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STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

NOT APPLICABLE

BACKGROUND OF THE INVENTION

15  The present invention relates to detector systems for chemical and biological sensing.
The present invention also relates to small form factor, portable, handheld and
wearable detector systems and in particular to portable, handheld and wearable
detector systems including sensor arrays configured for biological and chemical
analyte detection, and which are configurable with software modules to detect and

20  analyze a variety of environmental conditions and which have low operating power

requirements and long lifetimes.

Civilian and military personnel, Coast Guard and Customs, State and Federal
Emergency Responders, and Industrial Workers would greatly benefit from a personal
early-warning system to identify changes in environmental conditions, such as the

25  release of hazardous airborne chemicals or biological agents, in time to either

evacuate or don protective equipment, such as chemical protective equipment (CPE).
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Handheld as well as wearable, passive detectors for hazardous conditions such as

20  TICs, BWAs and CW As will greatly improve the safety of the personnel operating in
threatened environments. Useful known portable detectors include point detectors
and standoff detectors. One chemical point detector, the Joint Chemical Agent
Detector (JCAD), is hand held and portable but has a limited operational life on a
single charge, requiring frequent recharging. In addition, the JCAD has to be handled

25  impairing use of other devices simultaneously. Standoff detectors, such as the Joint
Services Lightweight Standoff Chemical Agent Detector (JSLSCAD), can
continuously protect personnel from CWAs, but (1) lack spatial resolution and (2)
have detection limits much larger than the Immediately Dangerous to Health and Life
(IDLH) level. General limitations of current badge or wearable detectors (e.g.,

30  SafeAir, ToxiRAE) include: 1) analyte-specificity: these require detailed a priori
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bi ol ogi cal sensing, the diverse set of potential target conpounds and
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| ow cost sensgy se L I proach optim zed to detect
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pr ot eomiss afuphé semboradesidel(rsush enteToxiRad Plus, peodice chdiblas] viBfi(ory aBiis,

(2001); Harrinton, et al., Curr. Opin. Mcyrobjal, 3(,32 : 285
eliminate interpretation errors, and have datalogging capability, but these wearable

sensors are still analyte-specific. In addition, these sensors are not useful as badge

detectors since they require a pocket or belt clip due to their size and weight.

Wearable sensor devices with analyte-general capability have been developed, e.g., by |
20  EIC Laboratories, Inc. and Physical Sciences, Inc., however these devices have
significant performance issues with humidity that are likely to affect the ruggedness

and stability of the sensors during field-use of the badge detector.

While improvements have been made in the field of chemical and biological sensing,
the diverse set of potential target compounds and numerous sensing methodologies
25  has limited progress. Most current low-cost sensors are based on a single sensing

approach optimized to detect one, or a class, of compounds.

On the biological side, significant recent research has been directed toward
fluorescence-based arrays for genomic and proteomics applications (Kristensen et al.,

Biotechniques, 30(2):318 (2001); Harrinton, et al., Curr. Opin. Microbiol, 3(3):285
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- 15 There is therefore a need for impraved sensors and detector systems for biological and
chemical sens‘ing. There is also a need for personal detector systems (e.g., portable
and wearable detectors) that overcome the limitations of current detectors and which
provide personnel with continuous, reliable protection in a potentially dangerous

environment. The present invention satisfies these and other needs.

20 BRIEF SUMMARY OF THE INVENTION

The present invention provides improved biological and chemical analyte detection
systems and devices. The present invention also provides portable and wearable
detector systems and devices, such as badges. In certain aspects, such systems and
devices are analyte-general, rather than analyte-specific, and therefore provide an

25  optimal way to notify and protect personnel against known and unknown
environmental conditions and events such as airborne chemical and biological
hazards, without the device having to be handled. Such devices according to aspects

of the present invention are advantageously low-cost, have low-power requirements,
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an environmental parameter such as temperature, humidity or pressure, radiation

1 8 JAN 2007 WD 2005/ 106i0 PCT/ US2004/ 032774 may be wearabl e and are

level, or other physical stimuli, the presence or a level of an atmospheric constituent
15 such as an airborn chemical or vapor, the presence or a level of a liquid or fluid

constituent such as a chemical, a biological agent or material, a therapeutic agent, and

others. A change in an environmental state or condition may include an increase or a

decrease in the level or presence of an environmental parameter.

In certain aspects, detector devices of the present invention include one or more of the
20 following features or attributes:
. uses a non-specific sensor array to detect one or multiple

environmental conditions, e.g., TICs and CWAs at IDLH levels,

. uses polymer-composite sensors which are stable in the presence of
moisture,
25 . measures relative humidity and ambient temperature,
. can be used in a wide range of operating conditions (relative humidity:

0-99% non-condensing; temperature: -15°C to 40°C or greater)
. is passive and requires no user-interaction or user-attention during

field-use,
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and anal yzi ng 20 envi r op¢ratidrgl condi ti ons and changes therein such as the
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. can be directly integrated into existing products (e.g., wireless sensor
15 networks for detecting industrial chemical leaks and the release of

CW As in public facilities) to increase the available market size.

According to certain aspects of the present invention, polymer-composite sensor
technology is used to construct arrays of two or more sensors useful for various
applications, such as portable or wearable detector devices for detecting and analyzing

20  environmental conditions and changes therein such as the presence of TICs, BWAs
and CWAs. Such devices including PCS sensors are particularly advantageous as
they can be configured to be compact, light-weight, wearable, rugged, stable, low-
cost, low-power, and analyte-general. Polymer-composite sensors do not have the
same humidity-performance limitations as conductive-polymer sensors. Since

25  polymer-composite sensors are low-power sensors rather than no-power sensors (e.g.,
current off-the-shelf (COTS) badge detectors), detector devices according to certain
aspects of the present invention are able to produce alarms with no interpretation
errors and allow for datalogging capabilities. By combining a sensor array with
techniques for detection and identification, detector devices according to certain

30  aspects of the present invention are advantageously non-analyte-specific, addressing

another limitation of current COTS detectors and others.
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advant ages ofA‘ftcﬂ’é%M”bg g’s@ﬁg’qrﬁ%ﬁtt ?ri)tﬁ‘?pﬁﬁ?\ﬁnﬂwemlf)% i Sé(ﬁt&ma‘a‘Pé%‘f“g s of the
present i nvemtﬂecsgsteﬁ&yﬁvemy ARIudBEa PluralRY OF SerRih@ dRPRE (dabiN deibe ¥R IWdMESan
enbodi nents of the present” invention, are described i'n detail belowwth

respect to theaypofonpenmorgsedsaangaegedion a subsitate aind g svirdlésk compfumication
nunmbers ,indic Ldenti.cal or functignally simlar. enent,s. 20 BRI EF
DESr PP ot bgg flemivpsttoh’ BhEsstont e e LSRR a8 on or o
conposi te depesdeSingBéR), IRhted eERORATIM said Wénsiy @vi@R Ay iy RdbéSingand a
representation of how data are_converted into_ response patterns,

respect i vel y meduls aidrcangmumcaligidapdye, saikngsiedsing configaredite recefve@nd?2
illustrates I.DLH | eve i ! . GS. 3a and 3b illustrate
portabl e det ggltle%snm%fleail/sis%g%té%éfg?%ﬁ%ggg%géﬁbd%gﬁcgénts of the present

invention. FIG 4 shows a typical response curve to a transient event. 7
Reference to the remaining portions of the specification, including the drawings and

“15  claims, will realize other features and advantages of the present invention. Further
features and advantages of the present invention, as well as the structure and operation
of various embodiments of the present invention, are described in detail below with
respect to the accompanying drawings. In the drawings, like reference numbers

indicate identical or functionally similar elements.

20 BRIEF DESCRIPTION OF THE DRAWINGS

FIGS 1a and b illustrate a representation of a composite detector material responding
during an analyte exposure, and a representation of how data are converted into

response patterns, respectively according to an aspect of the present invention.
FIG. 2 illustrates IDLH levels of various agents.

25  FIGS. 3a and 3b illustrate portable detection devices according to embodiments of the

present invention.

FIG. 4 shows a typical response curve to a transient event.



9 1 8 JAN 2007 WD 200-5/1Q68760 PCT/ US2004/ 032774 FI 5 shows an exanpl e of
a detector device accordi to an enbodi ment of the esent inventiqrg jiN 807
6 shows an exanple of a fire detection system i ncluding o) yi ces
accor di ng W82%7846%di nent of the present invention. 5 Fﬂ’g 2@%@@27%

typi cal response for a device using 32 sensors. FIG 8 illustrates a nodel
using Soft | ndependent Mdeling of Cass Analogy (SIMCA). FIG 9
illustrates ﬁ@agpskes of chemical filter systens_for whi CE an '
end- of - ser vi &2 pishews ap gxaaplg ot e dstesior devie acqordipg in #ycmhedigentefitie pcs
sensors are oy IG 10 illustrates a systemincluding a distributed
net wor k of v&?@géﬁesse%tg%rgor devi ces according to an enbodi nent of the

present invention. FIG 11 illustrates a schematic representation of a
Resi dual Li fEQG. 6dhoat an ekample o€ a fine detectiongsystensincdbpdietention dbvicke pr esent
invention. FIG 12 illustrates a _mask-based filter interface system

i ncl udi ng a afePEEdP Apsmbodimens of the ATeseREUYERIYY t 0 an enbodi ment of the

present invention. FIG 13 shows signal to noise ratio neasurenents for

nmul ti pl esse ) i : or array according to
i pl essensgey § s}ﬁclwg% Q%ﬁéaﬁgé&gwﬁs@f@% %éﬁb@ﬁ?lﬁgaz FerRBRS y i ng

one enbodi nent. a sensor ce ccording to one enbodi nent.
FIG 16 shows the |-V response of the cell of FIG 15. 20 FIG 17 shows the
response of Ilke8c¢lustrates afhalel b8ing Sofidndepehderft M delig g o Ollass dmakugypt | ve bi as
circuit accorsg\idgl to one enbodinment. FIG 19 shows a table of four SMCB
materials. 8§ 2007 WD 2005/106760 PCT/ US2004/ 032774 FIGS. 20a and 20b
show the chem cal structures of polyanilina and pol yt hi opbene,

respecti vel YRIGFY Grus&htes lek Mfipleabeehemissll ke by REEARY WIALH M e-0£65Fice S 22
illustrates a power nanagenent nethod accor dlgg to one enbodinent. 5 FIG 23
e

i 1l ustr at es indidaoe@SLdhmedulednguding oae oy pocaPCh seprorsareaisefuk according to

one
10  FIG. 10 illustrates a system including a distributed network of wireless sensor devices

according to an embodiment of the present invention.

FIG. 11 illustrates a schematic representation of a Residual Life Indicator Fixture

according to an embodiment of the present invention.

FIG. 12 illustrates a mask-based filter interface system including a detector device

15  module according to an embodiment of the present invention.
FIG. 13 shows signal to noise ratio measurements for multiple sensors.
FIG. 14 shows addressing for a sensor array according to one embodiment.
FIG. 15 shows a sensor cell. according to one embodiment.
FIG. 16 shows the I-V response of the cell of FIG. 15.

20  FIG. 17 shows the response of the cell of FIG. 15 to octanol.

FIG. 18 shows an adaptive bias circuit according to one embodiment.

FIG. 19 shows a table of four SMCB materials.



enbodi nent. FIG 24a shows the correl ation between traditional and
br eat h- based di agnoses. | G 24b shows di scrimnatign of bacteria according
to one aspect. DETAILED CRI PTI ON OF THE | NVENTI qu The present 18 JAN 2007

i nvention an integrated resistance-based chem cal and biol ogi cal
sensi ng syg?e%b‘ﬁflmté&si l'icon chip. Such chips according togmgﬁ'f"g@ém‘ -

i nvention are advantageously |ow cost, |ow power, small, rapidly respondi ng
devices that can detect, classify, quantify, and track a wide variety of
chem cal and/or bi ol ogi cal species in air or other carrier nmedium Such

devi ces ar e IHEiSe20panbE@r thophidis sharsicghgtriciyegof ralyrndlinarandinolghiophens. t o t hr ee
orders of n%g%jegtzgeq | ower than current |ow cost sensor technol ogy. These
chips are al'so a \Vant ageously consistent with distributed networks, such as
| ow- cost (<$5 per node), self-assenbling, wireless networks, such that

chem cal andIGi ol Alistrates 2806 ¢1@nbasuladion process. ubi qui tous as  tenperature and
pressure sensing. Such devices result in enhanced safety, inproved 20

ranuf act ur i ﬁ and a cl eaner environnent. The present invention exploits a
nunber of chaf arlushatespprper managsaat mythadackerdinggp ove empedimety| g|
conpati bl e and which have a nunber of superior chem cal sensing performance

propertigs rﬁbfig.f, Mﬁ,s&&em%teeﬁsnvg%égsxana\é ' i@pﬂre%p%xgaﬂse aé%%hga)g&gée” al's

i ncl ude nanoparticle conposite sensors such' as pdl yner conposit
sensors, sersbodilma@ased on nanot ubes, and sol -gel based bi ol ogi cal sensors
(biogels). In addition, intrinsically conducting polyner sensors are al so

used. The p e i nvention . als rovi des .fabricati t echni ques for the
deposi tion (rfiarg‘tﬁﬁ}}‘)?”ér SpyEelgion 5W§&w%@%a@m?ﬁa@8cgg@ggoses.
PCT/ US2004/ 032774 drops of these conplex conposite materials. The present

invention alfs@. PsHodRdistrimiHARAY ofHactesib Ubédtaigab ofdigHRASI ons of sensi ng
materials that are stable dispersions at the nanonetér size regine. The

present invention provides a broadl%é useful chem cal and/ or bi ol ogi cal
sensor that 5 can be UPETAHED REYSSRIFTIGNIOF EHEENYENIION cat i ons and

therefore drive volunes that may result in extrenely | ow cost sensing.
Cheni calO andhe prsisenfiinegntionaelipies t¢ an njegiated resjstancedysadedherical apdr at or i es

using hi ghl Xio%)g?&il %Eﬁs(fr?é ﬁgteirrpgrtl hWiiRBh %hl?f $ilen %Rip@ taccording to the present

“° - invention are advantageously low-cost, low power, small, rapidly responding devices
that can detect, classify, quantify, and track a wide variety of chemical aﬁd/or
biological ’species in air or other carrier medium. Such devices are able to detect these

15  species at concentrations of up to three orders of magnitude lower than current low-
cost sensor technology. These chips are also advantageously consistent with
distributed networks, such as low-cost (<$5 per node), self-assembling, wireless

" networks, such that chemical and biological sensing may become as ubiquitous as

temperature and pressure sensing. Such devices result in enhanced safety, improved

20 manufacturing, and a cleaner environment.

The present invention exploits a number of chemical and biological sensing

technologies that are VLSI compatible and which have a number of superior chemical

sensing performance properties relative to most previously available systems.

Sensing materials include nanoparticle composite sensors such as polymer composite
25  sensors, sensors based on nanotubes, and sol-gel based biological sensors (biogels).

