%) for (i) 10 uM 4-chlorophenol
and (i) 2 uM phenol.

[0039] FIGS. 21A and 21B show sealed, battery-operated electrochemical microsensor with
integrated potentiostat interfaced with a screen-printed three-electrode setup on the neoprene
substrate. Safe environmental conditions are indicated in FIG. 21A, whereas the additional
illumination of a red LED in FIG. 21B is indicative of a phenol content in sea water that exceeds
a certain level (5.5 uM). Ew =-0.3 V vs Ag/AgCl, EThreshold = 0.566 V. Insets show the
outputs of the micropotentiostat block, illustrating the increased current magnitude caused by
elevated phenol concentrations; a dashed line represents the threshold.

[0040] FIGS. 22A, 22B, 22C and 22D show square-wave voltammograms for TNT in
seawater recorded at the neoprene SPE. FIG. 22A shows response for increasing levels of TNT
from 100 to 900 ppb (Frequency, 20 Hz; step amplitude, 25 mV; step increment, 4 mV). FIG.
22B shows a calibration curve corresponding to FIG. 22A. FIG. 22C shows stability of the
sensor with 500 ppb TNT over a period of one hour (n = 30). FIG. 22D shows stability of the
signal over time with respect to the initial measurement at t = 0 min (100%). Also shown are the
corresponding voltammograms for the unspiked seawater.

[0041] FIGS. 23A, 23B, 23C and 23D are as follows. FIG. 23A depicts Square-wave (SW)
stripping voltammograms for trace copper in untreated seawater at the Au-modified neoprene
SPE. FIG. 23B shows a response to increasing copper concentrations in 10 ppb steps. Deposition
for 2 min at -1.0V (vs Ag/AgCl) under quiescent conditions followed by SW scan from -0.25 to
0.50 V ({STEP = 10 Hz, 25 mV step amplitude, 4 mV step potential). FIG. 23C shows a
calibration curve corresponding to the stripping peak area vs. the copper concentration (average
of three repetitive measurements). FIG. 23D is a graphical representation of the stability of the
system with 100 ppb copper over a 50 minutes period. Stability of the signal over time is
depicted with respect to the initial measurement at t = 0 min (100%).

[0042] FIG. 24 is a flowchart representation of a process of incorporating a chemical sensor

into a textile.
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[0043] FIG. 25 is a flowchart representation of a process of producing an explosive detection
product.

[0044] FIG. 26 is a flowchart representation of a process of fabricating a product for
underwater sensing of chemicals.

[0045] Like reference symbols and designations in the various drawings indicate like

elements.

DETAILED DESCRIPTION
[0046] The techniques, apparatus and systems described in this application can be used to
implement textile-based, screen-printed sensors such as amperometric sensors.
[0047] Disclosed are thick-film amperometric and potentiometric sensors that are screen-
printed directly on textiles and exhibit electrochemical and mechanical properties which enable
their use in clothing-integrated healthcare, sports, military, security, and related applications.
Early proof of concept has been accomplished with carbon electrodes printed on elastic
waistbands of underwear: these tested favorably in the laboratory for electrochemical
performance (sensing of NADH and hydrogen peroxide which are products of numerous
biocatalytic reactions, and potassium ferrocyanide, a common redox marker and mediator) under
various conditions of deformation (folding, stretching, sticking). Even better results were more
recently obtained with electrodes printed on Gore-Tex. Hydrophobic textiles like Gore-Tex lead
to reproducible results because they are more robust to constant exposure to liquids of the
electrode/textile interface. The described techniques can provide printing protocols and ink
formulations and viscosities tailored for specific substrate textile materials to optimize printing
quality and electrochemical/mechanical sensor performance. In one embodiment elastic-band-
based sensors include a chemically-selective layer (e.g., permselective coating or enzyme layer)
and are used for direct sweat monitoring. For example, dehydrogenase- and oxidase-based
enzyme sensors for ethanol and lactate, respectively, are implemented to monitor alcohol
consumption in drivers or performance/stress of soldiers/athletes. Other personal and health care
applications include incontinence products with printed sensors, and wearable health monitoring
systems (e.g., heart-rate, blood-pressure sensing). Military/security/environment applications
include detection of toxic gases and chemical agents (e.g., nerve agents) and explosive threat

sensing which has been demonstrated for TNT and DNT in liquid and gas phase detected by
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chemical sensors printed on Gore-Tex. The described techniques, apparatus and systems can
also include clothing-integrated supporting electronic, display, power and communication
functions.

[0048] In one aspect, the incorporation of amperometric sensors into clothing through direct
screen-printing onto the textile substrate is described. Particular attention is given to
electrochemical sensors printed directly on the elastic waist of underwear that offers tight direct
contact with the skin. The textile-based printed carbon electrodes have a well-defined
appearance with relatively smoothed conductor edges and no apparent defects or cracks.
Convenient voltammetric and chronoamperometric measurements of 0-3 mM ferrocyanide, 0-25
mM hydrogen peroxide, and 0-100 uM NADH have been documented. The favorable
electrochemical behavior is maintained under folding or stretching stress, relevant to the
deformation of clothing. The electrochemical performance and tolerance to mechanical stress
are influenced by the physical characteristics of the textile substrate. The results indicate the
potential of textile-based screen-printed amperometric sensors for future healthcare, sport or
military applications. Such future applications would benefit from tailoring the ink composition
and printing conditions to meet the specific requirements of the textile substrate.

[0049] In another aspect, incorporation of chem-/biosensing devices into textiles through
screen-printing technology is described. Specific attention is given in the present document to the
high-fidelity detection of explosive agents employing a fabric-based sensor. Common fabrics and
commercially-available textile materials are evaluated, and the waterproof fabric GORE-TEX®
is found to be the optimal substrate / platform for the liquid- and gas-phase monitoring of
explosive materials in the field. The GORE-TEX® fabric-based printed electrodes exhibit high-
fidelity sensing abilities for 2,4-dinitrotoluene (DNT) and 2,4,6-trinitrotoluene (TNT) explosive
agents. 0- 50 pg/mL levels of both DNT and TNT in the solution-phase are detected using
square-wave voltammetry. Repeated tests of these explosive agents on the printed electrodes,
furthermore, has confirmed the analytical repeatability of the sensors under typical wear. The
GORE-TEX® fabric-based sensor is also shown to be able to detect the vapor generated from 60
mg of DNT powder in a sealed 30 mL container. The results indicate the potential of textile-
based screen-printed sensors for future security and military applications. Such future
applications would benefit from the integration of the appropriate miniaturized electronic control

and readout, enabling true field-based utility.
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[0050] In yet another aspect, wearable screen-printed electrochemical sensors on underwater
garments comprised of the synthetic rubber neoprene are disclosed. These wearable sensors are
able to determine the presence of environmental pollutants and security threats in marine
environments. Owing to its unique elastic and superhydrophobic morphology, neoprene is an
attractive substrate for thick-film electrochemical sensors for aquatic environments and offers
high-resolution printing with no apparent defects. The neoprene-based sensor was evaluated for
the voltammetric detection of trace heavy metal contaminants and nitroaromatic explosives in
seawater samples. We also describe the first example of enzyme (tyrosinase) immobilization on a
wearable substrate towards amperometric biosensing of phenolic contaminants in seawater.
Furthermore, the integration of a miniaturized potentiostat directly on the underwater garment is
demonstrated. The wearable sensor-potentiostat microsystem provides a visual indication and
alert if the levels of harmful contaminants have exceeded a pre-defined threshold. The concept
discussed here is well-suited for integration into dry- and wetsuits worn by divers and
recreational surfers / swimmers, thereby providing them with the ability to continuously assess
their surroundings for environmental contaminants and security hazards.

[0051] The described techniques, apparatus and systems can address the shift in focus on
healthcare shifts from centralized hospital-based treatment to home-based management by
providing reliable, wearable healthcare monitoring systems. Such on-body (non-invasive or
minimally-invasive) physiological monitoring devices may also be of considerable interest for
defense or sport applications. Integrating sensors and biosensors directly into clothing should
thus can have major advantages for future healthcare and soldier monitoring systems. However,
the successful realization of such textile-based biomedical sensors many need to include proper
attention to the effect of the fabric morphology and of the continuous deformation of such
clothing (associated with the body movement and the wearer's daily activity) upon the sensor
performance. The growing interest in on-body physiological monitoring devices reflects also the
tremendous recent attention to flexible electronics3 and wearable electronics. Such integration of
electronics into clothing opens up numerous opportunities in a variety of fields. Compared to
wearable entertainment systems, on-body healthcare monitoring devices should be highly robust
and durable in connection with the wearer's daily activity. Early efforts in this direction have
integrated physical sensors into clothing for monitoring continuously vital signs such as blood

pressure or heart rate. Yet, little attention — focusing primarily on ion-selective potentiometric
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sensors — has been given to wearable chemical sensors. Such activity involved integrating
materials, such as conducting polymers or carbon nanotubes, into the fabric.

[0052] In another aspect, the present specification describes the fabrication of thick-film
amperometric sensors and biosensors directly onto clothing structures and assesses the influence
of the clothing deformation upon the performance of such textile-based electrochemical sensors.
Electrochemical sensing devices have played a leading role in the move towards point-of-care
diagnostics and are ideally suited for meeting the requirements of on-body physiological
monitoring. The screen-printing (thick-film) microfabrication technology has been widely used
for over two decades for the large-scale mass production of electrochemical sensor strips.
Effective screen-printed electrochemical sensors have been fabricated on various flexible
substrates ranging from Kapton® to Mylar®, with the sensor bending displaying minimal effect
on the analytical performance. Screen-printing technology was also used recently for fabricating
electrodes on paper-based microfluidic devices. Similarly, the screen-printing process has been
widely used for creating various logos and images on clothing (particularly T-shirts) and more
recently for creating flexible printed circuits. Capacitive sensors were recently screen-printed on
clothing and used for monitoring respiration.

[0053] Unlike conventional screen-printed strip electrodes, textile-based thick-film sensors
rely on porous substrates and must survive large deformations. In the following sections we will
describe the preparation and characterization of textile-based amperometric sensors (e.g., Figures
1A and 1B), illustrate their favorable electrochemical behavior and examine the influence of the
clothing stretching and folding upon their sensing performance. To our knowledge, this is the
first example of textile-based screen-printed amperometric sensors and of studying the role of the
clothing deformation upon the resulting performance. The elastic waistband of common
underwear has been selected as model clothing owing to its tight contact and direct exposure
with the skin, and hence for its potential for direct sweat monitoring. While the present study
aims at characterizing the behavior of the textile-based screen-printed electrode transducers
(particularly in connection to the clothing deformation), future efforts will focus on such on-body
sensing in connection to relevant chemically selective layers, towards textile-based healthcare
and soldier monitoring systems.

[0054] The described techniques, apparatus and systems can address the desire to obtain

greater information regarding the health and surroundings of individuals. For example, advanced
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electrochemical sensors for medical, environmental, industrial, and security applications can be
implemented. Of the possible paradigms available, the integration of sensing devices with
textiles is one of the most promising platforms for the realization of wearable sensor devices.
Fabrics present many unique opportunities and advantages that can be exploited for various
applications and are especially suited to handle the rigors of field-based use where durability and
light-weight are core requirements. Such sensor devices are well-positioned to enable “wear and
forget” functionality, thereby permitting the wearer to go about their routine and only receive
alerts during situations that require the user’s attention or intervention.

[0055] In addition to monitoring personal health, the described techniques, apparatus and
systems can be used to implement wearable sensors that monitor the wearer’s local environment
in order to identify particularly hazardous conditions. Such textile-based electrochemical sensors
can be implemented by making careful selection of the fabrics / textiles on which the sensing
reaction occurs. Particular attention should be given to both the physical (i.e. morphology) and
chemical (i.e. composition) properties of the fabrics. The optimal textile candidate would possess
inert properties and yield stable operation for extended periods of time under normal and heavy
wear. Additionally, liquid-phase measurements require the utilization of water-proof fabrics,
which would serve as excellent platforms for facilitating chemical reactions in vitro.

[0056] Homemade explosives are, by far, the most common means to inflict death and
destruction in terrorist attacks. Common constituents of homemade explosives include urea
nitrate, triacetone triperoxide (TATP), hexamethylene triperoxide diamine (HMTD), 2,4-
dinitrotoluene (DNT), and 2,4,6-trinitrotoluene (TNT), among others. Due to the innate ability of
DNT and TNT to withstand impact and friction, these compounds have witnessed wide use in
explosives as a consequence of the reduced risk of accidental detonation during manufacture and
handling. Additional desirable properties of these explosive materials are their stability, ease of
mixture with other explosives, and water insolubility, making them especially useful for wet
environments.

[0057] Whereas previous studies of chemical sensing on textiles was intended for the
physiological monitoring of the wearer (i.e. sensing on the interior waistband of undergarments),
the described techniques, apparatus and systems can be used to provide textile-based chemical
monitoring of explosives that the wearer may be exposed to in their environment. This

application requires a dense, hydrophobic outer surface with desirable morphology such that
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conventional screen-printing technologies can be leveraged. Therefore, in one aspect, described
is a characterization of the behavior of textile-based screen-printed electrodes as applied to
explosive sensing in the liquid- and gas-phases, particularly in connection with the properties of
the fabric substrate. The fabrics that can be used include cotton, polyester, and GORE-TEX®, a
widely used constituent of outdoor garments. GORE-TEX® fabric, a textile known for its
exceptional breathable and water-proof properties, is shown to be a promising substrate for the
fabrication of explosive sensors. Additionally, the described, techniques, systems and apparatus
can address the integration of an electronic backbone with the electrodes and immobilization of
enzymes in order to realize true lab-on-a-textile functionality. Moreover, the described
techniques, apparatus and systems can target the detection of additional chemical agents of
importance in security applications.

[0058] With reference at least to FIGS. 1A, 1B, 2A, 2B, 2C, 3A, 3B, 3C, 3D, 4A, 4B, 4C,
4D, 5A, 5B, 5C, 5D, 5E, 5F, 6A, 6B, 6C, 7A, 7B, 8, 9A, 9B and 10, certain devices and
techniques are now described.

[0059] Materials and methods

[0060] Chemicals and materials

[0061] Potassium ferrocyanide was obtained from Fisher Scientific (Fair Lawn, NJ). -
Nicotinamide adenine dinucleotide, reduced dipotassium salt (NADH) and hydrogen peroxide
(H202) were purchased from Sigma-Aldrich (St. Louis, MO) and were stored in a refrigerator
before use. Deionized water (>18 M cm), from a NANOpure Diamond system (Thermo
Scientific Barnstead, Waltham, MA), was used to prepare all solutions. Electrochemical
measurements were carried out in a 0.1 M phosphate buffer (pH 7.0). Two brands of underwear,
MERONA® Ultimate Briefs and COVINGTON® Briefs, were purchased from local department
stores.

[0062] Preparation of sensing electrodes

[0063] A semi-automatic screen-printer (Model TF 100; MPM, Franklin, MA) was used to
print ca. 75 m-thick carbon electrodes. Carbon-based ink (E3449; Ercon, Wareham, MA) was
printed through a patterned stencil forming a 10 rectangular carbon electrode array (each of 1.5
mm X 15 mm) onto the inner side of the elastic band of the underwear (see Figures 1A and 1B).
Subsequent to the printing process, the patterned waistband was cured for 20 min at 120 °C. All

tests and electrochemical measurements were carried out after cutting the waistband into 6 x 20
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mm strips containing the individual 1.5 mm x 15 mm working electrodes. A magnified image of
a typical textile-based printed carbon electrode is shown in Figure 1A (right inset). Figures 1A
and 1B are images of the screen-printed carbon electrodes on the underwear (MERONA
Ultimate Briefs brand) (background) along with the morphology of a single electrode (right
inset) and linear-scan voltammetric response for increasing NADH concentrations over the 0—
100 M range (left inset).

[0064] Apparatus and measurements

[0065] To understand the bending effect upon the electrochemical/sensing behavior of
electrode, the bending was only applied on the 6 mm-long electrode section exposed to the test
solution (3 mm away from the bottom of the carbon electrode). Bending was applied with
inward 180° for 5s. Multiple bending were separated with 10 sec release intervals. Stretching of
the electrode was carried out in the horizontal direction (using an average strain of 1.53 as was
measured with a ruler). Each stretch was held for 5 s, along with an intermittent 10 s release.
Adhesion tests were conducted using a 3M scotch-tape (Magic, Scotch, 3M St. Paul, MN),
pressed down onto the electrodes and removed quickly. The morphology of the electrode was
examined (after the bending or stretching) by the optical microscope (SZ-45-PS, CALTEX
Scientific Inc., Irvine, CA). The resistance of the textile-based carbon electrode was measured
using a digital multimeter (Elenco LCM-1950; Elenco Electronics, Wheeling, IL) with probing at
6 mm apart.

[0066] All electrochemical measurements were performed at room temperature using a 620A
Electrochemical Analyzers (CH Instruments, Austin, TX). A typical three-electrode cell (5 mL
beaker) was used, along with a 0.25mm diameter platinum wire counter electrode and a Ag/AgCl
reference electrode (CHI111, CH Instruments). The textile-based printed carbon working
electrode was immersed into the test solution (by dipping 6 mm of its length). The Ag/AgCl and
Pt reference and counter electrodes, respectively, completed the three-electrode cell. To avoid
background contributions from the alligator clip connector (to the textile-based electrode), its
surface was precoated manually with the carbon ink that was cured for 20 min at 120°C. Cyclic
voltammetry (CV) or chronoamperometry was used to evaluate the effect of the surface bending
and stretching on the performance of the textile-based electrode. To ensure consistent wetting
(reproducible electrode exposure), due to absorption of the test solution by the textile, all

electrochemical measurements were carried out at a fixed time (60 sec) after immersing the
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electrode in the sample. Chronoamperometric currents were sampled 60th sec after the potential
step.

[0067] Results and discussion

[0068] We employed common screen-printing protocols in connection with the textile
substrate. Printing and curing conditions, recommended by the ink manufacturer for printing on
traditional alumina or polymeric substrates, were used for printing the carbon electrodes on the
elastic band of the underwear substrates (Figures 1A and 1B). The resulting electrodes were
mechanically strong and possess good adhesion to the textile substrate, with no apparent peeling
or cracking. Figures 2A, 2B, and 2C are top-view microscopic images of the printed carbon
electrodes on MERONA (FIG. 2A) or COVINGTON (FIG. 2B) textile substrates, as well as on a
plastic Mylar substrate (FIG. 2C). Figures 2A, 2B, and 2C compare microscopic images of
carbon electrodes printed on different underwear brands (FIGS. 2A and 2B) to those of a carbon
strip fabricated under the same conditions using a conventional plastic (Mylar) substrate (FIG.
2C). The textile-based printed sensing electrodes (line width, 1.5 mm) have a well-defined
appearance with a continuous conducting surface, relatively smooth conductor edges and no
apparent defects or cracks. The electrode surface is characterized by a microporous fibrous
structure, reflecting the morphology of the substrate, with microfibers of relatively uniform
dimensions and distribution. In contrast, the electrode printed on the traditional (Mylar)
substrate (FIG. 2C) displays a higher printing resolution (with smoother edges) and a flat, highly
dense (less porous) surface of interconnected granules. The higher roughness of the textile-based
sensor reflects the porosity of the underwear substrates and the ink penetration into the fabric.
Similar observations were reported for the textile-based printing of silver lines for electrical
circuits 16. Note also the different topographies and edge resolution of the MERONA- and
COVINGTON-based electrodes that reflect the different porosities of these fabric brands (with
the MERONA substrate characterized with a higher thread count and smoother and denser
surface). While the textile substrates lead to decreased conductor edge resolution (compared to
the conventional plastic substrate), line widths of smaller than 250 m are still expected based on
the printing resolution of Figure 2A. Tailoring the ink composition to specific textile substrates
should lead to enhanced printing quality and resolution. A preliminary Scotch-tape-based
adhesion peel test, conducted to evaluate the adhesion of printed electrodes on the textile

substrate, indicated a satisfactory electrode adhesion to both underwear brands without notable
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damage or lift-off during five removals of the tape. These adhesion data are encouraging
considering that denser and flat substrates commonly yield strong adhesion.