In addition, mntrinsically conducting polymer sensors are also used. The present

invention also provides fabrication techniques for the deposition of nanoliter size



measur enents usi ng hand-h devices. No broad-based,glow cost, sensing
t echnol ogy exists that ca e easily depl oyed across de range of 1¢ fA
ory

appl i cati ome 20651087680 pH neter or gas chronatograph can %f,ﬁszq)@gogbﬁgora
setting). Since each potential application has |imted volunes, very

| ow- cost devices do not exist, except, for exanple, carbon rmnoxi de sensors
whi ch have been adopted on a chh w der basis. Appli cations for thi s

| ow- cost sol ytion.are nunerous and i but ar not mted o, fire
br ot ecti on. FEBROLBES SIS FpPBite pRerin TR borgbebit SHien Bl PHTALRGS1 o
Each 15 of tiaRr8PBbluGakd &rsespeﬁmeh@aﬁeh%bmmS thathd@tabi@Rp&tioRPhent i al
target compounds. A few exanples are nent roned bel ow but the overaII

economi ¢ i nphe hanpoestengizd reghegiond t hose |isted. Detector devices according
to the present invention preferably incl ude an array (i.e., at least two)

of pol ymer - cQnposi t Sensors ite en or 20 t caIIy
i ncl udes a coOlfIET ﬂwﬁﬂtd?rhpmé{ﬁﬁgfi%@ ﬁgéfg l@%@@}%‘b a .
vol tage ks apRbead)aed Qessstmldelre@aermgﬁhca@lbﬁ@sﬁ@ﬂﬁréf&e\tﬂve%mﬁés th&e sensor

via pathways consisting nmainly of the conducting nedia, and sensor

resi st ance imay resalsin emen@y\m-cmsc@mﬁ\déhqnycairaed&ﬂolp@ealsﬂenﬁmgss

measur enent s of he st at f.the . senso related to t unber of
nol ecul es s&*BE4 Yﬁelfﬁ (ggﬁg]a?ratongs Bﬂgﬁb’@%rynmf%l VGRS @?nsp@gfe a‘?{gg pput
propor t i onalméRuRnfent\gehgd KhnddRldBsScRl NotrbedbAREW-68st, defisingert ai n

aspects, The PCS sensors, or other_sensors in an array of sensoérs, are
modi fi ed aéecdmgbewmwtm@aecram heceasipi deploved aheoss e aviderrange of bpxdmgpneﬂas anal yte

detecti xa ect . ec fIC Lecept.or rafted, or
ot horwi 0 aBPLEREh oF B ot pReRR B n e G o T Sifec' Pofblshll;

bi odet ect i onpgRgtiofiHak fffited A T3] Vel 180-coxatepices db madmsto glf@ctrodes are
repl aced mntﬁ m crof abri cated vertical carbon 10 O 18 JA§p2007 WO

2005/ 106760 ePamplespaban oppoxide sensatst Wiyeh bP\éf‘d?qud’éQPﬁeﬂ o denyepwider bagie
nanoscal e size results in a small time constant and a | ow ohnic drop,
thereby en hgaga‘b'hg&oq{%tfﬁ%% 1o§ze-§tf]s't %dlMﬁcSr}’are Qi frdif %ﬁ%ﬁ&&&e b%&% nto"t‘ BelS 2
change in t em cal vapor I n contac sens [ here is a
concomi t ant te,dip prutecting leak deecidg fidier bed mensarting asi médmﬁehagﬂndilsc fBacge in

t he vapor phase causes a change in the chem cal its conponents

t en
and a sﬁ%seﬁﬁgﬁ’?e pRlicstianTis charaetrazRdchy 2 JiledAnES:#! %?WZWS??&OMBBG’S and the

vapor A few examples are mentioned below but the overall economic impact goes well

poad

beyond those listed.

Detector devices according to the present invention preferably include an array (i.e.,
at least two) of polymer-composite sensors. A polymer-composite sensor (PCS)

20  typically includes a conducting media, a polymeric phase, and two electrodes. When
a voltage is applied across the electrodes, electrons travel across the sensor via
pathways consisting mainly of the conducting media, and sensor resistance is
measured. Sensor resistance is one of the simplest measurements of the state of the
sensor and is related to the number of molecules sorbed in the sensor - a change in

25  sensor resistance is proportional to a change in the mass of sorbed molecules. In
certain aspects, The PCS sensors, or other sensors in an array of sensors, are modified
as described herein to optimize chemical and/or biological analyte detection. For
example, in one aspect, a specific receptor is grafted, or otherwise attached, to the
surface of a conductive particle for specific biodetection applications. As another

30 example, traditional electrodes are replaced with microfabricated vertical carbon

10



phase. This difference ig chem cal potential results in a net transport of
nol ecul es into or out #t he sensor, dependi ng onnﬁt her the vapor 8 Mﬁﬂﬁ?
sensor has _greater chemcal potential for that conP8nent. This net
transport WBYHE{f%s causes a 10 change in the resi st anREI/HFH6E02AB nunber
of sorbed nolecules in the sensor changes, and the net transport continues
until the chem cal potential of all conponents is the sanme in the vapor and
sensor. FIG 1A shows a representative sensor response to a step change in
t he concent r gdnotibe@ccttddadial otie@spdc@r THe R@Idseale Size FdstiRs int '@nSIE AHR coh&ant
exposed to air. and the sensor resistance, Rbaseline, is constant since the
stimulus i s @dsplowsohmigfen therebphenhaaping defestor saitiiiyosed to a vapor ("vapor
on") that contains air and an analyte that wasn't present during the
basel i ne, c¢ i i LE hem Lal of.the v phase.
Mol ecul es ofafll‘fll Zana y? élsto {r'lavl%ﬁ% ?r%?ﬁ%ﬁimésgﬁh%p hgrggc%?ﬁ c?rﬁ}aﬁgs g]ecr?%arc?&%&si ng
an increase defisdrjertighebnedmitdit eespbhse subRbs ackarpe il sshsbrdsiitinc§eAsor and an
i ncrease in sensor resistance, R Wen the sensor is no | onger exposed 20 to
t he anal yt e qhaggpisrthe/apor phase Gayses,arhwage Bnihg chemigpkpaientiah of imeompenents

nmol ecul es desaqr. r | reases to the
basel i ne-r estSrampes R AR A0S 6 orRied B R RRRR RIS LAREF aifEfe YRR

Rbasel i ne) /pHatasEhis déffdrercelin thatical patpiifal resus Reendt@dnsorasf mblediyledf

pol ymer - conposite sensors, the array 25 produces a pattern, as shown in FIG
1 B, since riB@or ot ofthe sgpsor, deppgding op vhether Hievapor of the sensor hasgrerieic e
different r ) l: S
proporti onal ? @fﬁ%ﬁéotg;g{?:?eﬂg{‘ﬁgl a{oﬁﬂrl%o?lghﬁcgﬂﬁgbetﬁagggéﬁgﬂm? %g{rﬁc%g rial?&tg%? urat ed
vapor (0esshasge in tRetEsisnea tint ©thealuaibiey of surbediinblechiles intieasensd Bhaipes,) The
chem cal potential of a vapor conpgnent in the sensor is proportional to

the nunber @pd éléﬁfkfé(ﬂr apgRaseAnbBues i dhg chepyeal potenhial gl sl ompomsnts isthehe
5005 106760 BRI EBoGRPH B Shede) SIBOIRIAE A L Eniakibe stheby Redle20RT V1,

sensor resi steprhengesinghe parcentatadn dfantdnelyte hBorgeperiod ol dimeg tlse sehsards bed

nol ecul es. At equili bri when the chepgical . potentials of each conponent
'n the vapoEXPAREELo 2iES e SERTRE aPsisiiece e I8 AN SBIES HEAPBAYEISAR ove

the scalikng ah@ATE The senoF tR expoRéd %a{ $for (vhPor o9kt cbAthins air and an

analyte that wasn’t present during the baseline, causing an increase in the chemical

potential of the vapor phase. Molecules of analyte travel from the vapor phase into
the sensor, causing an increase in the number of molecules that are sorbed in the
sensor and an increase in sensor resistance, R. When the sensor is no longer exposed
20  to the analyte (“vapor off”) and is exposed only to air again, analyte molecules desorb
from the sensor and the sensor resistance decreases to the baseline resistance. The

sensor response is calculated by:

AR = (R —_ Rbascline) / Rbaseline [l]

When a vapor is presented to an array of polymer-composite sensors, the array

25  produces a pattern, as shown in FIG. 1B, since most, if not all, sensors in the array
preferably produce different responses. The chemical potential of a vapor component
is proportional to the percent saturated vapor pressure. (Percent saturated vapor
pressure is equivalent to relative humidity for water content.) The chemical potential
of a vapor component in the sensor is proportional to the number of sorbed molecuies

30  and is inversely proportional to the average interaction energy of the sorbed molecule

11



where (AR/ R)) is the segaor response for the jth segsor in the array, e;i
is the interaction energ@et ween the ith conponent 6 t he vapor and"Bp@N.ZﬂW
, 0 in

jth sensoryiphobdferedr ray, P is the partial pressure telﬂﬁi h conpone

t he vapor, Bsa%‘,; 76? the saturated vapor pressure of the /ngé’?)wg%ént in

t he vapor phase at the sensor tenperature, 10 Tse"sor. Since the interaction
energy, s;l, is different for each anal yte-sensor pair, the response of

each sensor in the array will be different for the same vapor. The
i nt er act i on vetlethggensr matérialsa Arebangedn dlie scasg aesisiannsils pxopoytianal o the ven

analyte and in__cerfain aspects has wvalu I in ear wo. or der s of
nmagni t ude f(gkxalagefméf)eewtass 03%8%583@8%@8% é?@?%&ﬂﬁ%%ﬁﬁ%é@&%‘som are
preferred, igotdnfialditesch @RshonBatin 38 $8for phasdant HRSsenesiair€leqealf e kéRoPr esent
invention may include other sensor types in addition to, or alternatively

to, PCS sengesponseUollows i@t sealssg @gwment:Nos. 5,571, 401 and 5, 788, 833, each of
which is hereby incorporated by reference inits entirety for all purposes,

di scl ose_chem cal  sensor useful f detecting analytes in a fluid (e.qg.,

l'i qui d, ﬁas) as v(él’q/@z‘;NMIP")S%f’y%W’i corrpo[szﬁte materials for

pol ymer - conposite sensor Systens and devices. U.S. Patent No. 6,537, 498,

which is hereby incorporated by reference i its entirety fqr all purposes,

shows col | oidisre (8 ¢ Rgll%ﬁleéﬂ@%fﬁﬁ?nﬁ%f?émedl senseem the prfay, s 188sor s devi ces
nuwent i on. pLovi des

of the present jinvention. In gnemaspect, .the present. i

i ghl y engi REgRElPR ey RerueePEd" FRRSnes inlie Kaleroohd dPD CHemsdiindhe sl ack
particles staby, B i£le phitidl pRbfEcbHea’ chapyit & thatvhpehed, ;dé tRGhhuyaté® t he
carbon surface. These surface-nodified carbon black (SMCB) sensor materials

can be di spErRB@TésIurg of theie rpompadentds the vapar phasp ahdieGaRsof iempyr@s®r ve  t he
nanonet gr - scal e rticle ere typical. bon.hl ack/ pol ymer di spersions 12
0181 Zg-EY’F‘"V\%?%(S‘gﬁ T&%wnseﬁa%sémﬁ%ﬁ%ﬂ“ 4 P@%&%éseafortpﬁﬁ, {lﬁecr on

size regi ma?es?: R Sf TR eh&irin MSartyOl Vb SH et forltRe ddhfe Y4y, YAEUT® | €t ting

processes o present 1 nvention.” In addition, the sensitivity of these
mat eri al s i mtagetion dnergy; eglieaheasurd afisaison deasitietypos given analytr smdtihat do not
utilize the surface nodification approach. Extending this denonstrated
capabi | ity eetan amweels bas valgesdiapging Jeps}y Hye efdgestofgpamntyde fer dfferent i s

advant ageou veral he Sty es | ng:.t i re al so
conpati bl e :Smnatlﬁg-ts%rés%g g%.ésd rz&hﬁ&lg&l%g 861881%%% Er%?eﬂe'a, 1tt1§\91m‘é%t8931 fitit 8nfor 7
15  devices according to the present invention may include other sensor types in addition

' to, or alternatively to, PCS sensors.

United States Patent Nos. 5,571,401 and 5,788,833, each of which is hereby
incorporated by reference in its entirety for all purposes, disclose chemical sensors
useful for detecting analytes in a fluid (e.g., liquid, gas) as well as useful polymer-

20  composite materials for polymer-composite sensor systems and devices. U.S. Patent
No. 6,537,498, which is hereby incorporated by reference in its entirety for all

purposes, shows colloidal particles and other materials useful in the sensors devices of

the present invention.

In one aspect, the present invention provides highly engineered sensors created from
25 nanometer- sized carbon black particles stabilized with molecules or polymers

attached directly to the carbon surface. These surface-modified carbon black (SMCB)

sensor materials can be dispersed in a solvent and result in suspensions that preserve

the nanometer-scale particles where typical carbon black/polymer dispersions



deposition techniques of gl he present invention. Onegspecific sensing
technology is intrinsi | y conducting pol yners. QI eintrinsically JAN 2007
[ have been known for so hlstorlcal?y

conduct i ng_pol ymer_ sensors
t hese mat gyg&%"é%ﬁgﬂf been susceptible to 10 noisture resﬁFﬂ%@“WWﬁﬂ]’el i abl e

sensor performance. Recently, new materials have been fabricated for

di spl ay purposes that show nuch greater stability to noisture.
Traditionally, these intrinsically conducting materials have high

sensiti vi ty degregate atdhemisipy bize sqgome pﬁh%@‘ée%ﬁwmy Slﬁtﬁhﬁﬁori e &w-ori ne-,

amoni & ang ik e SRRLELDL AR pABSES e boATH! ABFuG] BRSALTRY SFRke Nt

S SU|tabIe |on IS car na o

chenmi cal detgatiigle icepabid ortgr@a%erqﬁaﬂ hﬁﬁﬁr oEhpssita |s6nsbﬁh\/tﬁatbﬁﬁffibt REGEEOTHeY
reported (Ko et al., .Science, 287(5453):622 (2000)). In these reports,

t hese rratersa%a@e medif] waﬁ%app;oaﬁémuﬁ@m@n tselemaastsete biJity i 2 winge of
el ectrodes. g&%e@ﬁ&rgﬁtﬁmbseﬁa\x}g%?wr @%d¥£{t$9e§%£' ty of single nanotubes is

very hi gh. y averagi ng er of nanotubes, single tube
variability can be reduced or elimnated. This will lead to a nore reliable

and econom Saverahotlieamssistivéiased isbnsiniprRcidodierdre aib @vinputibly vidnhesédseted. I n
certain aspects, .the ngsent I nvention provides nethods . to deposit
nanot ubes d |dPEQﬁ1‘II‘§ﬂ techminaesaf|thepresent tveation | @pe FRECHILSSBHIRE é%chnqiﬁgg 1s appr oach

focuses on %ﬂs %g&{dg@tﬁlxﬁ%ﬁ&ﬁ ﬁa%{l@ﬁ?nﬂsg'caﬁ r?@ﬂc‘ﬁn%@%ﬁ?ﬁﬂ égésoA%mt her

set of materia ohe aspect ace- oi dal
metal part ihairdebmrlarmm fot bene tlhmnhleanbajly mbmhateiﬁhle hievé bednuisceptible to

surface-podified g \g nanopaﬁ"} i.cl es as chem caI sen ors simlar to the
sur f acel demqlgarecrgﬁ RS B WiklLablessnsen RealermpRire Raoer s revHBiEAah8YS al s as

bi opol yner I mui r
17(8) : 2408 Pgéoifo%’ ﬁ%&?%ﬁ&ﬂ’? v “ﬁﬁ°Se’g(r?ikg:?gue}l%r‘5 %ﬁﬂf%%) XBllid t%(r)néjﬁméEngel kanp,
Sci ence, 28Z¢&itiG)allgthetd dadsjcallyicesduchng erdteriads bave luglﬁseﬁisﬂwMyZ&OCkrtaiﬂ)

2005/ 106760, PCT/ US2004/ 032774 often.referred to as self- Elgl i ng.nonol ayer
(SAM)  sensoPED{aRAEPLEFR COMRPYRAS gl ing ¢RIGHNG; s AYTQBIE (AR ssl‘} é’@“ﬁ’b‘apgl er

whi ch form gyggpnol ayer on the nmetal surface. In the present invention, both
traditional "pol ymer nodified gold nanoparticles and biopolyner nodified

gol d nanoparticles may be used as resistance based chem cal 5 and bi ol ogi cal
sensor sl5 Thdnper skaps/ef matgrials that py swteble Sorusenn ehe pBiest invenken isrrarbon

nanotubes. The chemical detection capabilities of these materials have been recently
reported (Kong, et al., Science, 287(5453):622 (2000)). In these reports, these
materials are manually manipulated to lie between parallel electrodes. Furthermore,
manufacturing variability of single nanotubes is very high. By averaging behavior

20  over a number of nanotubes, single tube variability can be reduced or eliminated.
This will lead to a more reliable and economical manufacturing path than has been
previously demonstrated. In certain aspects, the present invention provides methods
to deposit nanotubes directly from a solvent that completely evaporates. This

approach focuses on using one or multiple nanotubes in a single sensor.