[0069] Folding or stretching of clothing, associated with normal daily activities of the
wearer, may affect the microstructure and morphology of the textile-based sensor and hence its
performance. The influence of such mechanical stress thus requires a detailed evaluation. The
textile-based printed electrodes were thus subjected to successive bending and stretching steps
and the influence of this mechanical stress upon the surface topography and electrochemical
performance was examined.

[0070] Previous investigation has shown that bending of electrodes printed on plastic
substrates has a negligible effect upon their electrochemical signal. Since electrodes printed on
textiles have different microstructures and adhesion properties, we examined the influence of
such mechanical stress upon their performance. Figures 3A-D are data graphs showing the effect
of repetitive bending of sensor printed on underwear upon the cyclic voltammetric background
(pH 7 phosphate-buffer, 0.1M) response (FIG. 3A, FIG. 3B) and the response for 5 mM
ferrocyanide (FIG. 3C, FIG. 3D). Bending time is 5 s; bending angle is 180° (inward); release
time is 10 s; and scan rate is 0.1 V/s. The underwear brand for Figures 3A and 3C is MERONA
and COVINGTON for Figures 3B and 3D. Thus, Figures 3A, 3B, 3C, and 3D illustrate the
influence of the bending-induced mechanical stress upon the electrochemical response of the
textile-based screen printed electrodes. It displays cyclic voltammograms for the phosphate-
buffer background (FIGS. 3A and 3B) and potassium ferrocyanide (FIGS. 3C and 3D) solutions
in connection to repetitive (5 sec) bending steps. The maximum possible inward bending of the
printed electrodes (a 180° inward folding) was selected for illustrating the most severe
mechanical stress (i.e., maximum possible clothing deformation). For both underwear-based
sensors, such repetitive and extreme bending steps have a negligible effect upon the background
response, with the exception of a slightly decreased current using the MERONA-brand substrate
(FIG. 3A). Similarly, both textile-based electrodes display defined CV response for ferrocyanide
(FIGS. 3C and 3D), with the MERONA substrate exhibiting a smaller AEp of 650 mV (vs. 750
mV for the COVINGTON brand). The peak potentials and currents are only slightly affected by
the repetitive bending steps, although a slightly larger irreproducibility in the current intensities
is observed for the COVINGTON brand. Note, however, that both textile substrates offer quite

similar CV peak currents as well as background signals. The bending stress also yielded
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minimal changes in the electrode resistance. The reproducible data (in connection to the severe
mechanical stress) reflect also the overall reproducibility of the experimental protocol, including
consistent wetting of the electrode.

[0071] Textile stretching represents another mechanical stress associated with daily activity
and clothing deformation. In comparison to bending, stretching is more likely to damage the
textile-based printed electrode. Figures 4A, 4B, 4C, and 4D show the effects of repetitive
stretching on the cyclic voltammograms of MERONA (A, C) and COVINGTON (FIGS. 4B and
4D) based electrodes for the background phosphate buffer (FIGS. 4A and 4B) and 5 mM
ferrocyanide (FIGS. 4C and 4D). The stretching time is 5 s and the release time is 10 s.
Stretching load was applied to the whole electrode in the horizontal direction with a strain of
1.53. Other conditions are as in Figures 3A, 3B, 3C, and 3D. Thus, Figures 4A, 4B, 4C, and 4D
illustrate the influence of repetitive stretching of the textile-based printed electrodes upon their
background (FIGS. 4A and 4B) and ferrocyanide (FIGS. 4C and 4D) cyclic voltammograms.
Four repetitive stretchings in the horizontal direction (with a strain of 1.53) were carried out for
assessing the influence of such mechanical stress. No apparent change in the background
voltammograms is observed after such repetitive stretching of both textile-based electrodes
(FIGS. 4A and 4B), indicating minimal change in the effective surface area. In contrast, the
ferrocyanide oxidation peak currents and the anodic peak potentials of both electrodes decrease
following their first stretching (FIGS. 4C and 4D). While the peak current of the MERONA-
based electrodes remains stable upon successive stretching, the signal of the COVINGTON
sensor decreases gradually between the 2nd and 4th stretching. No further change in the peak
potentials is observed upon repetitive stretching. Overall, the cyclic voltammetric data of
Figures 3A, 3B, 3C, and 3D and Figures 4A, 4B, 4C, and 4D indicate a favorable voltammetric
response at both textile-based printed electrodes which is slightly affected by mechanical stress
associated with the clothing deformation.

[0072] Optical imaging indicated no apparent bending—induced changes in the surface
adhesion, electrode edges or the appearance of defects or cracks of both underwear-based carbon
electrodes. The repetitive stretching action, in contrast, resulted in minimal degradation of the
surface of the MERONA based sensor, and a more profound damage of the surface of the
COVINGTON-based electrode. These changes are indicated also from measurements of the

electrode resistance, which increased from 200 ohms to 5 and 20 kohms upon 3 repetitive
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stretching of the MERONA and COVINGTON electrodes, respectively. Such observations are
in agreement with the voltammetric data of Figures 4A, 4B, 4C, and 4D. The MERONA
substrate offered also higher reproducibility and was thus used for all subsequent analytical
work.

[0073] Chronoamperometric experiments, commonly used for enzyme-based
electrochemical sensing, were subsequently carried out in connection to relevant compounds
(NADH or hydrogen peroxide — which are the detectable products of numerous biocatalytic
reactions - as well as potassium ferrocyanide as a common redox marker and mediator). The
influence of stretching-induced mechanical stress upon the chronoamperometric response of
ferrocyanide and hydrogen peroxide is examined in Figures SA-F. Figures 5A, 5B, 5D, and 5E
show chronoamperometric response of the MERONA-based electrodes to ferrocyanide (FIGS.
5A and 5B) and hydrogen peroxide (FIGS. 5D and 5E) solutions before (FIGS. 5A and 5D) and
after 2 stretching steps (FIGS. 5B and 5E). Figures 5C and 5F show corresponding calibration
plots before stretching (square), and after the first (cycle) second (triangle) stretching. The
stretching time is 5 s. The release time is 10 s. The average strain is 1.53. The response for
increasing ferrocyanide concentrations (1-3 mM) was not affected by two stretching steps (FIG.
5A vs. FIG. 5B). Identical calibration plots are thus observed in Figure 5C. In contrast, the
response for hydrogen peroxide (5-25mM) increases dramatically following such stretching
(FIG. 5D vs. FIG. 5E). Such stretching-induced signal enhancement results also in defined
calibration plots (FIG. 5F). The sensitivity increases from 0.176 uAmM-1 (before the stretch) to
0.338 and 0.451 pA.mM-1 (after the first and second stretches, respectively) (Figure 5F). Based
on the data of Figure 5 it seems that stretching of the textile substrate increases the
microstructure of the printed electrodes to enhance the mass transport of the small peroxide
molecules (but not of the larger ferrocyanide species). Note that our early background CV
response (Figure 4A) indicates that such stretching has a negligible effect upon the surface area
of the MERONA-based printed electrode. Notice also the small error bars in connection to 3
successive stretching.

[0074] This textile-based screen-printed electrode was subsequently examined for
voltammetric and amperometric detection of NADH. Figure 6A shows linear scan
voltammograms recorded at MERONA-based electrodes for increasing levels of NADH in 20
uM steps, along with the resulting calibration plot (inset). Figures 6B and 6C show
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chronoamperometric curves of increasing NADH concentrations (in 0.1 mM steps) of before
(FIG. 6B) and after 2 stretching (FIG. 6C) steps. The stretching time is 5 s. The release time is
10 s. The strain is 1.53. Figure 6D shows corresponding calibration curves associated to before
stretching (square), and after the first (cycle) and the second (triangle) stretching steps. The scan
rate is 0.1 V/s. Other conditions are as shown in Figure 3. Thus, Figure 6A displays linear scan
voltammograms for NADH solutions of increasing concentrations in 20 uM steps over the 20 -
100 uM range (b-f). Well defined voltammetric peaks are observed for these micromolar NADH
concentrations (Ep=0.80V), along with a low background current (a). Such voltammograms
result in a well-defined linear calibration plot (shown in the inset), with a sensitivity of 0.07
nA.uM-1. We also evaluated the influence of the mechanical stress of the printed textile
electrodes upon the NADH response. Figure 6B and 6C compare chronoamperograms for
increasing NADH concentrations (100-500 uM) before and after, respectively, stretching of the
textile electrodes. Similar to the ferrocyanide signals of Figures SA and 5B, the stretching has a
minimal effect upon the NADH response (Figure 6B vs. 6C) and upon the overall sensitivity
(FIG. 6D). These data support again that the stretching action influences primarily the mass
transport of small molecules (e.g., hydrogen peroxide). Notice also (from the error bars) the high
reproducibility of these data; these correspond to relative standard deviations ranging from 0.5 to
9.5%. Overall, the present textile-based printed electrode demonstrates convenient
electrochemical measurements of 0-3 mM ferrocyanide, 0-25 mM H202, and low concentration
of NADH (0-100 uM). Such attractive behavior indicates great promise for a wide range of
biosensing applications in connection to the incorporation of an appropriate enzymatic layer.
[0075] Applications