25  Another set of materials that is used in one aspect is surface-modified colloidal metal
particle sensors other than carbon black. These include surface-modified gold
nanoparticles as chemical sensors similar to the surface-modified carbon blacks
described above. Use of these matenials as biopolymer based sensors has been
demonstrated (Frey et al., Langmuir, 17(8):2408 (2001); Ostuni et al., Langmuir,

30  17(9):2828 (2001); Engelkamp, Science, 284(5415):785 (1999)). These materials are

13



conpared to optical detection that requires the alignment of |ightsource,
surface, and detector th currently limts these dggaces to | aboratory

use. A second advant age i that these materials are npatible with 1 BelAN 2007
sensi ng amdodeesEstéoon net hodol ogi es of the present i nvardy/oseoodiesa

materi al s have been denonstrated as effective sensors. 10 The fabrication of
these sensors is generally simlar to that of the carbon-bl ack-based

systens. In addition to the surface-nodified biopolynmer sensor nentioned
above, ther efich roferre@ & B NRIs6PEn o HSE PG (B AMY R85619RBY alkaRE WiokArd he
present invention. The technology, developed att HRL (fornerly Hughes

Resear ch Lalsdieatused s the sudheeanodifier whichdormeasmpolayst e thamgabsifesedsensor s.

b6 ot onRbEsd T ERTER S BRBHEL P B KRR S S R "
so] - gel mat rHigRIyih s A6&iFRd g)oiﬁh@a%@pz&ﬁ@l%@fna?'b@'ﬁﬁéﬁ 8s fi8ishfte Bﬁh%h)éhi&iﬁicai n water,

and air (including aerosol and detect analytes in soil, as well. Detection
i s accofpl iaafbiblpgicatsensass.i e tekistivheead eui providss 8 manTe golyfst ticeswremenict i ve

pol ymer. The 20 r_cons .10n [ S extrene]. 0 éﬁ n,t he ordep of

i cr ovat t 5) oBPBRALE Pyt LRG0 fhgh oty B ldhunP s RBles RS erind i 1§ 2o
to detect spRfeticriigh cRAch®Y limith (R advicedaes Rbolatéry dste ALQRBn@hdamtpid evel . A
key advantage of this biosensor is that it can operate w thout consunables
and can det dlat thiise ovatérials aregiompatible vttt the pensinef andrdepositipn methodabogiesrafy  of
multiple, e.,g., 32 sensors,.ds inplenented in. 25 the devices of the present
Mventi on, ik prsens FERBRR L Thes silrEEPGR HeeRrantls R A iy herreiee
sensors18s degifsaftation of fiesdsenkbre W Senerdlly!siffiBdr t6 Thatfdthé drbén-BlasRBaédd C
applications, an array of only four or five sensors is typically sufficient
if sensors &ysdem@ppropriately selected. In preferred aspects, an array of
sensors includes a single PCS sensor or nultiple PCS sensors. Also, the

array nmay i de 0 . 1 1 8 JAN
5007 O 20087 %“ 09%9%%@%%66&‘?@%%2%%?38“%? Trettiopt® b Vek%‘.ep%‘{,gé‘sa 576,
whi ch i s hesedoyidieneeging biddetbctiyn teefusolegyuseful in tise presdot ietetibwr Thé |  pur poses,
di scusses aspects of an ex |.e_of a handhel d_sensor ste . whj ch includes
a rel ativel F%Pﬂ?]ﬁéy’rﬂ?ﬁﬁ]é’Pegfr‘rtp E_BH&B}@GBMﬁ%ﬁﬁ%ﬁ?g@%ﬁ%ﬁ%‘ﬁgﬁ#ml&we t hat
It f\e' nt epsled gElOenleﬁ'psﬂﬁ?%l éﬂyn%—%sg(?sern@&g.e TREseARenS s 1P Base PG BHERLIENSOT

polymer transducers couﬂéd with bioindicator molecules (e.g., enzymes) which are
encapsulated within sol-gel matrices (biogels). These sensor elements detect analytes
in water, and air (including aerosols) and detect analytes in soil, as well. Detection is
accomplished by monitoring the change in resistance of the conductive polymer. The
20 power consumption is extremely low (on the order of microwatts) so battery life is
1 long. This sensor approach has been utilized to detect sporylated bacteria from an
aerosol at the 1000 organism level. A key advantage of this biosensor is that it can

operate without consumables and can detect directly in air.

In certain preferred aspects, an array of multiple, e.g., 32 sensors, is implemented in
25  the devices of the present invention, but arrays can be comprised of fewer sensors or
even more sensors as desired for the particular application. For certain specific
applications, an array of only four or five sensors -is typically sufficient if sensors are
appropriately selected. In preferred aspects, an array of sensors includes a single PCS
sensor or multiple PCS sensors. Also, the array may include none, one or more other

30  sensor types.
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5 Cyranoserm 320 (C320), A4 s a COIS handhel d vapor identification system

that, in one aspect in es: (1) a polyner-conpo sensor (PCS) aﬁram o0
that returns a signature™ pattern for a given vapor,®(2) a pneunmatic sSys er
to present WORPSYRIS to the sensor array, and (3) inpl REHUSRPHIRS7HH
pattern recognition algorithns to identify the vapor based on the array
pattern. The C320 has been successfully tested as a point detector 10 for
TICs (e.g., hydrazine, ammnia, formal dehyde, ethylene oxide, insecticides)
as well as Unifsl Stétes BBentiNe 30,0850 76, Mhizh i3 heiebly wsdorparated by peferalot én det ect or

devi ce 10 accordi 0 an enbodi nent of the resent. invention. It is
pref erred ttﬁuﬁmg&m%se&(ﬁff@ﬁfﬁ @SHegtSQE,QPFRBlBg%Oé@ hgg éﬂé?’?fﬂé%ysf%ﬁ‘?”array
15 of one orypy ﬁlcﬁﬁﬁ§Q&@lati{"él?iaﬁ%@fﬂh}{bé}%?ls&{s_omhléorg@alféﬁ‘?ﬁ_ajiﬁn?%gg;aé{%g

sensors (PCS) as discussed herel Digital signa rocessi ng unit 20
recei ves andhgrio o¢asied tsbensddsfof 2 pidesmngoof appliagtidits. e sstlosasordtiea t o

s andhtriof _ o0f3 X5, &m e |
Wih e o9 diGgaese i SHLRCGE ARHS e yapar RepPRciol sFeemuhsi in dhsau e 25
i s i ncl uded agpeé:@mmdé@. ¢f) Aol et WEIREr AL kR Rkl ol iR oo

determ ned, €.g., when a’programmabl’e or 20 preset threshold condition or
val ue i s exgeatemdor Agmemvapore &) aipnehmaic systang ta presanh theas vaporit&bhe sensarbr at i on

ol 21 33 AR RE B AU RS Sl ™ ©

i ntelli gence,sddcdh @8 afaf B! THE EB0D AYSHRMsubdbsSHRy RIRRACS 2 goimABBLYrcat i on
nodul e 30 includes an 1nterface device such as an transmtter (or

t r ansceil@er Yorf BICsZB.gt, hydwainet ammpoRia, Sirpakllebyde ethrylangtoaideainsdeticidss) such as a
comand system or I e Igation nodul e 30 can al so include a
recei ving d&?ﬁ?@é %W?‘ﬁ?ég"gﬁg’@}g’cﬁﬁ%n "(or transceiver) for receiving
commands and data. Ot her useful interface types include JR transmtters,

Bl uet oot h, RE528illuifBeafortiblewétedor dévidel HCRBordiiho arsmisidigentdfites ess and
physi cal connectaor interfaces (and associ ated protocols) for 30 interfacing

Wit h ext er nBresetiBYsntigan dds gesferskthatibe bousinggiraghur isgmall.cDeypGe dP syst em

pur poses. | FEngefal aah Rt os MRk S BRI br BERR A GllaBodig e 72 | OCel
handhel 15 seesapositeserstes RT)iag disedssed hemeire rDrpital signa) proosssing @SP)ynivdd h a

di stributed network, . ) o
receives and processes signals from sensor array 15 and stores data to memory 40.

Pneumatic pump system 35 is optionally provided to assist with providing vapor to
sensor array 15. In certain aspects, alarm module 25 is included to provide an active
alarm when an alarm condition has been determined, e.g., when a programmable or

20  preset threshold condition or value is exceeded. Alarm 25 can include a light such as
an LED, a vibration module and a sound emitting module, e.g., including a speaker.
One or more communication modules 30 are provided for interfacing with external
intelligence such as a central alarm system. In one aspect, a communication module
30 includes an interface device such as an RF transmitter (or transceiver) for

25  transmitting RF signals to an external device such as a command system or relay
node. Communication module 30 can also include a receiving device such as an RF
antenna (or transceiver) for receiving commands and data. Other useful interface
types include IR transmitters, Bluetooth, RS-232, USB and Firewire interfaces, and
any other wireless and physical connector interfaces (and associated protocols) for

30 interfacing with external intelligence devices and systems such as a computer system.

U.S. Patent No. 6,422,061, which is hereby incorporated by reference for all purposes,
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Al'l conponents of device are preferably coupled vig one or nore busses,
but they may be individ y directly connected as ét able for partiégﬁlégrzﬂw
[

applicati " ar abl e badge devi ce enbodi nents, an g je
45 such aﬁ’%"l‘ﬂ%‘?’“@fr ap or a pin is provided for attacﬁﬁﬁﬁpﬁﬁg‘sf}gcket,

shirt |apel, belt, around the neck, etc as is convenient or necessary for
the particular application. A battery and battery status nonitor (e.g., LED

light) are als r ef |y included (but not sho . FIG 3Bb.illustrates a
port abi & de IEIRSFS TRER ShptsT St P PR RBe SRR e HERESBITR | he
present i nvediBiied hétwopef erred aspects, device 100 is portable, wearable,
has | ow power requirenents and is self-calibrating. As shown, device 100
i ncl udes sensor interface circuitry nodule 115, which is configured to

recei ve si gridl eonfipanents o davioe 10 are prefarakly cotples yiazmg op movre desses.gubtleyt o a
processor nodul.e .120.(e. Q. P). Prqcess dul e. 120 pr.ocesses t he
received si Gitx ve lﬂéw?/ﬂ(qapggge‘gﬁ’s%wgﬁ ﬁé;\g&hl?@t@ﬁl&é\%‘égﬁpl% O’i‘%ZHti fy

vari ousr Vi KRARBI Bldg8 MEVItS eRbodigkititd, iaR BRachMRIP aYVidAEs bfchUSeCtlpd¥rdy Qcessor
nodul e 120 to store various data, paraneters and al gorithns associated wth

event det ecripdnisgaviderkfuriaftachmdndto a REcket,sshist bipek beltopdoirad the@etls etemasfis gur ed

Lour oo SoncaVeticn Geikaelsbl 51 b ol AchiO APafiy e Bonldithly 77°°
di stri but ednfigiteP(ks. OLEDAERO e aRo PrefeRBBl icRidad (Bus st didwrgt c. Al arm nodul e

125 includes one or nore of a visual indicator such as an LED, an auditory
i ndi cator such as a buzzer or speaker and a vibratory indicator. Processor

120 acti vat EiGalteMlustigieus portable deteeters doyneel Qaccarding o anethes gmbediment of

i dentifjccatj,qon | arm.ev i |G i [.QVi to
R A e T R SR

i denti fi cat peweeqhir@nefs iibis seldvoalibiatiagi AR shoeh) devicd(O 009ntlndésudasbrt 0

provi de a comruni cation path to external _intelligence, whether directly
connect ed ( Bitgffacegneuityyjpedyle &15,pehiph 39 cogfigused ip reaeiye @Y ysengPr

W rel ess). ' ]Qg,”@ I f zlmg 160 and 130
maybe i npl elrlrtetg%gltgn %@g?gé\f} i\%ﬁg&%@%%ﬂf‘o g%lxs}é)ir)ﬂltsogg%l 1y cl gc’g;fstpr)y modul e 155
i s provi dedPtozessontrodhleVi20ippoessasdhs reotived srgabls an wildBe discdssed herefrDto As wi | |

be descyjbed in re detail bel ow, for exanple, wer suppl 6.0 0.1 6 JAN
2007 W3200 tegeng mﬁp@g@wamaﬁwl & cehiifigns  Yemore 147 isgised i n
certain aspgehRickQoPhafled9Yts StoddParidusat, BERNTRIEand algorithms associated

with event detection and identification. RF transceiver module 160 is configured to

transmit and receive information to and from an external intelligence source such as a
remote computer system, a base station or node in a distributed network of sensors, a

20  remote alarm system, etc. Alarm module 125 includes one or more of a visual
indicator such as an LED, an auditory indicator such as a buzzer or speaker and a
vibratory indicator. Processor 120 activates alarm module 125 in response to
detection and/or identification of an alarm event. An optional display 135 is provided
to allow a user to view information related to event detection and identification

25  processing. Communication module 130 is included to provide a communication path
to external intelligence, whether directly connected (e.g., USB, Firewire, RS-232) or
remotely connected (e.g., wireless). It will be appreciated that one or both of modules

160 and 130 may be implemented on detector device 100.

Power supply circuitry module 155 is provided to control various modes of operation

30 ofdevice 10. As will be described in more detail below, for example, power supply
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or reduced power consunption node, and to awaken device 100 and place it in

a full power consunpti node. Battery 145 is pro d as a power SuP@')’AN 007
source. Battery 145 may 1 nclude a conventional batTery, a solar cell oOr

ot her pome\"osQBé?/E’éf’“S Alternatively, or in addition to bRGEPRUBTHE Tag
nmodul e 150 is provided in sone enbodinments to allow for renotely powering

up device 100 as will be discussed in nore detail below An attachnent
device (not shown) is also included in wearable device enbodi nents. Devices
10 and 100, dontrekbeircuitny ssqeabpgered an ecrfrie hepeatsity plagp Hevieml @Qiin ssleep wade,

housing 10 structur h _as card-sh d badge-shaped.,pl astic
Ctructure, o el PBuRh Ebeatefot Bielr ot AR Sk PR TR PRI ik por
wear abi | i ty,podter @6hiRIPtionGnéiel Bitterye1 45 is phsididd ov?e‘ir@ﬁﬁﬁl? s8lirce € Bafkry
devices of the present invention, such as sensor devices 0 and 100,

i ncl udi ng pdAdanay inclndgadoneentional hattery, Bealapesiber etberqonysrisowicesel f -

cal i bration,,.and event detegtion.and igdentificati Ll 1 now.be.descri bed
wth 1o par e el P on it pEher e R RETRERPAle 130 st RuIoS i Rhpos ¢ e
sensor (PCSemldgfient fo alldw fot réioRNSHAEnghRVdede, 100h8 twifldjedécueledTB Nt S

ot her than PCS el enents may be additionally or alternatively used. Sensor

| nterfaces Medredetanlpelew pdinaitachmendovice fnas shewn) igalsayrcludedivriveasatle cur r ent
source is prd%vicged t8. ZQ deliver constant |ow | evel do current independent
of the | oad. §tu8fné’§ Rdieate a si gnificant reduction in sensor noise with
bias currents |l ess than 100 uA. Sensors have been shown to operate with as

little as S5Tiided.10Ahad 000iRTEALN apdcts; afe frERYAbIE Emplamentea iR oL bl aheusiBgns to
detect sensor response due to a high degree of linearity. Low Power

Consunpt® on srectasuehas periniheped ge-shaned plastie supEwies obQWEhFAmpACh s e

resi stance . : tlfagﬂﬂﬁiu om nal about

| OKChs. Thgﬁlﬁ%gie\,\%g%e’@lflg li;(:;:%tra{Sé‘a'zuorrp glg’orﬁlm%ggrrt’a‘gﬁésbélﬁggflenent t Eba%h%g’s%t%{y be

cal cul at ed (Adkiitichah asgectsdfcarset devices@fithegprtsetit invientjors sheines) seasorfdelicesvs: Ppk

= (JCE-6)*(1OE-6,)*(10E3) = 1O0nW 17 1 6 JAN. 2007 WO 2005110676
PCT1US2004/ é%?gd%opaflgﬁgfg WQQXVM%W%W%% 10% pQwERcosUmREoRH Yo s do not
need to be ¢coMhLAM, | %HdRFEA\HRtection and identification will now be described with
15  particular attention to implementations including polymer-composite sensor (PCS)
elements. It is understood, however, that sensor elements other than PCS elements

may be additionally or alternatively used.

Sensor Interfaces

Referring to polymer-composite sensor arrays, a constant current source is provided to
20  deliver constant low level dc current independent of the load. Studies indicate a

significant reduction in sensor noise with bias currents less than 100 nA. Sensors

have been shown to operate with as little as 5-10 uA. Also constant current provides

a more accurate means to detect sensor response due to a high degree of linearity.

Low Power Consumption

25  Typical polymer-composite sensor elements exhibit a base resistance of between
about 2 KOhms and about 100 KOhms, nominally about I0KOhms. The peak power
consumption (per sensor element) can easily be calculated (using a 10 uA constant

current driving scheme) as follows:

Ppk = (10E-6)*(10E-6,)*(10E3) = lon W
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That is the average power gaPavg=Ppk*DF where DF is t duty_factor
representing the percent of the conversion 5 tine sponse tine. '!BJ 2007

Conver si ORybiiRAoERRT €SENt the total time it takes to CaH;dFﬁsfoFﬁ 32737g sor
response and process the information. The conversion tines are typrcally o

the orders of mlliseconds. In one aspect, operation of devices of the
present invention advant ageously require |less than about a mlliwatt of

power, and en I ai n, deyi enbodi,ment s 0 .i ncl udi

Sensors. 39/ mF’i‘ eét ?’Frée B‘?duﬁe%kfjﬁec%en&cﬁ@figﬂ }uﬁe%ﬁltoferﬁof‘?t?{}&?{“’t’lvg on the
order of apmgisr{g@ﬂe{aw weeks to several years or nore. Further,

power managenent capabilTities reduce the power requirenent as well as

i ncrease the |ifRavermePpk *DHower source. One goal of wearabl e badge devices.
is optimal power managenent. One enbodi nent 15 of a power managenent net hod
of the preserlieré¢ D¥anthieatmty sfa&tbnmprdsmtﬁigcme ﬁ&ceﬂtaoouﬁtheaspwmont he device is
pl aced |n a S EP or very ow power node significant ampunt of
time, e. Spgg tigie- \GREATE rePFFéellt ﬂi‘&“"‘%éﬁ%ﬂﬂﬂ"&s hcanbuathe

r esponse t' g@nso;rl:ﬁ% HMseahd i)?(?ce £ SnfdAnMfdn. Oﬂie%hlv&sg)]n%mésoe[re hﬁm |n
response to up si gna rom power supply circuitry 155,7'scans 220
across the senedersafnailiseCoraisd det er m nes V\/net her an event has occurred or

is occurring 230. If not, the processor is put back to SLEEP 200. If an

event is detected, the processor .exe es tern re nitio echni ques
240 o0 | denth PYF ERESTeDRITPUORRE AL e Aisrenl R SRt USRI AOLEF 250,
e.g., eithencdinppl a%)ﬂﬁﬁa mAlivas T Howst, %ﬂé'evérﬁle?scfolr‘ééﬁﬁﬂ de?fee 3Hbolrfer®d arm s
act i vat ed, etc. or of the above.” Additional core average processing

power i $0on 1n¢t5hngnelﬂorrﬂié9 saors AThe tmwérhfm@fea Gendcelepdratingatrl mdlipether ed by
a variety of means ncl.ud g qalon bo ea(ger {fﬁ sol ar ce*, 45. Coin
si ze batter 1% EST rggagpt)rg WAy e\'ﬁﬂa‘?’? P eV R & PR EUFar I usef ul and
coul d | ast power Mesdsenidnt aB1hthE'?edﬁ@é!ﬂﬁ8)oWeﬂ Pquidetenb s wemhs GidfeRsk et h 18
1 8 JAN 1007 WO 2005/ 106760 PCT/ US2004/ 032774 an RF or IR tag el ement or

nmodul e 150, lifsiiaredhia ppvérsairoeadi ati on or el ectronmagnetic

One goal of wearable badge devices is optimal power management. One embodiment

15 ofa power management method of the present invention is shown in FIG. 22. In-one
aspect, the device is placed in a SLEEP or very low power mode 200 for a significant
amount of time, e.g., over 70%, or 80% or 90% of the time, depending on needed
response time. The processor wakes up periodically 210, for example, in response to
a wakeup signal from power supply circuitry 155, scans 220 across the sensor array

20  and determines whether an event has occurred or i1s occurring 230. If not, the
processor is put back to SLEEP 200. If an event is detected, the processor executes
pattern recognition techniques 240 to identify the event. Once identified, the event is
announced 250, e.g., either displayed, an output signal is activated, an audible alarm
is activated, etc. or all of the above. Additional core average processing power is on

25  the order of uA’s.

Power Source

The device can be powered by a vanety of means including an on-board battery or
solar cell 145. Coin size batteries, such as standard 3 V batteries, are particularly

useful and could last 5-10 years or more. The device might also be configured with
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energy (activation ener signal) is renotely delivered to the device. In RF
or IR tag enbodi ments,%e devi ce i nstant aneously res enough ener gy J]:l\N%W
the activation _ energy stgnal to process informatiolt and relays this

i nf or mat i ShOBYK780t he power 5 source. Aspects of usef uPCRAVSIARYOBR ¢ ag
circuitry can be found in U S. Patent Application Serial No. 60/477, 624,
filed June 10, 2003, entitled "Chem cal Passive Sensor"” (attorney docket
nunber 015564- 007500US), the contents of which are hereby incorporated by
reference. S8IRE enlR tsgslqmmt on mofnledd$; wherehy ppieal radigfiongyy slestromagessief i gur ed

to periodicall } | ysical _ ch . .m ! sensor
mpat s are. aPEReaRen Biorel R Rren D APl s (HELELEL " tF of BE R

aut omat i cal lemboidanéts, eBefe e iasthntaf6sHsHi Siéley edighad brgyifforh tke achiaa@d ne

readi ngs. Event Detection 15 Event Detection is inplenented to further
reduce over #nergysigmel odrecaspinfomation and eelaysihiscinformatien begk pithepowest ect ed,
then patfern_recognition neth re used t.o i if .1 nt(s). Event
detectioh i sSO'tHhF'egﬁ%(Tc _%ausssgﬂ iﬁ%s%ﬁeﬁa%%ggfm 5g§§§<gon‘%'flen,] I?‘ﬁﬁ'e%ﬁ?t aspect,
once an evemppliatithi Seia¢ Mol 66/4PT6D AN PirRCEE 2003, iefitiBydkCiesicsl Frsqv¢ upt ed)
and one or nore_pattern recognition processes are executed to identify the

event. 20 FiSensor3(atomeyglogketimumien Ok8247200S). dke eentemgobwhisheass i on
process 300h@&§g%§0¥&c&r§t@hbg?@é&%@§e curve according to one enbodinent. In
S

the fol |l ow ng criptron aspeCts of process 300, process paraneters
such as delay tinme, average response and threshold have been chosen based
on experi neSeflcalibaibiis and are only neant to be exenplary and not limting
in any way. 25 Data is first collected 310 fromeach of the sensors, e.g.,

sensor [@spdsétan gepatts, e eystenlié esiffirediodieriddiasity moafipoalbghysicanal
represents a resjstive neasurenent in the case. of PCS sensors. The
resi stance Epamglanddsiermingdf the sepsor ignws ye vathaptheicdecicad Rpenqting a8 or i s

exposed. Ea ] . all i 1 i L fashion. In
one. aspect . Th e St GHERlarBiRy B0, cick EBRARAR o Ay Shi LS ThC
response i sbadedine fiddihgt. 8 JAN 2007 WO 2005/ J06760 PCT/ US2004/ 032774 percent

change fromthe nost recent neasurenent with respect to a past noving base

Event Detection

15  Event Detection is implemented to fuiﬂher reduce overall power consumption. In one
aspect, an event first detected, then pattern recognition methods are used to identify
the event(s). Event detection is threshold-based in one aspect. For example, in one
aspect, once an event is detected the on-board processor is awakened (interrupted) and

one or more pattern recognition processes are executed to identify the event.

20 FIG. 23 is a generic block diagram illustrating a detection process 300 and a typical
response curve according to one embodiment. In the following description of aspects
of process 300, process parameters such as delay time, average response and threshold
have been chosen based on experimental results and are only meant to be exemplary

and not limiting in any way.

25  Datais first collected 310 from each of the sensors, e.g., sensor response signals are
collected. Each sensor response signal represents a resistive measurement in the case
of PCS sensors. The resistance changes depending on the type of event to which the
sensor is exposed. Each sensor element preferably responds in a different fashion. In

one aspect, the process 300 allows for a moving base resistance; the response is the
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resi stance. In one aspectga circular buffered, backgard-|ooking noving
average process is code d inplenented in the on-?rd processor. 1gaN 2007
buf f er ed < sents a tine paraneter to store the L e } stance
of each o%goeo’éﬁegﬁloﬁel S, 5 e.g., nunber of sensors in anpgiﬁg?/@ Lﬁrﬁfftasel i ne

resi stance of all sensors is calculated 315. To account for slow changes in
anbi ent conditions, such as humdity and tenperature, and any sensor drift,

the baseline resistance, R0, is constantl pdat ed based on rece hi story.
There are aPerc?rfé&b?n&e\%mBél?eaWBftéF%@ myasy 1{”%&%@#@’?@2‘} %B?ﬁ%é"‘f"ﬂ%-@sﬁet hat
can be tunegsishindé el fife abPedd 3l Ardular HEfefddd bickiwardBSOkREMbVIRE aQ¥@pe 8 Short
period of time, the delay tine (or buffer) was set at 200 points (-2

m nut es) anprogessisngpded and mmplesnentadtin she Gn-podrdipsocessine The bpHersd defa al |
sensors is calculated 320. I n one aspect,..the response,, AR.I RO, i.s

ool oul ot ed FOFCST s Siciams® B FoRiBe Blihesisne Af fist ol s dhametfy ro -
R(t)-Ro5 R6e g1auMBer & Bhdoks ISarf d¥ayt | Me- aver aged resistance at the present
time and Ro Ts the baseline resisStance collected at 2 mnutes earlier. The

responses for individual sensors are wused for gattern recognition to
i denti fy anTks/easelineregistangeofalhsensomiecdieriatgd gil 3t Tplsegraat farslaw changesice or a

fire. 20 The sensqr-ayeraged . .response i s,calculated 330. In o ect, the
sensor - aver BgRiPIoSEpSTER SistrasRpRR Ly ge Fomesseite SR R LTS obust
neasur ementbRElindRsitfafss R Eis cBhstRAR WdRERBaSePbn fecahtHidoaifre didat sensor
aver aged response is conpared with a threshold value 340. In one aspect,

for exanpl deastiwp pyReRas-~glelay toneond gvsragingémet-tthatgan b tuneduSimes the | 0. 01) ,
then the 25 i tude, of t . d. '

i catiPng JARE it EbR R ReaRREGEY SRR SPANE St SRR o nor e
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adjustable. It 1s necessary to evaluate the nmagnitude of the disturbance
si nce sensor responses increase and decrease with a 20 0 0 1 B JAN 2007 WO
2005/ 1067 60THRGELHdBRO 0 AID $23Tw is chianigted BR0.ain eme/aspectptbatredponsead™d® ok, i t he

presence Ofca?c%la?gal forQ rggr?sto?s! as 2 gétlic;nglnchange in resistance,
R(H)—R
AR/R, - ——(—)—-&,
R, : | o

15
where R(t) is the time-averaged resistance at the present time and Ry is the baseline

resistance collected at 2 minutes earlier. The responses for individual sensors are
used for pattern recognition to identify an event, e.g., determine whether a disturbance

is a nuisance or a fire.

20  The sensor-averaged response is calculated 330. In one aspect, the sensor-averaged
response, (AR / Rg)avg, is calculated to provide a robust measurement of the presence

or non-presence of a disturbance.

The sensor averaged response is compared with a threshold value 340. In one aspect,

for example, if I(AR / Ro)avg| > 0.001 (or other threshold value, e.g., 0.01), then the

25  magnitude of the sensor-averaged response is too large indicating that an event has
been detected, e.g., a disturbance from normal operation has been detected. The
threshold value may be preset and adjustable. It is necessary to evaluate the

magnitude of the disturbance since sensor responses increase and decrease with a



such as a fire. If no digturbance is detected, nor operation is
conti nued. Pattern Reco tion Once an event has b det ect ed 350, ﬁr’ N, 2007
b 4

processor EP (see, e.g., 5 FIG 22). The
channel s a‘?ﬂ@ﬁwg 6§r| ly stored in nenory, e.g., RAM arﬁéﬁi@%gﬂ?@ﬁ#o known
chem cal patterns. Sinple to very conplex pattern recognition techniques

m ght be i npl enent ed dependi ng on the application. Such techni ques i ncl ude

K- near est nei ghbor , Canoni cal crimnate Anal ysis Sof t

| ndependent ﬁ’é egyiregmenialgiate grip ?‘SPT\W(}CG OEPBSS}S‘F‘P’PE?W@ ‘?’?@GWQP 10
networ k (PNNheh ¢4 fifd. Gl b aivibalcctedatpika, (oML oAl ciftehen machi ne
(SVM, Fisher Linear D scrimnate (FLD) "an ot I'n wear abl e badge
enbodi nents, a detector badge woul d be worn by an |nd| vidual, e.g.,
attached to}%azttleapﬁkcognitiohi rt or pants pocket with an integr at ed clip or pin,
or worn around the neck, and when powered on would notify the wearer of

nor mal det e@mee aik Bvaitdiasibedredagected e thelgriyessur aatakesfromBLIPER (Eye.&1 at us
(e.qg., green/red LED). After stat us check, the detector, badge would nonitor

the envi? onfldt2Dork ﬁ&??&ﬁ%?f&ﬁ’éla sharmslrcee tromasadly siprshindnesient €8-e. g., via
|
an audi bl e, RAuala ddinfired IhdwWRheHitl 85%.:&{& PSR Yo b Bhap R BGEA" badges

m ght al so ul es for recordi ta an W re y transmtting
i nf or mat i onroghitian térhdigmes ﬁ,lg}ﬁﬂaahmplemahmdrm;emhngndﬂwl@pm%m(ﬂlﬂht| on

information, o a cen noni t or tat tect or_standardi zation using a
suppl i ed st lsHEIayes ’6‘0{)‘9?}'?96‘15?566% an@P‘PﬂeIP‘SB?P? T8 CBRlYSIS or before
use, and b QN Y n nance
activities Mo e Bp e M ‘Eiss&a%‘??éﬁ G BlqUaB Rl et

pneunat i€ syetvenk G!Nli}gmrthﬁcmlrr@hm}mm@dk {ANN)281pppys Ivnctat mankint Iﬁ&VM)ave
stringent ments. for,siz ower requirenents and ruggedness.
Such scal edﬁggﬁﬂgtrgﬁﬁ@%%&wé 1t:l Qg‘%adge detectors for TICs, BWAs and
CWAs. Additionally, conmunication nmodule 30 can be elimnated for badge

devi ces whehfwaamBle 202 ertbadifich, 4 BGe@bt Vadp@GRASEDY WoBEBPak kndividudl, 0 1 8
JAN 2007 WO 2005/ 106760 PCT/ US20041032774 In certain aspects, a nodul ar
det ect or de¢gc @ﬁa@eg tee¢ilapstior shit oppantppeckehwatbtaadniseratefestineys pim, s avosnr

modul e may Er%ur(f(? Hpe gkta%d wl’?enmg‘v'vryr&fjl (gx{ &Quﬂq{&”f? theﬁ%argxo%kx%al Ftector
15‘ status (e.g., green LED, no alarm) and battery status (e.g., green/red LED). After
status check, the detector badge would monitor the environment continuously and
announce detected hazard events, e.g., via an audible, visual (e.g., red LED) and/or
vibratory alarm. Detector badges might also include modules for recording data and
wirelessly transmitting information such as badge ID, status information and alarm
20  condition information, to a central monitor station. Detector standardization using a
supplied standard to verify proper operation, either periodically or before use, and
battery replacement or recharging are typically user maintenance activities that may

be required.