[0076] We have illustrated the direct screen printing of amperometric carbon sensors onto
clothing and the favorable electrochemical behavior of such textile-based sensors. Convenient
measurements of hydrogen peroxide and NADH have been documented. Mechanical stress
studies, relevant to the wearer daily activity, have indicated that textile-based printed sensors
survive large deformations. Both bending and stretching of the textile substrate have minimal
detrimental effect upon the electrochemical measurements, and in some instances (e.g., for
measurements of hydrogen peroxide) even lead to enhanced signals. The overall electrochemical
behavior is influenced by the physical characteristics of the textile substrate. Specific future

applications would thus require tailoring of the printing protocol and ink formulation and
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viscosity for the specific substrate material. Since the performance of textile-based
electrochemical sensors is directly related to the printing quality, it is useful that the printing
protocol and ink formulation be tailored for the specific substrate material. Such tailoring would
require a better understanding of the compatibility of different textiles with various conducting
inks and of their correlation to the mechanical and electrical properties of the resulting
electrodes, and should lead to the identification of the more favorable textile-ink combination.
The nature and comfort of the elastic-band based sensors, and their tight contact with the skin,
should be particularly attractive for direct sweat monitoring. Future efforts in this direction will
also include the incorporation of chemically selective layer (e.g., permselective coating or
enzyme layer) and assessment of the role of the clothing deformation upon the performance and
stability of such layer towards textile-based healthcare and soldier monitoring systems.
Particularly attractive will be dehydrogenase and oxidase based enzyme sensors for ethanol and
lactate, respectively, in connection to monitoring alcohol consumption in drivers or
performance/stress of soldiers/athletes. Unlike glucose sweat levels, the concentration of alcohol
or lactate in sweat has a significant clinical relevance. The large surface area of clothing could
be used for integrating the necessary supporting electronic, display, power and communication
functions (without external devices) and hence for communicating relevant health parameters.
While clothing-integrated electrochemical sensors hold considerable promise for future
healthcare, military or sport applications, such non-invasive textile-based sensing requires proper
attention to key challenges of sample delivery to the electrode surface and of sensor calibration
and interconnection.

[0077] Figure 7A shows exemplary screen-printed carbon sensors on underwear. Figure 7B
shows an exemplary effect of mechanical stress.

[0078] Figure 8 shows an example of sensors screen-printed on a Gor-Tex (GORE-TEX®)
based fabric.

[0079] Figures 9A and 9B show data associated with screen-printed sensors on polyester and
Gor-Tex, including an effect of bending on the electrocatalytic activity.

[0080] Figure 10 shows liquid phase detection of dinitrotoluene DNT and gas phase
detection of DNT using screen-printed sensors.

[0081] With reference to at least FIGS. 11A, 11B, 12A, 12B, 13A, 13B, 13C, 14, 15A, 15B,

16A, 16B, and 17, certain devices and techniques are disclosed below.
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[0082] For some disclosed techniques, potassium ferrocyanide and acetonitrile were obtained
from Fisher Scientific (Fair Lawn, NJ) and used without further purification. Potassium
phosphate (both monobasic and dibasic), 2,4-dinitrotoluene (DNT), potassium chloride, and
agarose I-A were purchased from Sigma-Aldrich (St. Louis, MO). 2,4,6-trinitrotoluene (TNT)
solution (1000 pg/mL in acetonitrile) was obtained from Cerilliant, Round Rock, TX. Deionized
water (>18 MQ-cm) from a NANOpure Diamond system (Thermo Scientific Barnstead,
Waltham, MA) was used to prepare all solutions. 50 mM potassium phosphate buffer (pH 7.4)
was employed in all the electrochemical measurements. GORE-TEX (registered trademark of W.
L. Gore & Associates, Inc., Flagstaff, AZ) fabric (3-ply Nylon woodland camouflage) was
purchased from Rockywoods (Loveland, CO). 100% Polyester and 100% cotton fabrics were cut
from garments that were purchased from the local department store.

[0083] Preparation of sensing electrodes

[0084] Fabrics were pre-heated at 130°C for 1 hr before the printing process. A semi-
automatic screen-printer (Model TF 100, MPM, Franklin, MA) was employed to deposit a
silver/silver chloride ink (E2414, Ercon, Wareham, MA) and carbon ink (E3449, Ercon,
Wareham, MA) through a patterned stencil that formed the conductive traces and sensing
electrodes, respectively. Blue insulating ink (E6165, Ercon, Wareham, MA) was subsequently
printed to define the electroactive area of the electrodes. Afterward, the patterned electrode was
cured at 125 °C for 30 min, thereby forming the fabric-based sensing electrodes. All tests and
electrochemical measurements were performed after cutting the fabric into 10x34 mm strips
containing the three-electrode set. A magnified image of a typical GORE-TEX® fabric-based
sensor is shown in the right of Fig. 11A.

[0085] For the preparation of the fabric-based sensor employed in the vapor-phase detection
investigation, a polyester film coated with pressure-sensitive adhesive (ARcare 8259, Adhesives
Research, Inc., Glen Rock, PA) with a 7mm diameter opening was applied on the surface of the
GORE-TEX® fabric-based sensor (fabrication outlined above) to create a cavity for casting the
solid electrolyte. A hydrogel electrolyte was prepared by dissolving 100 mg agarose into 5 ml
0.5 M potassium chloride solution under stirring. The mixture was then brought to a boil (around
200°C) and remained at this temperature for 5-10 minutes under continuous stirring until the
agarose dissolved completely. Subsequently, the gel solution was cooled to 65°C and kept at this

temperature (with stirring applied) for the further use. The solid electrolyte of the sensor was
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casted by dipping the fabric-based sensor into the agarose solution and promptly removing the
sensor, allowing the agarose to solidify on the electrode surface at room temperature.

[0086] Apparatus and measurements

[0087] All electrochemical measurements were performed at room temperature using a CH
Instruments 1232A Electrochemical Analyzer (Austin, TX). For the liquid-phase measurements,
a 60 uL sample was deposited on the surface of the electrodes. Both cyclic voltammetry (CV)
and square-wave voltammetry (SWV) were used to evaluate the performance of the fabric-based
sensors with the experimental parameters indicated in the individual figures. To investigate the
wetting properties of the fabrics under study, the CV recording was initiated immediately upon
the application of sample drop onto the electrode surface. The five initial cycles of the CV were
sampled for comparison. The steady-state CV was also recorded until the traces roughly
overlapped for two consecutive cycles. Gas-phase measurements were performed by inserting
the GORE-TEX® fabric-based sensor into a 30 mL glass jar containing 60 mg DNT powder for
30 min. SWVs were sampled successively with increasing exposure time (namely the time
period after the sensor’s insertion into the jar containing DNT).

[0088] To understand the effect of bending upon the electrochemical/sensing abilities of the
electrode, the bending operation was performed by the same individual and only applied on the
electroactive section of electrodes. Each bending experiment consisted of the application of an
inward 180° bend with a 1 mm bend radius for 1s. Multiple bending was separated with 1 sec
release intervals. The morphology of the fabric-based sensor was examined using a field
emission scanning electron microscope (Philips XL30, Amsterdam, and The Netherlands). All
specimens were coated with chromium prior to analysis using a sputtering instrument (Energy
Beam Sciences Emitech K575X, East Granby, CT). A charging current of 130 mA was applied
for 30 s to deposit ~15 nm of chromium on the sample surface. Contact angle measurements
were performed using Goniometers (CAM 100) from KSV Instruments Ltd.

[0089] Results and Discussion

[0090] Screen-printing technology has previously been leveraged to fabricate
electrochemical electrodes on the elastic waistband of undergarments, in connection with the
detection of several bio-electroactive substances such as hydrogen peroxide (H202) and reduced
B-Nicotinamide adenine dinucleotide (NADH). Although such electrodes exhibited satisfactory

mechanical properties and adhesion to the textile substrate, the textile absorbed the sample
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solution entirely due to its hydrophilic nature, which is anticipated to deteriorate the sensing
ability of the sensor over time. A fabric possessing a densely-woven structure or, alternatively,
water-repellant properties, would serve as an excellent candidate for use as the substrate to
enable robust operation.

[0091] We evaluated two varieties of widely-available fabric materials, 100% polyester,
100% cotton, and GORE-TEX, a completely waterproof and breathable fabric intended for
outerwear. The hydrophobility / hydrophobicity of each fabric was evaluated by a contact angle
measurement, performed in air. Fig. 11A compares images captured in real-time contact angle
measurements on (i) GORE-TEX, (ii) 100% polyester, (iii) 100% cotton, and (iv) 35% cotton +
65% polyester at O (left) and 1.5 s (right) following the deposition of the droplet on the fabric’s
surface. From an inspection of the contact angle measurement shown in Fig. 11B, the GORE-
TEX fabric exhibited the greatest hydrophobicity among all the textiles under study with a 130°
contact angle, thereby demonstrating its super-hydrophobic properties. At an elapsed time of 1.5
s, the GORE-TEX surface did not wet, whereas the droplets were almost entirely absorbed by the
other three fabrics: 100% polyester, 100% cotton, and 35% cotton + 65% polyester blend. It is
important to note that the resistance to wetting observed on the GORE-TEX fabric corresponds
to the waterproof property claimed by the manufacturer. As the wetting rate exhibited by the
other three fabrics was quite rapid (more than 80% of the sample volume was absorbed within
1.5 ), the effect of this absorption upon the electrochemical behavior required further evaluation.
[0092] The GORE-TEX fabric-based sensor is depicted in Fig. 12A. Fig. 12A (left) shows an
array of sensors, each of which possesses eight carbon sensing electrodes, as well as one counter
(carbon) electrode and one reference (Ag/AgCl) electrode. Each sensor was insulated by printing
an insulting ink around the active electrode area, thereby forming the complete GORE-TEX
fabric-based electrode array (Fig. 12A middle). In addition, a three-electrode design is patterned
on the GORE-TEX substrate (Fig. 12A right), which is used for the remainder of this study.
Micrographs of the surface morphology, the boundary of the printed carbon electrode, and a
close-up of the carbon electrode surface on the GORE-TEX substrate are shown in Fig. 12B (i,
i1, and iii), respectively. Fig. 12B(i) depicts the woven nylon protective layer employed in typical
GORE-TEX fabric. Note that the carbon electrode printed on the woven nylon fabric possessed a
well-defined boundary as opposed to printed electrodes on other fabrics where the fiber structure

in the polyester and cotton fabrics are less organized that hampered the well-deposition of carbon
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electrode onto. A further magnified image of the carbon electrode is shown in Fig. 12B(iii) and
illustrates the surface morphology in greater detail.