Wireless portable detectors without pneumatic system 35 can be implemented for
25  applications that have stringent requirements for size, cost, power requirements and

ruggedness. Such scaled down detectors are useful as badge detectors for TICs,

BWAs and CWAs. Additionally, communication module 30 can be eliminated for

badge devices where a personal alarm is the only necessary feedback.
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badge device in one aspect_is configured to plug into_a thin comunications
platform that allows th tector device to be incl d in a distribpggﬂNz%p
net wor k. The Elatforn15 c include wireless or wired network connecti ONs.

sensor nod¥P8Y B4R Bupl e with any additional nodul es sudHHUSIYMGTAR cs,

comuni cation, calibration, power recharge and other nodul es. As anot her

exanpl e, a detector device can be inplenented as a residual life indicator,
e.g., by inserting the device_ in a respirator cartridge as will be
di scussed i ringertal dspests, ageodiar detectoy dgvicorsrevidss. Eatexamnle.d dstaciprpr ef er r ed

ssed | rinfenet _ LR
dotact of dediotRe ShRTRPY TRPRESEE) Bed PR MRtk R BOAAE R dalifes,

| east thr e%ad%é detienin ceaspes isidonifigatedito pRig iffya thén uaamunitanendlagran t he
requi renents o t he a(%pl ication. These classes are |listed in increasing
order of coritallpyy theidetestondavicede beincdyledm asistabuted agavashpThe platform

i ndi vi dual sgnso . / e e i [ -2 When
the  hr eanoldh Eggie Wirg e Aftvb e RERAE TS, fosd ioRl ol icy
exanpl e, if aapud@tiohalunodulessieh as phevmiatizs,f@ynexdiestits, aalidiatial)pbdteval ue, an

al arm acti vates, eq.ng. ,. alarm25 1s activated. 20 Pattern recognition: The
response patre@irgerang ptherdnegiles, Asanothes sxanple; @ dpisciopdedcacaied in a

trai ni ng set: i Wi R i s f . i Is . vapor

<71 et ur noa. mplegeneRisk rettE s BRbltr 0., B Miecrtth etk Kipirkl] VS NeA
PNN, ANN, S\éMtridigdasamidl beodibarssed iAmépeaptailfbietomt.i on: The response pattern from
the array is used in certain aspects to calculate the concentration of

anal yte_in the vapor phasge. |In _certain aspects these techni ques can be used

i ndi vi ddgi | ﬁ%’?t tﬁ‘”éﬂ’ﬂaf’rfﬂi-e’?ﬁﬂ]-\’:‘]ﬁ’ed. For exanple, sinple detection can be

used to detect that an evepnt, is. occurring, and pattern reco nition can be
used after &%BFplerFe aspestsfligitalisigmal progessing (Ref)raitgp meomperategn the 8 AN 2007

VD 2005/ 106 460 BTS2 0N dhrkdi e HUR Rk inS U HcRRRe EAAAA gk has been

used success y In a passive sensor array such as 1n a fire detector in
UL and BSI tabodidfeosy classdsaf techniques may be used, depending on the requirements of

the application. These classes are listed in increasing order of complexity:

15 . .e _ Simple detection: Thresholds are applied to individual sensors or
globally to the responses of the entire array. When the threshold logic
is satisfied, an alarm condition is detected. For example, if any of four’
sensors in an array exceeds a threshold value, an alarm activates, e.g.,
alarm 25 is activated.

20 . Pattern recognition: The response pattern from the array is compared
to patterns stored in a training set or library. When a match is found,
the identity of the vapor is returned. Useful pattern recognition
techniques include KNN, CDA, SIMCA, PNN, ANN, SVM, FLD and
others. |

25 . Quantification: The response pattern from the array is used in certain

aspects to calculate the concentration of analyte in the vapor phase.

In certain aspects these techniques can be used individually or mixed-and-matched.
For example, simple detection can be used to detect that an event is occurring, and

pattern recognition can be used after event detection to identify the nature or source of



For chem cal events, the mninmum detectable |evels of the detector devices
are inportant since th DLH | evel has been ident i.zg as a requirenent for
consistently 5 detecti t he presence of TICs and . In certain a'lsﬁe’éﬂiuw
t he m ni mwopdesseetabl e | evel (MDL) of a single sensor is poaAsSwEM3Dy4its
detection limt. A detection limt is a useful concept to describe the
performance of an anal yte-specific sensor and is typically defined as the
concentration that yields a sensor response with a signal-to-noise ratio

equal to a khy ewhe! Shchal PSP bfetlodolddY 1R8 beerfustalsAedes N i padsivekBnsor
appropriate for anal yte-specific sensors since few other chem cals could

have caused amalisucheasanladire detgetor ssPbrand BIlflaborateryeiestson |init is applied to
a single sensor in an analyte-general array, any chem cal could have caused

th ' t.h . d t ' L ficity. [Di.scrimnati
it hnd FORHIRPURTeRR F MiplSR doRbmale 16elP Bl e Rttty MG rfiecr 1 b ng
the perfor maRgert el side ARADIIEISENRIsHeed RIRBAT S @mqpﬂrgml_ﬁlefoﬂ tSisidtéhtipat i on

limt is defined as the anal yte concentration at ich a method of “pattern
r ecogni t$ ondetastingthe peesencs ofi ICsiand 3V As.a cartainy aspeéts, the punimwen gas from the
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is preferably used as the neasurenent 20 of performance for the MDL in
certai n aspéawer g in dxpieddiyatefinad ppheiconcentiation gt yiekis\a sgnsgr response with

pol ymer - conposi L€, _sensor t hi.s equat,i A162p, beused w th experipental data
for chemica SI§’B%16 oérém?eoragggﬂwﬁ%a?fﬁgslw%f\ Ye {4 thics 'soA\r%eg?crug)?H%# 1Sa_ny ot her
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ver sus vapor pressure for and TICs. In FIG_ 2, the sensor array 25 has

a hi gh prob#sisemeyevsi of reprnsey Hrmdetespioadany isapplied ta2 sPElsSEnsbévan t he regi on

| abel ed "M pi N J e | .1 i i )eTHi S
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pattern recognition can be used to discriminate an analyte in a carrier gas from the
carrier gas alone. The identification limit is defined as the analyte concentration at
which a method of pattern recognition can be used to consistently identify the
presence of an analyte. An identification limit is preferably used as the measurement

20  of performance for the MDL in certain aspects.

Since equation (2) is valid for individual polymer-composite sensors, this equation
can be used with experimental data for chemical species to estimate the MDL of the
sensor array for any other chemical. FIG. 2 shows IDLH concentrations on a plot of
concentration versus vapor pressure for CWAs and TICs. In FIG. 2, the sensor array
25  has a high probability of identifying any analyte with a symbol above the region
labeled “Minimum detectable levels for sensors in C320 (estimate).” This region will
be called the region for minimum detectable levels (RMDL). The sensor array has
moderate or low probability of identifying an analyte with a symbol inside or below
the RMDL, respectively. The further below the RMDL, the probability of identifying

30 the vapor decreases.
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environnments that are nor ariable tend to have hig val ues for 5
detectabl e | evel s. The ap cations tend to have m nintum_detectable limts
cl oser to YPH80A067685 1 e variability: Applications that HaVESHMPIHES with
significant variability also have higher values for m ninum detectable

| evel s. These applications typically include natural products and tend to
have 10 m ni num detectable limts closer to line A _ Application-specific
sensor ar r ay® Teghanis prefewblyiysed sgrghe ML rathes thangesipgleilng fosthedpHowingensor s
can be used (or sensor responses can be renoved in software) to renove

uni mportant ‘rntormati on, and sensor perfornmance inproves.

Appl i cation-specisfic S@ﬁ’ﬁbilitflbfaﬂﬁrdr@lﬁﬁiltél&ﬁﬁditibﬁsﬂ@iﬁiba&ﬁisuﬁa Ha®€ M ni num
detectable levels closer to line B. For badge detector devices, the MO is
general Iy closer to |isairgnmentsihat ae mareevapighle ted todyave bighgryalues forty are
approxi nately equal and. hay bt f I.nc a tector is a
field- urs% devi ce, enviq’(r?'(')" %Jﬁt&ére%%ﬁ?%b’la%i %éﬁ%‘ﬁ@gﬂ?%ﬁ%?oeg%%l e . but
sanple variability is &gtdbleslimiteclobé tomapiscal s are wel |l defined, causing
the 20 M DL to decrease. Since applications tend to focus on CWAs and sone

TICs, the ML can be Sammovatebpityudpplicatings thathavgmmalytssi vaitlesigeificant ar r ay

for the application. . f L1 dat pates in
F'G 2. During cont ol FoRaesd Bve gl vebeD s BN BRI RULRT
(M dwest Research | nstTHesd gpplioatidiattysichley Mehwde naturdl peéduicts @)d tes® fShdvear r ays

in the C320 detected Tabun g Sam (GB), 25 Soman (GD), VX, Sul fur Mustard
(HD) antONitrogen Mustmngnwupdsgiectebleimpaclgserdo lgdsy t hreshold limit.

Addi tional testing by - L) S ' ' . ' jcal Center
showed the C320 correc él’?“’%f%?‘cs. %mr%a%g%ﬁgggCgﬂ%%%ﬁ%ﬁggm&aaphﬁggn and DMVP.
24 A 1 8 JAN 2007 WO 204&#ifit0.Gp6€l HiPCIndos2andeAR2d (ot sehdelr eedponsedean bes

according to the present inventjon arc al so capable of_ identifying and
di scri minating nar cot FEROVeSIRSEEVEES 19 FmRpVe upippporgnt 1 ,atKNFGX‘;ﬁ‘%‘SB’E her s)

and performance improves. Application-specific sensor arrays tend have

reasons: Variability of eivi ronment al conditions: Apil i cations that have
prl

-

-

15 lower values for minimum detectable levels closer to line B.

For»bacige detector devicés, thé MDL is generally closer to line B on FIG. 2. The two

effects of variability are approximately equal and have opposite effects. Since a

badge detector is a field-use device, environmental variability tends to increase the

MDL, but sample variability is small since the chemicals are well defined, causing the
20 MDL to decrease. Since applications tend to focus on CWAs and some TICs, the

MDL can be improved by using the most appropriate sensor array for the application.

Tests of the C320 further validate the estimates in FIG. 2. During controlled tests of
CWAs by independent laboratories (Midwest Research Institute and Battelle
Memorial Institute), sensor arrays in the C320 detected Tabun (GA), Sam (GB),

25  Soman (GD), VX, Sulfur Mustard (HD) and Nitrogen Mustard (HIN3) at or below a
9ppbv threshold limit. Additional testing by the U.S. Army Edgewood Chemical and
Biological Center showed the C320 correctly discriminated GB, GD, VX, HD,
Malathion and DMMP.



hazardous materials. Anal yte-general chem cal alert devices of the present

I nvention are advantag ly 5 capabl e of detecti n’i ol ogi cal and ch1e51 cal
hazard events arising f a wide range of chemc and bi ol ogi cal JANJID
and are novonrestmwswbed to a pre-defined short-list of | wstr/s20@wsIt@s. I n
certain aspects, effects of interference and cross-reactivity are mnimzed
t hrough a conbi nation of sensor nmaterials and detector operational design
(al gorithmand hardware) as described above using event detection,
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recogni zed hgzard { nts. Second, polyner-conposite sensors (PCS) are
not dosi met ?5{’? e lowlevel exposure over hours/days will not
trigger an alarm (unlike colorinetric indicators). Third, the 15

pol ymer - conpasite geiées) cl&ﬁﬁ%ra&nad&w‘é& ab{h% piteséni B enticpaé hd’\ﬁhnlégeﬂﬁlft ure
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preferabyy mdnérﬁbr&arr%eauérofech@mﬁksr a) E&tenkmamm t(ﬂfaheéseinteﬁvir&aheﬂfay

ot herwi se regi ster, as_a chem cal event, e.g., 25 sudden increase in moisture
content due( be@eatlswd}w t%mﬂeéaf'éfﬁa }@Wéﬂéﬁb’n‘@f Hsavie pagkgroundrpogarar abl e badge
det ect or r l,arly
advant ageout SuEE ker BN HOBRPAR) &E pBERTOEA RiBe RS eRE St

envi r onnment golyier-compasite sehs@h (R@S)gdﬁé nétnibsiratesbtienuldjive loexjeealsdxpesire
produce; and power consunption tens, More detail about such
advant ages ?%ﬂr%sm(/)dazs “011 nft Fiegantam %%sehm%w@@@@m%@m 74

Rugged gnd ﬁlﬁeﬁ éoﬂtﬁ ORGP SEHEANT I@ss?ea%h@P{oembﬁnIrQﬂaanQﬁﬁe?ence of

)

p-

‘noi sture, so array to operate over a wd
sensors (e.g., conductmg polymers). The combination of PCS sensors and event

detection helps minimize false positive risks. 2) Discrimination: Real-time pattern-
recognition techniques are preferably used to identify chemical classes. Although
unrecognized chemicals may not register a class alarm (false negative), a two-stage
20 approach minimizes the risk of false negatives by utilization of chemical event
detection followed by discrimination. In this case, even new and unknown threat
chemicals will register an event alarm for hazards above a threshold. 3) Interferent
Rejection: In addition, real-time pattern recognition is preferably used to screen for
and reject known interferents that may otherwise register as a chemical event, e.g.,

25  sudden increase in moisture content due to sea spray, spills or cleaning operations.

In wearable badge detector embodiments, polymer-coniposite sensor arrays are
particularly advantageous as they are preferably 1) rugged and stable in various
environments; 2) compact, lightweight and wearable; 3) inexpensive to produce; and

4) low power consumption systems. More detail about such advantages follows:



range of humdity (0-99% poncondensing). PCS sensor arrays have been
tested i n aqueous sol uti oﬁfor nearly 5,000 conti nué hours 5 with @ JAN 2007
ef fect on sensor stability>. The array al so operates ovVer a wi de range oOf

t enper at urW9.20§¥W6W0haye been conpl eted over a tenperat urEETVEGHIRBIA. 15C
to 40C wth no effect on the sensors. Finally, the array has a | ong shelf
life. Sensor arrays have been stored for up to three years in an
uncontrol |l ed environnent in a |aboratory, and the 10 arrays required no
speci al pretreatment bRuggesd anbStablys Pobymer-dompesiie segisors apmstabléan thisl e:  The

chip can be inplenmented  using dinensions. of approximt el 25" x 1.25" x
0. Zg" with a gss of HEAP Sgﬂlé)ésg‘%re’l %]%8?%3 é’re rsgtgsogggg%ios?ﬁ/etrg}g O¥eh Hwidg,
hence the device in saAEe SMMERIGIR0-59% AéncdnioRing)l PUSHeAsorairayebsve han

about 4 square 15 inches (e.g., 2" x 2;‘2 and nore preferably | eSs than about
| square inch (e.g., been tsstetin aqiepas splugonsior neady H00¢ eswtonwus heursery, and

sensors. . Further mniaturizgtion can b hieved, if required. .

| nexpensPve: The pol yr?élﬁh B%ﬁ%%%tiqflegegsé)@%’%‘rﬁe F?axﬁlé‘?(ﬁg‘?{g{eégverbae‘&ﬂfse the °
sensors are conpri sed gSaRbipaERIey. STefs Have Besh Bdrasikied 20ernnipolature
polymers. The direct cost for sensor materials is very low, e.g.,
significantly |ess thaangoofo115°Cited07sweth:norsfeghen theepesss.t Bingdnighe s require

only Wof power during noernal operatione. Th | R.can _operat.e for, at |east
six months or nore u??rﬁ&' 4> P%‘Bf%‘i’Fﬁ@’é‘E-t %?nﬁfnefggqsﬁmgﬁge%ﬁ%g&fjﬁ%wg ©5 four
channel detector, opefuickRgarkin an Middon@blled briiiddinient irfN1abbAISTYnd tHet ect s

transi ent chem cal events (mal odors) of unknown conposition and triggers an
al arm r é8ponse vi a an aREY$ raqgrireghse speci ORIt before B8hol d value is

' ded. | S ' ) h |
Sarmatate. A typ csomBEitoRldedeb A eb B B I R TE Mgt

4 for such a device, asghgImansieasiRpproximsitlyl. 25°tei262 xis23heitainhskl G 5;
t he backsi de contains the battery and_ 26 0 0 1 8 JAN 2007 WD _2005/ 106760
PCTI US2 004103 2 7 7 2fadew onpgesniapreforred aspeqte the shipaaigehenge Buidenive Int her e

I's no pneumatic syst eg&ﬂ@@mtblaﬂiments, has a footprint area of less than about 4 square
15 inches (e.g., 2” x 2°) and more preferably less than about I square inch
{e.g., (17 x 1”). The chip includes processors, battery, and sensors.
Further miniaturization can be achieved, if required.
. Inexpensive: The polymer-composite sensor array is inexpensive
because the sensors are comprised of small amounts of carbon black
20 and COTS polymers. The direct cost for sensor materials is very low,
e.g., significantly less than $0.01.
. Low Power: Polymer-composite sensors require only pW of power
during normal operation. The chip can operate for at least six months

or more using a typical battery.