[0093] To further characterize the effect of wetting upon the electrochemical sensing
performance, cyclic voltrammetry was performed using various fabric-based electrodes. Figs.
13A, 13B and 13C show the dynamic and steady-state cyclic voltammograms (CVs) recorded
using the GORE-TEX (A), 100% polyester (B), and 100% cotton (C) fabric-based electrodes in
both phosphate buffer (i and iii) and 10 mM potassium ferrocyanide solution (ii and iv). To
examine the dynamic transition of wetting condition, CV experiments were conducted with a
relatively high scan rate (300 mV/s) (iii and iv). With respect to the background measurements
(phosphate buffer), the GORE-TEX fabric-based electrode exhibited minimal deviation among
scanning cycles. As the number of scanning cycles increased, a significant increase in the
recorded current was observed for both the 100% polyester and 100% cotton fabric-based
electrodes (particularly at potentials greater than 0.4 V). This can be ascribed to an increase in
the active electrode area owing to the wetting effect. The wetting transition is also confirmed by
observation whereby the entire fabric-based electrode strip was eventually wetted by the sample
solution. Similar behavior also occurred in the ferrocyanide solution (iv) where the GORE-TEX
fabric-based electrode possesses consistent CVs between subsequent cycles. On the other hand,
continually increasing current was observed in both 100% polyester and 100% cotton fabric-
based electrodes over the duration of the experiment. It is key to note that the GORE-TEX
fabric-based electrode yielded comparable redox properties as traditional carbon electrodes.
However, only oxidation peaks at 0.4 and 0.24 V are recognizable in the 100% polyester and
100% cotton fabrics, respectively, whereas the reduction peaks are more obscure. Steady-state
CVs were also obtained using these three varieties of fabric-based electrodes. As can be deduced
from the figures, the results were in agreement with the redox behavior of the fabric-based
electrodes discussed above, hence indicating the superior electrochemical properties of the
GORE-TEX fabric-based electrode (Fig. 13A-i1).

[0094] Although GORE-TEX-based textiles are known to be less stretchable and more
robust than other fabrics, normal wear and upkeep may affect the microstructure and morphology
of the GORE-TEX fabric-based sensor and hence its performance. The influence of such
mechanical stress thus requires a detailed examination. The GORE-TEX fabric-based printed

electrodes were thus subjected to successive bending operations and the influence of this
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mechanical stress upon the electrochemical performance was examined. Employing 10 mM
potassium ferrocyanide as the analyte, cyclic voltammograms were recorded under repeated
bending of the fabric substrate (increments of 10 bending operations up to 60). As can be seen in
Fig. 14, repeated bending of the substrate did not modify the voltammetric response of the
Sensor.

[0095] Textile-based sensors that enable the sensitive detection of explosive agents are
expected to be an effective and easily-deployable tool, particularly in security and military
applications. In assessing the levels of DNT and TNT, the performance of the GORE-TEX
fabric-based sensor was evaluated by employing a hypothetical analytical procedure that one
could perform in the field (ie. placing a drop of a liquid under test on a fabric-based sensor).
Figs. 15A and 15B illustrate the square-wave voltammograms (SWVs) (potential step: 14 mV,
pulse amplitude: 25 mV, pulse frequency: 20 Hz) of the GORE-TEX fabric-based sensors for
DNT (FIG. 15A) and TNT (FIG. 15B) employing O to 50 ug/mL of analyte. In direct comparison
with reported results in the literature, the GORE-TEX fabric-based sensor exhibited a well-
defined peak at -0.86 V for DNT and two peaks (at -0.75 and -0.95 V) for TNT. These results
indicate that the fabric-based electrodes possess comparable sensing abilities as conventional
solid-state electrodes and printed electrodes on solid substrates. Calibration curves were plotted
correlating the current signals at -0.86 (Fig. 15A) and -0.75 V (Fig 15B) and demonstrate that
exceptional linearity (given r-square higher than 0.99) can be obtained for the sensitive detection
of DNT (0.38 pA. mL. pg-1) and TNT (0.33 pA. mL. ng-1).

[0096] The repeatability of the GORE-TEX fabric-based sensor was subsequently examined.
The investigation consisted of depositing 60 puL of 20 pg/mL DNT / TNT solution onto the
GORE-TEX fabric-based sensor, recording the sensor’s response, and then replacing the test
sample with phosphate buffer and measuring its response in the same manner. This cycle was
then repeated an additional nine iterations and the sensor response was recorded in each
experiment for a scanned potential of -0.6 to 1.2 V (FIG. 15A) and -0.5 to 1.1V (FIG. 15B) for
DNT and TNT, respectively. The SWV (potential step: 4 mV, pulse amplitude: 25 mV, pulse
frequency: 20 Hz) results are shown in Figs. 16A and 16B. This fabric-based sensor
demonstrated well-defined response towards the detection of DNT and TNT, showing minimal
decay in the 10th evaluation of DNT. These results indicate the potential of the GORE-TEX

fabric-based sensor to detect explosives in a repetitive fashion. Unlike disposable electrode
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strips, the fabric-based sensor must be able to yield operation over extended periods with
minimal deterioration of the sensor performance even under multiple sampling operations.
[0097] Gaseous detection of explosives is expected to meet the growing security demands for
remote explosive sensing. The GORE-TEX fabric-based sensor was further modified with a
hydrogel electrolyte in order to facilitate the detection of DNT vapor. DNT powder was stored in
a sealed glass jar for 30 min to mimic a hypothetical situation where an explosive agent is
concealed and transported within baggage. Fig. 16A and 16B show the detection of DNT vapors
using the GORE-TEX fabric-based sensor at increasing exposure durations using SWV (4 mV
potential step scanned from -0.4 to -1.0 V, 25 mV pulse amplitude, 20 Hz pulse repetition
frequency). As can be seen from the figures, the characteristic reduction peak at -0.63V vs
Ag/AgCl increases as the exposure time increases from O to 60 min. As such, allowing proper
exposure duration, the high-fidelity detection of DNT vapors was achieved using the printed
GORE-TEX fabric-based electrodes.

[0098] Applications

[0099] We have illustrated the direct patterning of an electrochemical sensor onto various
fabrics using conventional screen-printing methods. Moreover, we have characterized the
electrochemical sensing properties of such textile-based printed electrodes and have
demonstrated the robust and reliable detection of the explosive agents DNT and TNT using these
devices. Cotton, polyester, and GORE-TEX fabrics were compared in order to determine a
suitable textile substrate for the monitoring of chemical agents that a wearer in the field may be
exposed to. Employing analytical and electrochemical techniques to characterize the
performance of the various textile materials, the GORE-TEX fabric was determined to be an
excellent substrate material for supporting screen-printed electrodes and was characterized by its
high degree of hydrophobicity, minimal sample absorption, excellent printing quality, and
preservation of electrochemical activity against repeated bending operations. Future efforts in
this direction will also include the incorporation of the necessary supporting electronic devices,
real-time information display, and alert functionality. Further assessment of the durability and
reliability of the GORE-TEX substrate for extended periods of use will lead to the development
of field-deployable security and soldier monitoring systems integrated into conventional
garments.

[00100] The ability to detect in real time the presence of environmental contaminants and
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security threats within marine environments represents a major challenge to oceanographers,
navies, local water-quality agencies and recreational surfers / divers throughout the globe.
Conventional water quality analytical techniques mandate that the water sample be isolated and
transported to the laboratory to undergo analysis, which is costly, labor-intensive and time-
consuming. To this end, electrochemical devices have been developed that enable real-time
monitoring of seawater towards potential hazards such as explosive residues or toxic metals.
These devices include flow detectors for on-line shipboard monitoring and submersible sensors
for remote detection. New hand-held analyzers have also been developed for underwater
surveillance by divers. The latter, however, is not compatible with military or recreation
activities (e.g., surfing, diving) that commonly require “hands-free” operations. A ‘built-in’
wearable sensor system that facilitates such marine operations while providing the user with a
real-time assessment of their surroundings would thus be preferred.

[00101] Here we describe wearable electrochemical sensors on underwater garments
comprised of the synthetic rubber neoprene. Neoprene, which was synthesized from chloroprene
since 1931 by DuPont is a commonly used synthetic rubber for dry- and wetsuits. While dense
neoprene seals the openings of diving suits, foamed neoprene serves as an exceptional thermal
insulator that encapsulates most of the wearer’s body. Its basic polymer, polychloroprene, is
produced via emulsion polymerization before it is transferred into a foam-like material that
consists of air bubbles and polymer arranged in a comb-like network. Neoprene can be tailored
to the desired application, ranging from nylon overlays intended to increase wearer comfort, to
varying degrees of thickness to compensate for pressure and temperature variance at greater
diving depths and / or cooler waters. This, along with the elastic and superhydrophobic
morphology of neoprene, makes underwater garments highly compatible with the thick-film
(screen-printing) fabrication process and for sensing operation in marine environments. Thick-
film microfabrication has been widely used for mass production of highly reproducible
electrochemical sensors (e.g., glucose strips for diabetics). This process has recently been applied
for printing electrochemical sensors on common textiles but not in connection to underwater
garments. The integration of sensors directly onto underwater garments, such as those described
in this paper, would provide the wearers with the ability to continuously assess their
surroundings.