25  In one embodiment, a four channel detector, operating in a varniable humidity
environment, detects transient chemical events (malodors) of unknown composition
and triggers an alarm/response via an RF link when a programmable threshold value
is exceeded. In one aspect, no data is transmitted from the sensor, just an alarm state.
A typical response curve to a transient event is shown in FIG. 4 for such a device, and

30 an example of such a device is shown in FIG. 5; the backside contains the battery and

26



detectors are conti nuous exposed to the environnent. Fire Detection and
Prevention In certain a‘cts, devi ces according t e present inven‘}bq’? 2007
are particularly useful Th 5 fire detection and prévention activities. N
such enboc}l"ﬂéﬂ‘{sé,omcf@vi ces of the present invention pref &GN Tde a PCS
array and one or nore additional sensor nodules such as a photodetector, an
I oni zation detector and a thernmal detector. Published PCT Application

WD00/ 79243, which is hereby incorporated by reference for_all purposes,

di scl oses s éestenngs tle pprefersed bideg embodimend, theregsno pygieratigysiemeans the ef ul

for fire 10 detectian an r,event i |ications as well as for other
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configured Fae@Ri&tionane Pié&eafich Nui sances and discrimnate between fire
sources and nul sance sources wth a high degree of confidence so as to
reduce the @eeHaieBGRCRS ddvitled BcdR@ing ity BR prEdeit irRestitaVie phrtibalaf bR iPf a
fire detection systemincluding detection devices according to an
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and discriminate between fire sources and nuisance sources with a high degree of
confidence so as to reduce the occurrence of false positives. FIG. 6 shows an
15  example of a fire detection system including detection devices according to an

embodiment of the present invention.

Many current chemical sensor arrays can discriminate different types of fires after the
fire has been active for a long period of time. However, this use-model is not
adequate for fire detection since time is of the essence. According to the present

20 invention, an algorithm detects an event as early as possible and immediately
identifies the event as a nuisance or fire. In the section following, examples of fire

and nuisance data are disclosed:

Fire & Nuisance Data

Table 1. Fire tests that were completed in fire room.

UL Fire Tests BSI Fire Tests Non-Standard Fire Tests
Gasoline 1 Alcohol 1 Dense plastic fabric
Gasoline 2 Alcohol 2 Flaming cotton fabric
Heptane 1 Cotton 1 Plastic curtain

Heptane 2 Cotton 2 Smoldering cotton 1




Paper 2 Flam ng Wod 2 S

dering linen & plastic styrene 1 Hepta

P
ene 2 Heptane 2 Snol deri w

ne 1

Snol deri ng paper 1 Pol y paper 2 Snol deg Uﬂgzmﬂ
Wod 1 Poly, o L Snol dering paper 3 Snol dering V\bogggﬁj?%}rm\ég,rgt,pan
Snol derlng co ton abrlc Wod Crib | Snol dering Wod 1
Snol dering Wod 2 Snoldering Table 2. Nuisance tests. Series 1 Series 2
Bacon, open door Bacon G gar ette on pillow G gar ette 1 Fl oor buffi ng
Cigarette 2 o cookthg—Cgatette—puffs—O+ en—doer A eshener
O | Enarel %?H?F craut Nilotron @FB%MCIOrn Sug PO#S.‘??PSICB#IH Var nilsh
val | Paint g, 3pg enbodr ment, spfﬂﬁ%%gcg'on ST YRR gg@ﬁgﬁgf ?(; an
event is oclcurring, and pattern recognition is then used to | R Ty {the
nature of theolgsterene 1Thi s two-t Heptage 5 al gorit hm ¢ Sapjpleniagipapar] det ectli ng i
and i denti fp-ng—-events—works—well for pol MMW The
first al gorr?ﬂﬁﬁtﬁeﬁﬁ?y det ect s| Hppipned event occu mojfering PAPEL nust  He
det ect ed, TTaT I-d—bedetegte It es—nat
matt er whetfh mqﬁﬁﬁ%ven d]flz a_{ Tﬁ’%}h 1 Nui sance mtoﬁderﬁ gal!rlﬁ %zcause t he
second al gosmﬁiemnﬁvmto dllf’cﬁ]?m%ﬂiahatze—be'[ weerlsﬁ%mﬁnawn@i fbEe Of
events. 28 0.1 6 JAN 2007 \WD_2i005 OQ7GDJ?("[/USZO’)4J 032774 _There are
several parlaWeréCsibih t he det ecbtholderingd¥dadhim t ha are preferably optilmi zed
Wood Crib 2 Smoldering Wood 2
Smoldering
Table 2. Nuisance tests.
Series 1 Sernes 2
Bacon, open door Bacon
Cigarette on pillow Cigarette 1
Floor buffing Cigarette 2
Fries cooking Cigarette puffs
Oil, open door 'Dry air freshener
Qil Enamel
Sour craut Nilotron
Steam Popcom
Sugar Rustoleum
Varnish
Wall Paint

In one embodiment, simple detection is used to detect that an event is occurring, and
pattern recognition is then used to identify the nature of the event. This two-tiered
algorithmic approach for detecting and identifying events works well for polymer-
composite sensor arrays. The first algorithm simply detects that an event occurs. All
fires must be detected, and, ideally, no nuisances would be detected. But it does not
matter whether the event is a fire or a nuisance at this point because the second

algorithm is used to differentiate between these two groups of events.
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Absor ption Based,Fi | tg{,ﬁbgpoﬂeﬁ%iﬁggﬁg{erp,uﬁgp&gag,,mggyi ces of the present
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actual useful |i#e of the pmiies of carseabsepoints nutssledbe thr¢sheld; asd a  f uncti on of
t he ambunt of absorbent terial, the SO nt - sorbed species interaction,
and the concentrti onﬁ{fnvg’?"lftﬂféﬁ?gﬁe&oq S@@gosur e. Since this data is

al nost al ways unknown, the manufacturers' recomendations and civilian and

25 m | itaryaspsiealire§Rnk@RShews iIRRRG Y Min@an 8MayTBf XEPCS Remdosahepalf3] est
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exposure staris,or ds,..a hat .. i.cal i ic a S,:a
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present i nvgfifdciéintht boaaN@ignaddé 6f he@espohdeer or pneumatic 29 . WO
2005/ 106760 PCT/ 0s2004/ 03277 8 JAN 2007 pat hway can provide a tinmely warning
to the user that the absorptive capacity of the. . .

Once an event is detected, the second part of the algonthm identifies the nature of the

event as a fire or a nuisance. FIG. 8 illustrates a model using Soft Independent

15  Modeling of Class Analogy (SIMCA).

Additional useful algorithms are disclosed in United States Patent Application Serial
No. 10/112,151, (Atty Docket 018564-007600US) filed March 29, 2002, the contents

of which arc hereby incorporated by reference for all purposes.

Protective Absorption Based Filters

20 In certain aspects, devices of the present invention are useful in protective absorption
based filter systems. The actual useful life of a protective absorption based filter is a
function of the amount of absorbent material, the absorbent-sorbed species
interaction, and the concentration and duration of the exposure. Since this data is
almost always unknown, the manufacturers’ recommendations and civilian and

25  military specifications are based on a few marker chemicals and test scenarios and
offer only a rough guide as to when to replace or regenerate the filter. In most cases
as well, the end user does not know when the exposure starts or ends, and what
chemical’s biologic agents and concentration levels are present in the environment.

Sensor devices of the present invention incorporated into a filter or pneumatic

29
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sensor outp ream sensor responds to the presence of the
anal yte when the first Filter Bed experiences breakthrough while the still

prot ect ed dimwsé erabodigrens emdtip2)mmimure3pnsdodeviots are ppsitionedlativarioss anal ogous
to consunption of 1/3 of the filter system capaci.t 5 (2 Li fe Renmi ni ng) .
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filter systemcapdcity Life Remaining). The fina bed al so serves
as the gasabmrptinearapaditye hapgr indicrbneresidagldifei Jhe dmnksensoras poaferablyt he filter

bed i f I 2t d by. Gas Ch t | | ..y th

pol ymor 1R onBBGF Prapneas pegyi Se 3t O (U0 LB PRI e OB O 74 16
JAN 2307f Flw@st_age—bfﬁ?éidaaﬁﬂgegxarrpl es of chemical filter systens for which
an end-of -service-life

FIG. 11 illustrates a schematic representation of a Residual Life Indicator Fixture
according to an embodiment of the present invention. As shown, detectors are
sequentially positioned within a filter bed by embedding detectors in filter material in

20  a gas flow path. Inlet and approximéte stage-wise analyte concentration is monitored
semi-continuously by Gas Chromatography and continuously by sensor output. The
upstream sensor (1) responds to the presence of the analyte when the first Filter Bed
experiences breakthrough while the still protected downstream sensors (2) and (3) do
not respond. This is analogous to consumption of 1/3 of the filter system capacity

25  (2/3 Life Remaining). As flow continues, downstream sensor (2) responds as the
second Filter Bed expeniences breakthrough; this corresponds to consumption of 2/3
of the filter system capacity (1/3 Life Remaining). The final filter bed also serves as
the gas scrubber. The approximate stage-wise concentration in the filter bed is
preferably monitored by Gas Chromatography as well as by the polymer-composite

30 sensor system.
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bot h | ow | exeblaemdf hihgeshbleveinditionns net. nfsomedspéas the ssmsinalevaggmetalei ng and
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mportant. 3 pline orotherwite randomily! seagrapricatly dkrdtuted, dud s AR able to

associate a precise (previously unknown) location with a detected event, agent or

environmental parameter. For example, a growing risk of asymmetric attacks has

20 increased the need for distributed biological detectors with superior false positive

rates relative to current solutions. The low cost, low power and highly sensitive

chemical and biologic detectors of the present invention are capable of continuous

distributed monitoring of biological warfare agents (BWAs) and will advantageously

provide for improved monitoring of biological threats.

25 In one aspect, software processes are provided for both low level and high-level
control of node function, for aggregating and interpreting sensor data at a single node,
and for calibrating devices at the point of manufacture and in the field. In another
aspect, a pattern matching approach is used to detect and identify compounds from a
library. This library may reside either on the device or at a remote location. This

30  approach allows for rapid upgrading of instruments as new threats become important.
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al gorithm dossRetateerysd Rigies 404G PRIPRIIGHM heroetrcahang angl Yo PIORERS Al | of
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vari abl es ISDMe‘s\bastkbslcrﬂ)ﬁdtaeaé‘knma}edgubasadt’wmpomﬁnm Baodxampds; this postish, such
as for oi nt -t o- nt, oint-to | ti-point d of hers
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collisions fromdifferent networks, nodules nmay be conf igured to junp to
different f rvdqctenmsesoreléﬂ@mcmmaltheugttncaltteglsao adenkifibarmehlies] This hodwdefiace

The present SREhAIZeGRR Koy FRAPRUD TG EE erliBrhmiofatlds BEn the
filter-basegsbaaido? Tpﬁé%%g%&ﬁ'oﬂ@%ta&? Rt discah@stie0 The HMM fhalyhe UFRreRased

on filter status. The Iter interface nodule is preferably configured to

be mountéd @}gonrﬂgns tedefmskhess prebabddies aheh ave Viambi algpathm; hiorwangnal

pr ocessi ng cw t /or ayns to
i ndicate t h l?xé E%Ofnq ﬁ%"‘qgt erﬁhgﬁ%ﬁk}m’?a&ﬁen es%ﬁqoag&ist% dé‘ﬂ etf{

el ectronicstd ﬁn@ﬁldﬂeﬁ@ﬁﬂemﬁlni dta "EBK o@pt 1s3fz?e prediction of an anomaly based on a

number of different discrete state variables.

In networked systems, various network protocols may be used, such as for example,
20  point-to-point, point-to-multi-point, and others. Devices and nodes may be

individually addresses, and different networks may use a different pseudo-random

hopping sequence. To prevent interfering collisions from different networks, modules

may be configured to jump to different frequencies.

FIG. 12 illustrates a mask-based filter interface system including a detector device

25  module according to an embodiment of the present invention. The filter interface
system cormmunicates with the filter-based detectors and provides status/alarm output
to the user based on filter status. The filter interface module is preferably configured
to be mounted on the facemask and to contain the batteries, the signal processing
circuitry and/or software and the visual and auditory alarms to indicate the status of

30 the filter. Such placement allows the durable electronics to be placed in the mask and
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of cell growth usi n% a_hand held 25 array based det'ector can al'so be used
for discri nmwiththiglgrebabdityhracis (BA) in tests conducted by the M dwest
Research Institute on standard growh nedium (TSA). The test results show

detection i i . 3 _hayr I: . a I.s .feasible.
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devel oped 30 for rapid growmh and isol ation of BA b%( the Air Force Research
Labor at ory (lgo\pm:fg,llowgé by examination of the developed colonies for particular
morphological (size, shape) and chemical characteristics (gram +/- stains, antibiotic
susceptibility). While this technique is time consuming, it is the “gold standard” for

positive confirmation of a biological agent.

20  Itis well known that growing micro-organisms produce metabolites that are
characteristic of the growing organism. This identification of micro-organisms from
their growth metabolites has traditionally been accomplished using gas
chromatography (GC) and/or mass spectroscopy (MS). Recently, Cyrano has
demonstrated that measuring the volatile metabolites of cell growth using a hand held

25  array based detector can also be used for discriminating B. anthracis (BA) in tests
conducted by the Midwest Research Institute on standard growth medium (TSA).
The test results show detection in as little as 3 hours using standard growth media is
feasible. Discrimination from other bacteria species (E. coli) and negative controls
was also clearly demonstrated. See FIG. 24a. A new medium, 3AT, was developed

30 forrapid growth and isolation of BA by the Air Force Research Laboratory (WPAFB,
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nmetabolites will also be

30 minutes after inoculation and continues for up to 24 hours. In this way, the initial

answer that may be generated at very short time frames can automatically be

confirmed on the same sample. Since continued growth generally leads to larger

20  populations of the target bacteria, any initial alarms can be tracked and verified.

Furthermore, because the technique uses standard microbial growth as the basis for

the measurement, laboratory confirmation of any suspected positive result will not

require any additional time for growth or amplification of the suspected micro-

organism. Also, samples can easily be stored in the same growth media for up to five

25  days and the organisms will still be viable.

In one aspect, current state of the art growth media is used to determine the earliest
possible detection of agents, e.g. 20 agents from the CDC’s Category A and B agents
list. For each agent, growth media and growth conditions are optimized and the
chemical nature of the metabolites is determined by GC or GC/MS. Simultaneous

30  with the analytical assessment, measurements of headspace metabolites will also be

34



34 0 1 8 JAN 2007 WO 20 106760 PCT/ US2004/ 032774 carried out using
nanoconposite array bas sensor(s). The GCI M5 dat then utilizedygoay 2607
further sensors on the array and to determ

measur eneﬁ%bl%oﬁrég‘t’iggr the array. These neasurenents nmay B’?@‘Eﬁ@@&”&m as a
function of tinme, gromh media, initial inoculumsize, and growth

conditions. Results 5 for |live bioagents or simulants can be conpared with
sanpl es obtained from environnmental sanpling and receiver operator

char act er i z&&5risA OPREKIJ}lg BaRosenpesite aeay hasedisrnser(Ind hg GGMR dﬁfési’r teve and
fal se negal Lify LA ufifkh dinfl fHBLAL: of e GGy B8 E bereilEGRARLLA! SYSTEm s
provi ded for omat ed inocu I on, orage neasurenme I nce the

anmount of hﬁwismememrtaﬂes foeﬁlef@faynﬂ&iibé SEBdUreraens bﬁybk@aﬁﬁdxbusml (<3ces),
i n one aspect, the systemuses a titer plate |ike orretry as growth wells.
In this wayfmetionekiimepgrowthmedy, mitial lngcmhemémeaw’gﬁ nsheanst deswlisgh
scale |abogat V4 r and any new
devel opnsgnt ?%flwe%lsﬁhﬂscal as 805}{ H:‘I: rgp%g(?iwﬁgﬁzéﬁﬂegOg?aﬁ%dsﬁrﬁrﬁ]aerobi c and
anaer obi ¢ gemvitdhnieryal lsanphﬂgmdl%delfvelr o[RBAlOr dRargRteizatibe (ROEY eifveRé@iShe

provi sions for providi n al |l necessary 15 growth conditions to create rapid
and rel i abl Bragéeedsandas folieqeeitive ppd &alec prgptive rateprn b @idated | abor at ory
systemis prow ded that takes col I ected sanples, introduces theminto a
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gr ow h. Sanmi@memutréméhtl&:ﬁﬁ@h@mgammmcm;am rgqmieafdaﬁ)edleamﬁexﬂenttdaﬂ’cbet 0

p05|t|ve predicti determ ned for multip, . , at |east 10
BwAs orlBwaver ﬁmag‘ﬁfgﬂ CSE?éE é?P?/é?PCB‘pé*F%%YFW@’ L1 é.’é‘tréﬁ? V\Aflwkﬁ §e?rﬂw ATRIPVEs may
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I ntegrated 1 nto I gh "density pl at pre erably on a sificon chip,
or other sulabbratiry testing ma bmlhzsdmbhrt bﬁﬁmystbm qudehy newdlevelspmentsyf t he

sensors are | si ngl nadltlonto oI r- conposite
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intri nsll5cal grpwth condltlons to create rapid and reli jable bacterial gro

In one aspect, an integrated laboratory system is provided that takes collected
samples, introduces them into a growth media in a titer plate, automatically delivers
the titer plate to a growth chamber and determines the nature and identity of any
micro-organism growth. Samples with 0-10,000 organisms may be generated and
20  time to positive prediction may be determined for multiple BWAs, e.g., at least 10
BWAs or BWA simulants. Receiver operating characteristics (ROC) curves may be

generated.

Sensor Arrays

In certain aspects, multiple sensor types are integrated into a high density platform,
25  preferably on a silicon chip, or other substrate material as is well known. In preferred

aspects, the sensors are integrated onto a single chip. In addition to polymer-

composite and conducting polymers, useful sensor materials include, for example,

nanoscale polymer composites, carbon nanotube composites, nanogold composites,

intrinsically conducting polymers, sol-gel biosensors based on intrinsically
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achi eved t hAdwgtiagdsefisnclohighdansityrartsfys imajidectbg nbidisy toodonstmaeirspistany withuc h
redundancy al sg has.additional benefits in.teros. of lang-term .stability and
overal | rob&égﬂ@gwgﬁeﬂé"rﬂ@ s,’&E@g}eoa[bﬂl&yg%u&l@esap@%gfipeeg%Odi nment, an .
array Coypri&RadaRy (B Tedturek SFBRIint: Fstem)3On¥ sihificatbendfit ppoul d be
understood that arfays with fewer (e.g., oné or several) or 1-5 nore (e.g.,
on the or deredvhdangydOrpot ameise redustrent where ngs thexmmnbeér 06Bientienl semroe nay be

I npl enmented., I n one, aspect,, 50. sens | erents with 50 minter-sensor
spaci ng ar e¢lBRER Fif ERgRlEBe Gt o Befhial snsotagrdiethat svglome o
900 sensor sigaMit6 Adist AR SprevBiRtely 8 infesiRat of @ sB}e SRBSAGedBI(E.08) - Devi ces
wth arrays preferably opéerate on a sinple row colum addressing schene

wi th data bS8¢msgr 2maysithatigse abdeast gn fordsniop nfagpitydepnerssensisvothandbioseur t her

processj g, _alt h ot her ddressi.n h may. be used..,An exanpl e of
D essithg PEViANRlP ol can B8R REhRR GRS I TR RG br il FERER, 2 1)
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implemented. In one aspect, 50 pm’ sensor elements with a 50 pm inter-sensor

spacing are used. This yields a sensor die that is approximately 30mm? for 900 sensor
devices (approximately lem? for 10,000 sensor devices). Devices with arrays
preferably operate on a simple row-column addressing scheme with data being

20  multiplexed off chip for A/D conversion and further processing, although other
addressing schemes may be used. An example of addressing is shown in FIG. 13. In
one aspect, sensors are read serially one at a time. As array sizes increase, more off-
chip bandwidth is typically required to ensure latency between sensor readings is
minimized. Sensors can then be read out in parallel, for example, a whole row at a

25 time. Other, more advanced schemes for reading out sensors such as “address event”
coding may be used. In this method, “important” sensors (i.e., those that are

activated) are read out first, and more frequently than other non-activated sensors.

FIG. 15 shows a test unit sensor cell according to one embodiment. The cell as shown
is preferably fabricated using a 2 micron CMOS process. The sensor cell includes a

30  switch transistor and decoding logic. In one aspect, transistors at each sensor cell
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baseline tracking, rationetric output and ac coupling in one sinple anal og
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traces and heAdS,dlEof theldefl t9%h €gidsBRt HTloctaBbliM Nnum over time. Q her
conductive may be used. In one aspect, the present invention provides

deposition techniques to efficiently deposit up to thousands of unique
sensors in Inepm¢mbediagnt, godlag cirontry ssimpluded ta-provide gpinmy thggenserc bassline

di ngly, the foll owi ng f . useful, | | ations, such
e T or mul ot Prier R P REr: SRS RRioHREIY hoshl elp AreCc PRI B

conduct i ng gepmetric. ARBR, fthads, heliHangelin@sionacd d to thetidmisanrs bidlogiand
nanot ube based sensors for ink jetting. Once a fornul ation exists, physical

deposi t1on ags#t interagtimudivided byshpbasehnansaistange, oithontbadng tq salculase thing using
known ink | gl ﬁ%%?od%sor. FIG. 18 shows an adaptive bias circuit 200 according to one
embodiment of the present invention. Circuit 200 provides baseline tracking,

ratiometric output and ac coupling in one simple analog circuit.

Although aluminum can be used for conductive traces and leads, it is preferred that an
20 electroless gold procedure is used to produce traces and leads due to the oxidation of

aluminum over time. Other conductive may be used.

In one aspect, the present invention provides deposition techniques to efficiently
deposit up to thousands of unique sensors in a small area, using for example, ink
jetting approaches. Accordingly, the following focuses on useful, jettable

25  formulations, such as formulations of surface-modified carbon black sensors,
intrinsically conducting sensors, surface-modified nanoparticle metal sensors, and
nanotube based sensors for ink jetting. Once a formulation exists, physical deposition
onto a substrate is performed. In one aspect, ink jetting using known ink jet heads is

preferably used for deposition. Use of a positioning system that provides x, y and z
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preferably used for deposition. Use of a positioning systemthat provides X,
y and z 37 6 JAN 2007 05/ 106760 PCTI US2004/ 032 control of the,ink
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custom zation of ink jet head and positioning of drops to within 1 mcron.
This system al so provides for layering of drops to build structures such as
those required in 5 biogels. The control paraneters are determ ned by the

physi cal chapardIQF tilink JetHead {ethe MAEHI 184d] Wprefored. Olsabh epsibthRs bet ween
drop vol une, dl’(%/l ng rat;@éas controlled by substrate tenperature and

sol vent conmpoyiidaddyy)C gedethiwlegien (Gormesky litrpok i Thip systanalpwsdorcy as

determined by .initj.al pesi.stance. . ln.certain,aspects..a number of surface
nodi fi ed cafﬁ%?}%aé%W{ @%éﬁ)heﬁﬁtﬂﬂ? P%ﬁlé"%ﬁ’%OP %?ng% WHPJZ’ea]dn?f)’Pnc i cal and
bi ol ogi cal ~safeh ABe pIARER fBRIKEAL 8f GRPs REMAIIAENEREes $1%h AS oSBT ARHRA i

di sclosed in U S i%gtent No. a«gegg% 936?S and PCT pub‘lasi shed ap?pl | cat |a(131}1 WO

01/ 501173 whiaghlsadbe hented)parametesaradaemined by thegiysichlohapdckenspios plobes. Thi s
process creates direct .chenmjcal attachnment of .a.nolecule o olymer to
Phe surf ace uspitioty §En RRERN P eeraon i kot dBaRErFE Bsreo bt e g

di spersi bl esﬁﬁﬁ%&éxﬁ%&rﬁpﬁé\aﬁ&]&qlﬁé}ﬂ%ﬁ 84itién)Z gnd KAidERoAtEnCon ddfHRMFhi S _
typical), with the chemical differentiation built into the attached organic

fragment. | consistenoyes deteminsd bytimitiak iedistangthese materi al s have superi or
sensing properties as conpared to chemcally simlar two-phase (carbon

bl ack di spefsed in pol.yner) .sensqr ln | ocess s _used to
produce sur %egaWoa(fB?cftgc? ’3%?%35@%3'52%%61%%&5%&%1 ?%8%?1 %ﬁ%@ﬁ grﬁgﬂg?tg?%lﬁa‘ffual ity
20 I'n ore aspefilzed frwhemiaBani®@bRNdgidas séiisirg SE@seiatdialy dnbegREdisdel! € i n
chemcally different solvents. These are listed in the table shown in FIG

19. These nhiieg ¢ prosessidiscdossddn LS niatent Net 8330830cansk BOT publishede nanonet er

si ze regi nme e [ ' ' ' r ful in
Petti ng ot SN NS BEDEL) ol b Bltch Y R PR el o B 1 g0 o
nanoparti cl purposesLThis procesa brtates adinebiechemical bddhntesit o5 nfslleduld o poliraed ons
preferably have sqglid to solvent ratios_in the range of. about 0.1-5%

sol i ds, al t1edBgiriace &f e cadhon blagkpartgle. o Shisgyoases 1rEBE Hedurbydisnsritipe
formul afd on,,ides | £ Lz RiMEGL L Yo sdtlﬁ/? RGOSR (¢ ainhikdly
char act-eri gl?al cs. %ggﬁ%gltabgﬁgiegn% giggsl pe?s‘?bns@ggl LNtr i,r?é%vcal ?y con1 ucting
pol ynmer s nediffateatatiben shjtastotthel attached organic fragment. It has been demonstrated that
these materials have superior sensing properties as compared to chemically similar
two-phase (carbon black dispersed in polymer) sensors. In one aspect, this process is

used to produce surface modified carbon nanotubes with enhanced dispersion quality

20 In one aspect, four SMCB materials are used which are dispersible in chemically
different solvents. These are listed in the table shown in FIG. 19. These materials
have been demonstrated to be stable at the nanometer size regime and are excellent
ink jetting candidates. Other useful ink-jetting materials and jettable formulations
include surface modified gold nanoparticle formulations and nanotube formulations.

25  Such formulations preferably have solid to solvent ratios in the range of about 0.1-5%
solids, although greater or lower ratios may be used depending on the formulation,

desired ink jetting quality and dispersion stability characteristics.

Solutions and dispersions of intrinsically conducting polymers may also be deposited.
Such materials preferably complement the sensing characteristics of the sensors

30 described above. Preferred conductive polymers include polyaniline and
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pol yaniline and 38 8 2007 WD 2005/ 106760 PCTN@520041032774 18 JAN 2607
pol yt hi opWen908)067¢those structures are shown in FI Gs. 20paY/uapad408)774 Dur i ng
the conversion of these polyners to their conducting state, an anion (or
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I nvol vi ng sol - gel syntheS|s nmet hods. 10 For exanple as disclosed in U S.
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entirety, Zin er,oxi tase chr nd rnyogl obin can
be i mmobi | i% %{3 %Y% Sfﬁnfl v%ﬁ’gﬂ}ecé’ﬁ‘ qu]ﬂé? f’hg8 Gnglc’gcul es retain

their characteristic reactivities and spect roscopi c properties. One key
feature in Omgnidnesd mategalk Mciudieatizieehagéd Pogelrseadors. L Eiterefird@pertas bi ogel ,
is the flexible solution 15 chem stry of the sol-gel process. Research in
this area HatbEpehgdersitipiyfymmaebilizins euaymasandotics Perieing in stablaqorows |
establ i she ecul t erlstlc
reactiviti esﬁ a%asgﬁl\é!ntﬁq geasl unc‘? agglﬂ%én r%ﬁ%% 1%‘502‘;@ n?lf%géhtgm%q%&l% htoﬁﬁ por es
of the 160] -Kyelexgtapley &diisalbdedin (A8 Pdteritts 2500,334(3%1”&1 iVhéreby indotpdstbd by 1994) ;
Dave et al., Anal. Chem, 66:1120A (1994)). Such an encapsul ation process is
20 shown sdREREICEdmits ?t}rﬁtyFFQHPCQ?.mCISHP%F&HNF@&HU‘P@F’ EXIoshigmec.- #Rd sol - gel
encapsul at i r ns
researchergﬂﬂgggﬂgggzﬁ% U Zayﬁmﬂggﬁﬁklonn éo%gﬁggg?%aﬁ#nclud

anti bodi es rétdin ﬂhemragaactensta:l r,eachvn&:sl aiﬂesbecfsmscopTepmes?Onéﬁceym&‘ﬂe)mcel | s,

(E.J. A et, al . Sol Sci.  Tech . 19 nd even
phot osyst en‘gng‘BS‘@ngi@s Bﬁvéypee‘ge’&?tena higrmegy §r ¢ ag E:Ogeg)}ﬁé’ f%’%‘ée saggon 565
(1996) g5 | LehiidtARAthAH- g%%ro@égéh%'s@a@cﬂ Péthistdhe PisQARk 8GUlapRILAr € physical ly

I mobi I'I zed and not covale attached to the inorganic nmatrix and,
t her ef or e, thioeghditithe yorld amhnm pow atedl dstabhishedahiteswide range of biomolecules

retain their characteristic reactivities and chemical function when they are confined

Such materials preferabli conpl ement the sensing characteristics of the

within the pores of the sol-gel derived matrix (Avnir et al., Chem. Mater., 6:1605
(1994); Dave et al., Anal. Chem., 66:1120A (1994)). Such an encapsulafion process is
20 shown schematically in FIG. 21.

In addition to extending the sol-gel encapsulation process to numerous other enzymes
and other proteins, researchers have expanded the types of biomolecular dopants to
include antibodies (J. Livage, et al, J. Sol-Gel Sci. Technol. 7, 45 (1996)) cells, (E.J.A.
Pope, et al, J. Sol-Gel Sci. Technol. 8, 635 (1997)), and even photosystems (B.C.

25 Dave, et al., Mat. Res. Soc. Symp. Proc. 435, 565 (1996)). It is important to
emphasize that the biomolecules are physically immobilized and not covalently
attached to the inorganic matrix and, therefore, the ability to incorporate biomolecules
in the gel requires only that the synthetic conditions do not cause protein aggregation
or denaturation (J.M. Miller, et al., J. Non-Crystalline Solids 202, 279 (1996)). In

30  general, this means that the sol should have minimal alcohol content and pH near 7.
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nore uni versal 10 nethod as chem cal nodification is not necessary, (2)
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wi t hout danmage to.the bignol.ecul e 3 nore flexibil.i I n,sensor design
s bi ol ogr ATt etk AREHEE B et PRl cuSE et BBhol 1 tho or
thin filmsfinRbendlfty ahd prRedetheprateid frbd wdFoltitg (dbmiimbesn). theam@quephysi cal ly,
chemcally, and mcrobially protected by a glass matrix, This increased 15

stability adentagesnEsglsael anmehilizatien pstusig1kan ¢asy, nplesmess ul¥erstle nost
i tant _banefjt.of. -ael - The . i L] |
enhancll B cuBhnical B icaiBy | ARG RAEDary ! 0 DELPRuabARL b Y 182 20

sanpl e unt nigg8kess vk teg@matedialtadati bathaadled ®dthoue damiggrto B biomodepuReUS) buf f er .
A substantial inprovepent in the stability of enzynes has al so been
observed. Mereflerbddy i sqnserdesiep s haolpgisal b actve matorials ean s PreRaRd 8996 of

enzymat | ¢ BeONMES SIARL iy 0hadek RGBITIAGHENAATRL S aalter 40

days in the absence of préserving a n contrast, u samne
condi t i onsphysicajiypttietniasliy, whd ynisvabiatllyrpostected b lacl ass ynadtris,t THiS inereasdabut 20
days i ous buffer. A remarkable i cre?se I n b%gﬁ%rre stability has been

n ague
report &Y bgtabl due tgrencapsulation g paToussiligp glass may mRosiSgportEnyy” 4582

(1299 g D e S RPa S CEES: oy B s el =111
i ndi cat e t Hataturatoredidais bycue i threcsilicas¢ermbpdulatgd sfmple until 95°C, whereas

denaturation occurred near 65°C in aqueous buffer. A substantial improvement in the

stability of enzymes has also been observed. In studies with butyrylcholinesterase,

20  greater than 80% of enzymatic activity was retained in sol-gel encapsulated samples
after 40 days in the absence of preserving agents. In contrast, under the same
conditions, enzymatic activity was almost completely lost after about 20 days in
aqueous buffer. A remarkable increase in enzyme stability has been reported by
Chen, et. al.,(Q. Chen, et al., J. Am. Chem. Soc. 120, 4582 (1998)) where the half-life

25  of glucose oxidase at 63°C in a sol-gel silica matrix was 200 times longer than that in
aqueous buffer. These results indicate that tremendously enhanced stability of
encapsulated bioindicator molecules can be achieved over other reported
immobilization techniques, leading to extended device lifetimes. A further advantage
of this technique is that liquid nutrient is co-encapsulated with the bioindicator

30 molecule so that the latter can retain its vitality, but the final composition is truly a

solid state device and is dry to the touch and the encapsulated materials do not leach
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or transducer for optical sensing applications. See, e.g., D. Avnir, et

Br o 330, 26VIpoURPTE RO 40-65 Migter il gegiainn physicalh BTGy S, A
YananakagSCielt-:no bules %Cﬁ@l{ & tz-n%égtéfggeﬁzﬁr}éﬂ%%)mmﬁ\ﬁer %‘E& @Jf"é‘g}sﬁ?g J‘?‘l .