[00102] The potential of neoprene-based printed electrochemical electrodes as wearable
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sensors is demonstrated below for a wide range of marine monitoring scenarios. These results
indicate the promise of such devices to allow the wearer (surfer/diver) to continuously assess
their surroundings for potential contaminants or hazard without being preoccupied with the
transport and operation of cumbersome analytical equipment. Following characterization of its
surface morphology, the role of mechanical stress, and the redox activity towards ferricyanide,
the analytical performance of the new neoprene-based electrochemical sensor was evaluated for
trace voltammetric measurements of heavy metals such as copper and of nitroaromatic
explosives such as 2,4,6-trinitrotoluene (TNT) in untreated seawater. In addition, the enzyme
tyrosinase (Tyr) was incorporated within the sensor ink in order to facilitate the detection of
phenolic pollutants in seawater. This represents the first example of electrochemical biosensing
on textiles with printable enzyme containing inks. Subsequently, the new wearable biosensor was
integrated with an encapsulated potentiostat capable of providing the wearer with a visual
indication when the level of a target hazard or contaminant (e.g., phenols) has exceeded a pre-
defined threshold. Under such operation, the wearer would be alerted to relocate to cleaner
environments, in-line with water quality and related health standards for recreational divers and
surfers. The concept can be extended to other important threat-assessment and environmental-
monitoring applications in marine environments.

[00103] Materials and methods

[00104] Preparation of reagents

[00105] Tyrosinase from mushroom (Tyr, E.C. 1.14.18.1), Nafion (5% w/w solution),
catechol, 4-chlorophenol, phenol, gold atomic absorption standard solution (1014 pg/mL Au in
5% HC), copper atomic absorption standard solution (1000 pg/mL Cu in 2% HNO3), potassium
chloride, potassium phosphate monobasic, and potassium phosphate dibasic were obtained from
Sigma Aldrich (St. Louis, MO). Potassium ferricyanide was purchased from Fisher Scientific
(Pittsburgh, PA) and the 2.4,6-trinitrotoluene (TNT) solution (1000 mg/mL in acetonitrile) was
obtained from Cerilliant (Round Rock, TX). All compounds were used as supplied without
further purification or modification. Ultrapure deionized water (18.2 MQecm) was employed for
the preparation of the reagents. All electrochemical measurements were conducted using
seawater samples (pH ~ 8) collected from the shores of La Jolla, CA.

[00106] Fabrication of the screen-printed electrodes

[00107] A neoprene sheet (4 mm thickness) was purchased from Foamorder Inc. (San
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Francisco, CA) and cut to size (10 cm x 10 cm) to enable the patterning of a set of 30 identical
three-electrode sensors. Stencil patterns were custom-designed using AutoCAD (Autodesk Inc.,
San Rafael, CA) and outsourced for fabrication on stainless steel masks. A Speedline
Technologies (Franklin, MA) screen printer (MPM-SPM model TF-100), was used to fabricate
all layers of the sensor. An Ag/AgCl-based ink (E2414) from electrode patterns. Ercon Inc.
(Wareham, MA) was employed to define the conductive underlayer as well as the reference
electrode and printed directly onto the neoprene substrate. A carbon-based ink (Acheson E440B)
from Henkel Corp. (Madison Heights, MI) was then overlaid on the conductor to define the
working and counter electrode geometry. Finally, an insulator ink (Ercon E6165) was printed
over the Ag/AgCl and carbon layers to insulate all except the contact pads and the upper segment
of the electrodes. Subsequent to the printing process, the patterned substrate was cured in a
temperature-controlled convection oven (SalvisLab Thermocenter) at 100 °C for 30 min and cut
into 10 mm x 34 mm test strips. Each printed three-electrode assembly consisted of a circular
carbon working electrode (geometrical area: 3 mm?2) inscribed in a hemispherical carbon counter
electrode (area: 10 mm?2) and a Ag/AgCl reference electrode (area: 2 mm?2); e.g., Fig. 18A and
18B.

[00108] For trace copper detection, the carbon working electrode of the SPE was modified via
the electrodeposition of gold at an applied potential of 0.0 V vs Ag/AgCl for 20 min. The plating
solution employed for these experiments consisted of a phosphate buffer, pH 7.0, containing 50
ppm gold.

[00109] Preparation of the biocatalytic layer of the Neoprene-based enzyme electrodes may be
performed as follows. In order to quantify phenols, tyrosinase (Tyr) was mixed into the carbon
ink (5% w/w) and the enzyme-containing ink was printed onto the surface of the working
electrodes of cured SPEs. The amount of enzyme in the bioactive layer was approximately 200 U
per electrode. After the printing process, the Tyr-ink layers were dried at room temperature for
one hour. The electrodes were subsequently stored at 4 °C overnight. Following this procedure, 1
uL of aqueous Nafion solution (0.25% v/v) was dispensed on the working enzyme electrode.
Finally, the electrodes were kept overnight at 4 °C prior to use.

[00110] Procedure

[00111] Measurements of phenolic compounds, TNT and copper were performed using

chronamperometry, square-wave voltammetry and square-wave stripping voltammetry,
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respectively. Copper deposition was performed for 2 min at -1.0V vs Ag/AgCl under quiescent
conditions, followed by a square-wave stripping voltammetric scan from -0.25 to 0.50 V, and a 2
min ‘cleaning’ at this final potential. Cyclic voltammetry (CV) was used for the initial
characterization of the electrochemical behaviour.

[00112] Instrumentation

[00113] A CH Instruments (Austin, TX) Model 620 electrochemical analyzer was employed
for all the electrochemical measurements. Voltammetric and chronoamperometric studies were
performed to evaluate the electrochemical behavior of the neoprene SPEs. The morphology of
the neoprene-based printed working electrode was examined using a field emission scanning
electron microscope (SEM) (Philips XL30, Amsterdam, The Netherlands). All of the specimens
were coated with chromium prior to SEM analysis using a sputtering instrument (Energy Beam
Sciences Emitech K575X, East Granby, CT). A current of 130 mA was applied for 30 s to
deposit ~10 nm of chromium on the sample surface. Contact angle measurements were
performed with a precision goniometer (KSV CAM100, Helsinki, Finland). All experiments
were performed in seawater at room temperature (T =22 °C).

[00114] A miniaturized 19 mm x 19 mm PCB-mounted CMOS potentiostat containing a 3V
Li-ion coin-cell battery was encapsulated in a watertight compartment and integrated into a
wetsuit for water quality evaluation. In addition to the custom-designed three-electrode
potentiostat, the PCB-mounted sensor was comprised of an integrator, voltage amplifier,
adjustable comparator, digital logic, and LED-based readout and is described in further detail in
the literature.19 The output potential of the potentiostat was established at -0.30 V (vs REF) and
the device was operated in free-running chronoamperometric mode.

[00115] Results and discussion - Characterization of the morphology and polarity of the
printable electrodes on the rubber substrate are as follows.

[00116] The use of the neoprene substrate offers high-resolution printing of electrochemical
sensors, with smooth edges and no apparent defects. Various electrode configurations have been
examined on various parts of commercially-available rubber wetsuits. For example, Fig. 18A
displays a common three-electrode setup that was printed on the sleeve of such wetsuit. This
configuration, comprising the carbon working and counter electrodes, along with an Ag/AgCl
reference, was used throughout most of this study. A closer optical image of this printed

electrode assembly, along with an insulating layer, is depicted in Fig. 18B.
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[00117] As a detailed understanding of the physical properties of the substrate material is
crucial for constructing high-fidelity wearable sensors, initial investigations were concerned with
the characterization of the surface morphology and patterning resolution and quality of the
printed electrodes. To this end, Fig. 18C shows a well-defined array of four electrodes printed
with Ag/AgCl ink; the feature width of each contact line is ~195 pum, the pitch between adjacent
electrodes is ~280 um, and the diameter of the active area of each electrode is ~440 um. Further
insights into the surface morphology of the working electrode of the SPE on neoprene have been
obtained from the SEM image (42x magnification) shown in Fig. 18D. The rubber area
surrounding the working electrode consists of comb-like polymeric subunits, which are
characteristic of the neoprene substrate. The bare working electrode on neoprene exhibits an
amorphous surface structure, defined by the micrometer-sized carbon flakes comprising the
printed ink, along with defined boundaries. A similar morphology was observed for the carbon
electrode printed on a rigid alumina-based SPE.

[00118] In order to confirm that the hydrophobic nature of the neoprene substrate did not
change as a result of the screen printing process, contact angle measurements were performed
(using seawater) on the bare neoprene substrate as well as on the printed carbon working
electrode (not shown). The contact angle for the bare neoprene and for the carbon on neoprene
were 138° + 5 and 120° + 5, respectively, indicating that the carbon coating exhibits slightly
better wettability when compared with the bare neoprene substrate. Moreover, the
superhydrophobic characteristic of the neoprene is maintained such that a constant electrode area
can be maintained.

[00119] Electrochemical characterization of the SPE in response to mechanical deformation
may be performed as follows. Following the morphology investigation, we characterized the
electrochemical behavior of the neoprene SPE using the potassium ferricyanide redox marker.
FIGS. 19A, 19B, 19C, and 19D show typical cyclic voltammograms (CV, 50 mV/s scan rate) for
5 mM ferricyanide as well as the blank solution (seawater) at the flexible neoprene SPE (FIG.
19A) and at a common rigid alumina-based SPE (FIG. 19B). These voltammograms indicate that
the redox activity and the background response are not compromised by the neoprene substrate.
The low background response indicates that the neoprene constituents do not contribute to the
baseline. Both substrates yield two characteristic ferricyanide redox peaks, with similar peak

potentials and separations. The oxidation peaks are located at 0.32 V and 0.35 V while the
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reduction peaks appear at 0.00 V and -0.02 V for the neoprene and alumina SPEs, respectively.
As can be seen, the reversibility of the redox process is not affected by the neoprene substrate.
Even though the geometric areas were identical for both SPE variants, the neoprene SPE displays
higher anodic and cathodic peak currents which can be attributed to a slightly larger active area
on the neoprene substrate.

[00120] Wearable underwater sensors are expected to be deformed during routine use.
Accordingly, the influence of mechanical deformation upon the voltammetric response was
investigated in further detail. Fig. 19C and 19D illustrate the effect of repetitive 90° bending
operations upon the CV response. Minimal changes in the peak potential and currents are
observed as a result of the mechanical deformation. The relative standard deviation (RSD) values
were found to be less than 4 %, thus it can be concluded that the neoprene SPE is capable of
withstanding repeated deformation without significant alteration of the electrochemical output
signal. This is supported by consecutive resistance measurements that indicate that the
conductivity of the trace did not deteriorate, although microcracks in the electrodes were
observed during prolonged bending. More specifically, while the resistance at the reference
electrode increased by as much as 10 % throughout repeated mechanical deformation, the
resistance of the counter and working electrode traces did not deviate by more than the
measurement error. As a matter of fact, the trace resistance measured at the neoprene SPE, even
following multiple bending operations, did not exceed the characteristic resistance of the traces
at the common alumina-based SPE. Thus it can be concluded that the conductivity of the traces
was maintained through repeated deformation.

[00121] Following the initial electrochemical characterization, the study focused on
demonstrating the potential of the wearable sensing electrodes for relevant water-quality
applications and using different model pollutants along with untreated seawater samples.

[00122] Biosensing of trace phenols may be performed as follows. Phenols represent a
pervasive class of organic compounds that are produced on an industrial scale and typically enter
aquatic environments from the run-off generated by industrial and agricultural processing. The
inherent toxicity of phenolic compounds creates urgent needs for their in-situ monitoring in
marine environments. The ability to continuously monitor the levels of such compounds would
thus prove extremely valuable as an alert for recreational divers and surfers.

[00123] In order to facilitate the trace detection of phenolic contaminants, a tyrosinase-
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containing carbon ink was employed for printing the amperometric biosensor directly on the
wearable neoprene substrate. The electrochemical response to micromolar changes of phenols
(phenol, 4-chlorophenol, and catechol) was investigated using the neoprene-Tyr SPE biosensor.
Such biosensing route relies on the specificity of the enzyme, that catalyzes the hydroxylation of
phenols to allow a low-potential selective detection of the quinone products. In contrast, direct
anodic measurements of phenols require high potentials and are vulnerable to potential
interferences by co-existing oxidizable species. Chronoamperometric measurements of the
quinone product were carried out by applying a reduction potential of -0.30 V vs Ag/AgCl. The
corresponding chronoamperograms for increasing levels of phenol (0 uM to 5.5 uM in 0.5 uM
increments), 4-chlorophenol (0 uM to 25 uM in 2.5 pM increments), and catechol (0 uM to 5 uM
in 0.5 uM increments) are shown in FIGS. 20A, 20B, and 20C, respectively. Well defined
current signals are observed for these low micromolar concentrations; the limits of detection
(LOD, using the p + 36 methodology) for phenol, 4-chlorophenol, and catechol are 0.25 uM,
0.43 uM, and 0.13 uM, respectively. The corresponding calibration plots are provided in the
insets. As expected for biocatalytic reactions, the response for 4-chlorophenol and catechol
increases linearly with the concentration at first and exhibits some curvature at elevated levels. A
highly linear response is observed for phenol (FIG. 20A). The sensitivity was 28 nA/uM, 10
nA/uM, and 35 nA/uM for phenol, 4-chlorophenol and catechol, respectively (R2-values of
0.996, 0.996, and 0.997). The higher sensitivity towards catechol can be attributed to the single
reaction step required for the enzymatic catalysis of catechol compared to the two-step reaction
required for phenol and 4-chlorophenol. High stability is another important requirement for
underwater marine monitoring. The response of the sensor was examined over a period of 50
minutes by performing 17 repetitive chronoamperograms (at three minute intervals). Fig. 20D
examines the stability of the Tyr-SPE signal, relative to the first measurement (t = 0 min), for 10
mM 4-chlorophenol (i) and 2 mM phenol (ii). These experiments yielded low RSD for each
compound, ranging from 2.07 % to 1.73 %, respectively. Minor batch-to-batch variations (5-
10%) could be readily mitigated via initial calibration in the seawater matrix.

[00124] In order to provide a viable alternative to current sensing systems, an SPE sensor was
printed on the sleeve of a neoprene wetsuit. The working electrode was modified with Tyr and
the whole system was mated with an encapsulated (watertight) miniaturized potentiostat that was

able to provide the wearer with a visual cue whether the level of phenolic compounds has
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exceeded a pre-defined threshold value. An image of the entire sensing system is shown in FIGS.
21A and 21B. In response to elevated levels of phenol (5.5 uM), the potentiostat-integrator-
voltage amplifier analog system yielded an output potential of 0.797 + 0.012 V, while the
absence of phenols (0 uM) yielded a potential of 0.335 + 0.008 V. Accordingly, by means of an
adjustable voltage divider, the switching threshold for the comparator was established at 0.566
V, the arithmetic mean of the two extremes, and purely digital ‘Safe’ / ‘Hazard’ analysis could
be obtained. A ‘Safe’ (unpolluted) seawater environment is indicated by a green light, while in
the case of hazardous levels of phenols, a red LED is illuminated (Fig. 21B). The output of the
potentiostat block of the sensor (Fig. 21B inset) illustrates the increase in the current magnitude
caused by elevated phenol concentrations; a dashed line represents the threshold.

[00125] Trace explosive detection may be performed as follows. As a consequence of war,
military training, and the dumping of munitions, many marine areas are still polluted by
dangerous remains of undetonated ordnance. In minesweeping missions, the detection of these
explosive compounds could indicate the presence of naval mines or depth charges. Bearing in
mind the abundance of dumped munitions and ordnance in the world.

[00126] These experiments were performed by applying rapid square-wave voltammetry.
Figure 22A displays representative voltammograms for untreated seawater sample containing
increasing levels of TNT in 100 ppb steps. The well-defined voltammograms illustrate a
reduction peak at -0.54 V vs Ag/AgCl and a smaller shoulder at -0.74 V. The peak at -0.54 V is
attributed to the reduction of the nitro groups, while the minor bodies of water, there is a need to
ascertain the presence of these hazards in aquatic environments. Underwater wearable sensors
could monitor the electrochemical response of explosive agents in a continuous fashion and
could alert the wearer of a potential threat. Accordingly, the neoprene-based electrochemical
sensor was examined for voltammetric detection of the common model nitroaromatic explosive
TNT. shoulder at -0.74 V is due to the reduction of the hydroxylamine product Fig. 22B displays
the corresponding calibration curve that illustrates linearity from 100 to 900 ppb of TNT (peak
current at -0.54 V vs TNT concentration; R2 = 0.990). The high sensitivity (S = 6.5 nA/ppb) and
the low LOD of 42 ppb (estimated from the 100 ppb TNT response) illustrate the highly-
sensitive detection capability of the neoprene SPE towards trace explosives in marine
environments. No apparent peaks are observed in the corresponding background

voltammograms, reflecting the high selectivity of the sensor.
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[00127] The stability of the wearable explosive sensor was evaluated by performing 30
repetitive measurements of 500 ppb TNT at 2 min intervals. As indicated from the resulting
voltammograms of FIG. 22C, this prolonged one-hour experiment yielded a highly stable
voltammetric response using seawater. FIG. 22D illustrates the stability of the peak current (at -
0.55 V) with respect to the initial measurement at t = 0 min (100%). The low RSD of 0.59%
indicates a highly stable response, without apparent surface fouling.

[00128] Heavy metal monitoring may be performed as follows. Copper is an important
constituent of antifouling paints utilized for maritime applications. The release of copper from
such paints greatly contributes to the contamination of harbors and to marine environments, in
general. Hence, a wearable sensor that can be adapted for underwater trace-metal monitoring
should be attractive for detecting copper in aquatic environment.

[00129] To accomplish this goal, trace copper detection was performed using square-wave
stripping voltammetry at the neoprene-based printed carbon sensor that was coated with a gold
film. This represents the first example of using a wearable sensor for trace metal stripping-
voltammetric measurements. A calibration curve was obtained through successive additions of
copper into a cell containing untreated seawater. The copper was deposited on the electrode for 2
min at -1.00 V vs Ag/AgCl and was stripped from the electrode by scanning the potential to 0.50
V. Fig. 23A shows the voltammograms obtained at the Au-modified neoprene SPE for a
seawater sample containing increasing concentrations of copper, while Fig. 23B depicts the
resulting calibration curve for the integrated peak area vs copper concentration. Both
experiments yielded well defined copper peaks, with no overlapping signals. A linear range from
10 to 90 ppb levels of copper is observed (R2 = 0.988), along with a sensitivity of 406 nC/ppb
and an LOD of 13 ppb. The stripping copper response at the Au-modified neoprene SPE is also
highly reproducible. FIGS. 23C and 23D display a series of ten successive measurements of 100
ppb copper in untreated seawater over a 50 minute period. A highly reproducible copper peak is
observed throughout this operation (RSD =1.76%).

[00130] It will be appreciated that technologies for screen printed electrochemical sensors on
underwater garments that are able to detect trace levels of marine pollutants and explosive threats
in seawater have been disclosed. Wearable electrodes intended for in-situ water analysis should
alleviate the cumbersome process of sample preparation and analysis, hence allowing the wearer

to monitor its surroundings for contaminants or hazards while performing other tasks. By
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printing the sensors on synthetic rubber neoprene substrates, commonly used in underwater
garments, the real-time voltammetric detection of trace levels of Cu and TNT has been attained.
Moreover, the inclusion of an enzyme within the printed ink enabled the biosensing of
micromolar levels of phenolic contaminants. The neoprene-based printed electrodes can tolerate
severe mechanical deformations that may be encountered during routine underwater activity.
Whenever needed, an initial calibration in the seawater sample could be used for addressing
potential matrix effects (such as changes in the temperature or oxygen level). The integration of
printable sensors on underwater garments such as dry and wetsuits holds considerable promise
for numerous marine sensing applications where real-time analysis and sensor miniaturization
are core requirements. The concept can be further extended to other important threat assessment
and environmental monitoring applications in marine environments.

[00131] FIG. 24 is a flowchart representation of a process 2400 of incorporating a chemical
sensor into a textile. At 2402, an ink formulation is selected based on a type of textile and a type
of chemical to be sensed. Several selection techniques have been discussed previously in this
document. At 2404, a viscosity of the ink formulation is selected to achieve mechanical
robustness when the ink formulation is applied to the textile. The desired mechanical robustness
may depend upon the desired application, e.g., rubbing against the body, folding during use and
storage and whether used for underwater wearing, and so on. At 2406, the ink is printed onto the
textile.

[00132] FIG. 25 is a flowchart representation of a process 2500 of producing an explosive
detection product. At 2502, an electrochemical sensor is patterned onto fabrics such that the
electrochemical sensor is capable of detecting gas or liquid phased explosive chemicals. In some
embodiments the electrochemical sensor is characterized to provide a robust and reliable
detection of an explosive nitro or nitrate compound. In some embodiments, the nitro or nitrate
compound may be one of Hexamethylene triperoxide diamine (HMTD), triacetone triperoxide
(TATP), tetryl, nitroglycerin, hexhydro-1,3,5-trinitro-1,3,5-s-trazine (RDX), 1,3,5,7-tetranitro-
1,3,5,7-tetraazacyclo-octane (HMX), and 2,4,6,8,10,12-hexanitrohexaazaisowurtzitane (HNIW).
As previously described, the fabrics may be one of cotton, polyester, neoprene or GORE-TEX.
[00133] FIG. 26 is a flowchart representation of a process 2600 of fabricating a product for
underwater sensing of chemicals. At 2602, an electrode is printed on a wearable material. The

wearable material may include, e.g., neoprene, as previously described. At 2604, an enzyme-
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containing ink is printed onto the electrode. In some embodiments, at least one of relevant
reagents, substrates, co-substrates, co-factors, and immobilizers onto the electrode. It may be
appreciated that such co-existing chemical species may help sustain the catalytic or biocatalytic
reaction. In some embodiments, a conductive layer is directly printed on the wearable material
and the conductive layer is overlayed with a carbon-based material to define geometry of the
electrode. The electrode may further be cured prior to the operation. In some embodiments,
during fabrication, the electrode may be allowed to dry for a certain duration after the printing of
the enzyme-containing ink is performed.

[00134] It may be appreciated that the present document discloses a chemical sensor
incorporated into textile or clothing. In some embodiments, the chemical sensor comprises one
of an amperometric sensor and a potentiometric sensor. The chemical sensor may include at least
one carbon based electrode to detect at least one of physiologically-relevant analyte and nitro- or
nitrate-based explosive, in liquid or vapor phase. In some embodiments, the at least one carbon
based electrode is for detecting at least one of nicotinamide adenine dinucleotide, NADH,
hydrogen peroxide, potassium ferrocyanide, trinitrotoluene, TNT, and dinitrotoluene, DNT, in
liquid or vapor phase. In some embodiments, the chemical sensor may further include a
chemically selective layer such as a permselective coating or a catalytic layer. In some
embodiments, the catalytic layer may include a biocatalyst. The biocatalyst may include an
enzyme such as dehydrogenase- and oxidase-based enzymes for at least one of urea, glucose,
ethanol and lactate sensing. In some embodiments, the catalytic layer comprises a metallic
catalyst selected from the group nickel, bismuth, silver, gold, platinum, palladium, iridium,
rhodium, osmium, and ruthenium for hydrogen peroxide and NADH sensing.

[00135] It will further be appreciated that a chemical sensor incorporated into specific
clothing elements is disclosed. The specific clothing elements may include at least one of an
undergarment waistband, a bra strap, a cuff, a sock, a wristband, an armband, a headband and a
collar for optimal on-body contact.

[00136] It will further be appreciated that a wearable garment product is disclosed. The
garment product includes a substrate comprising a wearable material, an electrode printed on the
substrate and a catalyst-containing ink printed onto the electrode

[00137] While this specification contains many specifics, these should not be construed as

limitations on the scope of any invention or of what may be claimed, but rather as descriptions of
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features that may be specific to particular embodiments of particular inventions. Certain features
that are described in this specification in the context of separate embodiments can also be
implemented in combination in a single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable subcombination. Moreover, although features may be
described above as acting in certain combinations and even initially claimed as such, one or more
features from a claimed combination can in some cases be excised from the combination, and the
claimed combination may be directed to a subcombination or variation of a subcombination.
[00138] Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular order
shown or in sequential order, or that all illustrated operations be performed, to achieve desirable
results. In certain circumstances, multitasking and parallel processing may be advantageous.
Moreover, the separation of various system components in the embodiments described above
should not be understood as requiring such separation in all embodiments.

[00139] Only a few implementations and examples are described and other implementations,
enhancements and variations can be made based on what is described and illustrated in this

application.
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CLAIMS
What is claimed is:
1. A chemical sensor incorporated into textile or clothing, the chemical sensor
comprising:

at least one of an amperometric sensor and a potentiometric sensor.

2. The chemical sensor of claim 1, comprising at least one carbon based electrode to
detect at least one of physiologically-relevant analyte and nitro- or nitrate-based explosive, in

liquid or vapor phase.

3. The chemical sensor of claim 2, wherein the at least one carbon based electrode is
for detecting at least one of nicotinamide adenine dinucleotide, NADH, hydrogen peroxide,
potassium ferrocyanide, trinitrotoluene, TNT, and dinitrotoluene, DNT, in liquid or vapor phase.

4. The chemical sensor of claim 1, further comprising a chemically selective layer.

5. The chemical sensor of claim 4, wherein the chemically selective layer comprises

a permselective coating or a catalytic layer.

6. The chemical sensor of claim 5, wherein the catalytic layer comprises a
biocatalyst.

7. The chemical sensor of claim 6, wherein the biocatalyst comprises an enzyme.

8. The chemical sensor of claim 7, wherein the enzyme layer comprises

dehydrogenase- and oxidase-based enzymes for at least one of urea, glucose, ethanol and lactate

sensing.

9. The chemical sensor of claim 5, wherein the catalytic layer comprises a metallic
catalyst selected from the group nickel, bismuth, silver, gold, platinum, palladium, iridium,

rhodium, osmium, and ruthenium for hydrogen peroxide and NADH sensing.
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10. A method of sensing a chemical using a textile-incorporated sensor as described

in claims 1-9.

11. A method of incorporating a chemical sensor into a textile, comprising:

selecting an ink formulation based on a type of textile and a type of chemical to be
sensed;

selecting a viscosity of the ink formulation for mechanical robustness when the ink
formulation is applied to the textile; and

printing the ink onto the textile.

12. A chemical sensor incorporated into specific clothing elements, the specific
clothing elements comprising at least one of an undergarment waistband, a bra strap, a cuff, a

sock, a wristband, an armband, a headband and a collar for optimal on-body contact.

13. The chemical sensor of claim 12, wherein the specific clothing elements comprise

hydrophobic textiles for improved robustness to constant exposure to wet environments.

14. A textile-integrated chemical sensor system, comprising:

a wearable textile material;

a chemical sensor incorporated onto the textile material; and

electronic equipment for displaying and communicating results of sensing by the

chemical sensor.

15. The textile-integrated chemical sensor of claim 14, wherein at least one of the
chemical sensors, support electronics, a display, power and communication functions are

implemented in a custom integrated circuit chip.
16. A textile-integrated chemical sensor configured to perform at least one of the
following operations: sweat monitoring for alcohol levels, performance/stress/exertion levels,

incontinence products, wearable heart-rate, blood-pressure, other healthcare-related monitoring,
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detection of toxic gases and chemical agents, and explosive threat sensing.

17. The textile-integrated chemical sensor of claim 16, wherein the chemical agents

comprise nerve agents.

18. A method of producing an explosive detection product, comprising:
patterning an electrochemical sensor onto fabrics such that the electrochemical sensor is

capable of detecting gas or liquid phase explosive chemicals.

19. The method of claim 18, wherein the electrochemical sensor is characterized to

provide robust and reliable detection of an explosive nitro or nitrate compound.

20. The method of claim 19, wherein the explosive compound is one of HMTD,
RDX, HMX, HNIW, TATP, tetryl, and nitroglycerin.

21. The method of claim 19, wherein the fabrics comprise at least one of cotton,

polyester, neoprene and GORE-TEX fabrics.

22. A process of fabricating a product for underwater sensing of chemicals,
comprising:
printing an electrode on a wearable material; and

printing a catalyst-containing ink onto the electrode.

23. The process of claim 22, further comprising:
printing at least one of relevant reagents, substrates, co-substrates, co-factors, and

immobilizers onto the electrode.

24. The process of claim 22, wherein the printing the electrode includes
printing a conductive layer directly on the wearable material;
overlaying the conductive layer with a carbon-based ink material to define a geometry of

the electrode; and
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curing the electrode.

25. The process of claim 22, further comprising:

allowing the electrode to dry for a duration after said printing of the catalyst-containing

26. A wearable garment product comprising:
a substrate comprising a wearable material;
an electrode printed on the substrate; and

a catalyst-containing ink printed onto the electrode.

27. The wearable garment product of claim 26, wherein the garment material

comprises one of textile material and neoprene.

copper.

28. The wearable garment product of claim 26, wherein the electrode comprises

29. The wearable garment product of claim 26, wherein the catalyst-containing ink

includes a dehydrogenase and oxidase based enzyme for detecting ethanol and lactate.

30. The wearable garment product of claim 26, wherein the garment material is a

waterproof material.
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FIGS. 21A and 21B
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