Sol - Gel echnol . 7, 117 S. Al Yanana et Am Chem
10 Soc. 117gpplic&ionsl8e6)e.g.)D. Anairpa pecChemiaMaees,a605 I99d);d5HnLan,ret@ahf i on

wi e h e omablat e p5aes Stuep. dan cate SOk B Ch e, Rollerindl Cregr o ag O P &
chemical traRgqyuesSs A O anfarARYY B GNEER, Modf. 4084 @@z};fm Yhinkhf8 Ehe

nmol ecul ar recogniti’on processes | nherent 1n bionol'ecul’ar function and thus
provi de extaladrihl+@al\pcs dleelotal Vi, 11} 7 410P6);5ndehAi Yamiahaka, Red g dr dlneCherat HRL

have recent r hat t hese. senso respond to aerogolized
Spory1 aktoq Sakcl B PO ST, I Ghe driti. deeren Sbbe bR naHrn nE RSt nent's or
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sensitivity. Researchers at HRL have recently demonstrated that these sensors

respond to aerosolized sporylated bacteria directly without the need for chemical

treatments or chemical amplification.

Applications

In addition to the sensor device applications mentioned above, in certain aspects,

20 devices according to the present invention can be used to detect and analyze events
and conditions in a wide variety of commercial and non-commercial applications
including, but not limited to:

. applications in industries such as utility and power, oil/gas
’ petrochemical, chemical/plastics, automatic ventilation control
25 (cooking, smoking, etc.), heavy industrial manufacturing,
environmental toxicology and remediation, biomedicine,
cosmetic/perfume, pharmaceutical, transportation, emergency response

and law enforcement;
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transport 5 gency response and | aw enforcenent; / L B274\
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moni toring and cdnt roﬁ,e%egﬂ%‘h “Y%’tggaq’?%éﬁ 8§§lo&gf”g€¥ f’gﬁ‘fn%l'?‘fﬁﬁljb% ga’ri'd@:‘i‘flﬁb
control, fernentati ongpg GESstmbRMAHair,fdnAY@6nCOMROS il iRk NghdkdERdzafdongt | on;
detection and identification of illegal substance, explosives, transforner

fault, refrigerant andeakuhdzgedons spidly fugitieshgmissiondhazgelongspsllf i ne/ avi ati on
fuel, hospital/nedical anesthesja 10.steriljzation gas; .telesurgery,
body {141 s anal §i 5. PaFTEEFEvbged peir et proeRun SRR welBefrhating

breath applications, WwoRk&nel Ait&GonCftuit #peRifg coMYES trRRhiafiBn pRRESORM

i dentification, perineter nmonitoring, fragrance fornulation; and 15 sol vent '
recovery effectivenes#éavergomgposiipnapdndentidigatiors hi ppi ng cont ai ner

I nspecti on, encl osed ace surv.eyi product qual ity testi.n material s
quality control, 'prodagtFCt?‘Hle?ﬂq lﬁg%tg?qagﬁngﬁﬂﬁﬁﬁ%‘ﬁ%ﬁ?ﬂ{e@&ﬁlﬂ&ygﬁfor exanpl e,
one recent concern i suhhdoinidranilk QbR gefat R findbash SHGRIchPde, bi ol ogi cal
materials as part of a terrorist activi;ﬁ/ Whil e many of the detection

attributes are 20 si tieselfzaelingdavhation faek hospital/medica wesiadnal rel ease,
t here be several keﬁ}.differences. First, the level of leak in an

intentional rel ease i&¢° 1%109 &8 be very large, however, the |ocation of

the leak is likely totdxuthieky®uay faedndlysishérpiiesvely, infédtidus dlssasen the two
scenarios are likely to be different (specitically designed chemcal or
bi ol ogi cal agents in d¢fectiomanddireath applicaHons Wwarkerdirelgsqn, 2198 terrorist 25

scenari o mmy T equi re B KeotibR s ALY PerlRUeARBA SR 5BahS e

formulation; and
15 . solvent recovery effectiveness, refueling operations, shipping container
inspection, enclosed space surveying, product quality testing, materials

quality control, product identification and quality testing.

For example, one recent concern is the intentional release of chemical or biological
materials as part of a terrorist activity. While many of the detection attributes are

20  similar between intentional and unintentional release, there may be several key

~ differences. First, the level of leak in an intentional release is likely to be very large,

however, the location of the leak is likely to be unknown. Second, the types of
materials in the two scenarios are likely to be different (specifically designed
chemical or biological agents in the case of an intentional release). The terrorist

25  scenario may require a very large number of very low-cost devices to be deployed at
relatively high density in high profile target areas (e.g., public areas such as a stadium,
subway, etc.). Sensor devices according to the present invention are very well suited

to this application area and will provide a great benefit to homeland security.

Sensor devices and arrays of the present invention are also effective in noninvasive

30 disease diagnostics, for example, by the evaluation of chemical markers in breath or
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Additional Sensor ITypes

In certain aspects, devices of the present invention may include many different sensor
types in addition to, or in place of, PCS or other chemical sensors. Such additional

20  sensor types include, for example, radiation detection (e.g., geiger, scintillation, solid
state), chemical, nuclear, explosive, biological (e.g., DNA, oligonucleotide, antibody-
antigen, enzyme reaction, etc.) fire detection, and other sensor types. Suitable sensors
for the systems and devices of the present invention can also include, but are not
limited to, one or more of a conducting/non-conducting region sensor, a SAW sensor,

25  aquartz microbalance sensor, a conductive composite sensor, a chemiresitor, a metal
oxide gas sensor, an organic gas sensor, a MOSFET, a piezoelectric device, an
infrared sensor, a sintered metal oxide sensor, a Pd-gate MOSFET, a metal FET
structure, an electrochemical cell, a conducting polymier sensor, a catalytic gas sensor,
an organic semiconducting gas sensor, a solid electrolyte gas sensor, and a

30 piezoelectric quartz crystal sensor. It will be apparent to those of skill in the art that
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t he presentprégiueNinagd) flow]@cuseb wahelenigth, waﬁpmudé\cwg@encméhsoas @arot limted
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stimuli which include, but are not limited to, charge, current, vo]tage resistance,

conductance, capacitance, inductance, dielectric permittivity, polarization and

frequency.

In certain embodiments, thermal sensors are suitable for use in the present invention.

20  Such thermal sensors include, but are not limited to, thermocouples, such as a
semiconducting thermocouples, noise thermometry, thermoswitches, thermistors,
metal thermoresistors, semiconducting thermoresistors, thermodiodes,

thermotransistors, calorimeters, thermometers, indicators, and fiber optics.

In other embodiments, various radiation sensors are suitable for use in the present
25 invention. Such radiation sensors include, but are not limited to, nuclear radiation
microsensors, such as scintillation counters and solid state detectors, ultra-violet, .
visible and near infrared radiation microsensors, such as photoconductive cells,
photodiodes, phototransistors, infrared radiation microsensors, such as

photoconductive JR sensors and pyroelectric sensors. Optical sensors also detect
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opti cal ‘sensors. I~ sensots®su e’ present

i nvention idhemattioddspsuchras im@panit Sohdtekd devicesmbiabbride Meldéfferx trdgsigensor s,

pht hal ocyani ne sensors, nenbranes, .Pd ?ate MOSFET, el ectrochem cal cells,
G

conduct i ng (HPSHEF), Q&?@@F%‘}icldieﬁicﬁ’ é‘éﬂa% ?@V§§§§oﬁ°§PHe§ﬁﬂs%tP&’Fmﬂc structures.

In certain }Hﬁn@{jﬁ E&goﬁn@@g{r&%%ﬁcal Eﬂ?s&@&%%ﬁliét | 240 €ensBHL Bfegoé}écg‘?g?{g/ tic gas
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Various other sensors suitable for use in the present invention include, but are not

limited to, sintered metal oxide sensors, phthalocyanine sensors, membranes, Pd-gate
MOSFET, electrochemical cells, conducting polymer sensors, lipid coating sensors
and metal FET structures. In certain preferred embodiments, the sensors include, but
20  are not limited to, metal oxide sensors such as a Tuguchi gas sensors, catalytic gas
sensors, organic semiconducting gas sensors, solid electrolyte gas sensors,
piezoelectric quartz crystal sensors, fiber optic probes, a micro-electro-mechanical
system device, a micro-opto-electromechanical system device and Langmuir-Blodgett

films.

25 In another embodiment, the present invention includes detection using sensors as
disclosed in U.S. Patent No. 5,814,524, which issued to Walt, et al., on September 29,
1998, and which is hereby incorporated by reference in its entirety. An optical
detection and identification system is disclosed therein that includes an optic sensor,
an optic sensing apparatus and methodology for detecting and evaluating one or more

30 analytes of interest, either alone or in mixtures. The system comprises a supporting
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it is possibleidgarkiodHeiiCal sirsYy Weth ¥ndgie B eIbeE slentigilSbdraM t h i magi ng fi ber

chem cal sensors. 5 In certain sensor neftwork enmbodi nents, devices of the

present invention can include one or nore sensors of simlar or different
type. AlSo, In eattiain s¢user nedHerk engbagliments,deviges ghthepmessniciavenfton caa indudg i ons,

in a network_of nod C 3 _Lncl.ude or | t-1 Dl nsor _types. For
exanpl e, a Y %?%G%EI&SO?Q%’IE%%@ aﬁﬂ‘é&lgfeé?esn gﬁ%teh lsqﬁnélg@g% ‘??gie% e(%vl rel ess)

devi ce i ncl i#divighad pEY<i€H] Aedicd fsWatibh) én a BethiREl0 BEndRE SaMeddhdhclude dkk dyeari ng a
(wirel ess) device 1Includi ng: several sensors of the sane or different type, a

stati onary Beltipdesengpr typess & afexamples 8 neltoik sraydpcluggenapgrsenibptide one or

nore sensor of 1 . di ffef 1 yne n .t QF station.
Wil e the iﬁ’\%lmﬁ aO@Hejgs@gg%{%cegggiuﬁﬁ%s%gﬁﬁ@s%ggrpgkg%ﬁ\égﬁ gﬁggﬁlrt]ﬁa?gr ns of the
speci f i@ enbeginm@ifwireleds) dovit@inbmdipden siabahsbid aff thdwaniervtalifférent type, A0t
limted to the 15 discl osed enbodi nents. To the contrary, it is intended to
cover var i otf8tionsey dgvies (varrdess or dirsctiponagcted) thal geavanelide eneemarasnsgshar ent
Lo Lhose skt hglhuhfol BErl yde0ing EHATRHEmOHRY Gifor2CCOr di ng L0 fhe present
invention nmay be used to i agnose di seases US| ng appropriate sensor
configurations and analysis algorithns. Therefore, the scope of the
appended cl Whils tishiautntidnchaa been desdribbdbpwagdé sxampit @ng meteans ofittko as to 20

enconmpass al | uch difications and sim lar .arrangements.. 46, 1 JAN 2007
P specific embodiments, 1t 1s to %e ungerstoo that the invention 1s not limited to tl?e

15  disclosed embodiments. To the contrary, it is intended to cover various modifications
and similar arrangements as would be apparent to those skilled in the art. For
example, devices according to the present invention may be used to diagnose diseases
using appropriate sensor confi gurations and analysis algorithms. Therefore, the scope
of the appended claims should be accorded the broadest interpretation so as to

20  encompass all such modifications and similar arrangements.

46



WHAT IS CLAIMED 1S: 1. A biological agent detection apparatus, conprising:

a substrate; an array of two or nore sensors arranged on the substr dtfeJAN 2007
wherein at least a first one of the sensors includes a sensing el ement
configured to detect a biological agent; a processing nodule directly
coupl ed to each of the sensors and configured to process signals received
fromthe two or nore sensors to produce an output signal; and a

comuni cati on nodul e configured to provide the output signal to an externa

intelIigegﬁﬁéiﬁéggg&éﬁgikgjn t he conmuni cati on nodul e i ncludes one of a

W rel ess I physi cal bus interface for conmunicating with the
external intelligence device. 2. A biological agent detection apparatus,
conprising: a substrate; an array of two or nore sensors arranged on the
substrate, whedein Atbiolesisal agentidetectiorgppaigfust ¢ppsisiigor s i ncl udes a sensi ng
el enent configgra%ngg,detect a biological agent; a processing nodul e
directly couplea 0 each of the sensors and configured to process signals

recei ved from hinerrdwef ten ofbfore ssap@r® asarigod pn dobsnbsteare, owherirt atdeagnaficst a

comruni cati on dul e confjgured.to provide. the oytput sighal, to an external
Untel |1 geRRROLHEsesors oA S Amet caliuresh R geBEhad o P e 8ot ect i on

appar at us; anda ardebsstrgiRodild &iRdtay cHERERIRadNEE tROVRKors Snd ediFlghRd tdY an .
external RF field received by t%e antenna. 3. A biological agent detection

appar at us Prasesstanglsreseived fepbihe teie er mare sgryosstodroquEe 2 pUtiT Bensk Msdr s
arranged on t h?.cé:HR%flfcé‘{i&} m)é‘élﬁ§ godh ﬁﬁfd't%@%{d’é t{lé Sutput sfk@?l t8fapte§2£m°a nsors
enen to et ec a

i ncludes a sensing e conf i gure I ologi cal agent; a

pr ocessi ninteiligerce device siheseirt the gbmechuhizat@cinodile inchidseosorfa windessonf i gured to
process si.gnal s rgce'ved romthe two or nore sensors to proguce an out put
D onar:  aiiterisss and § Phyggeb bosm esiacs o Bt EUmeTDNLING S B BErnes or ovi de
informati ggyit® a user in response to the output signal having a value at or
above a threshol d val ue. .

2. A biological agent detection apparatus, comprising:

a substrate;

an array of two or more sensors arranged on the substrate, wherein at least a first
one of the sensors includes a sensing element configured to detect a biological agent;

a processing module directly coupled to each of the sensors and configured to
process signals received from the two or more sensors to produce an output signal;

a communication module configured to provide the output signal to an external
intelligence device;

a power module for supplying power to the detection apparatus; and

a pick-up antenna, wherein the power is supplied by an external RF field received

by the antenna.

3. A biological agent detection apparatus, comprising:

a substrate;

an array of two or more sensors arranged on the substrate, wherein at least a first
one of the sensors includes a sensing element configured to detect a biological agent;

a processing module directly coupled to each of the sensors and configured to

process signals received from the two or more sensors to produce an output signal; and
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4. The apparatus of claim 3, wherein the conmmunicati on nodul e i ncludes one
of a LED, speaker, buzzer and vibration mechanism 5. The appar at us 1df JAN &0
1, wherein the wireless interface device includes one of an RF transmtter,
an RF transceiver, an IR transmtter and an IR transceiver. 6. The apparatus
of claim1, wherein the physical bus interface includes one of an RS-232
port, a USB port and a Firewire port. 7. A biological agent detection
apparatus, conprising: a substrate; an array of two or nore sensors

arranged on the substrﬁée mﬁﬁ%ei at Ieastkg.f%rst. one of .the sensors
"noludes a sen@CRETEIMSAEH mOSHF Conlialied s PrRdS plogmaon B BE N AERARS and  a
processi ngotmdmhﬁt@ifgﬁaﬂchw%@Qumhadortaboe@mr@ﬁomhalus.ensors and configured to

process signals received fromthe two or nore sensors to produce an out put
signal, wherein the apparatus has a dinension of |ess than about 4 square

inches. 8. A biyol ogirfial,A96R! odehiact W@rgﬂﬁtﬁ@% Hﬁnib&%m%&ll@ cludds Substrate;

an array of two or nore ‘sensors arrange e substrate, ereln at |east
a first mneobi LEDesmeksohwzerant witestion iseshanisrg. el enent configured to detect
a biological agent; and a processing nodule directly coupled to each of the
sensors and configured to process signals received fromthe two or nore

sensors to proguce Jhe apfapithis & il 1, whelesy B Wirkles MRPAEAEMEGcdTASudesdi MeNsi on
of less than about | square inch. 9, A biological agent detection apparatus,

conpri si n@ne ofansRB repypigter, aBRY tpngsiyenep IR tgpsmiftendpdsn IRGNEEIEHr e sensor s
arranged on the substrate, wherein at least a first one of the sensors

i ncl udes a sensing elenent configured to detect a biological agent; a
processi ng nodél e dilheeppayateoefiplad I, wheaohthephysimml benserfacaindudasrimegured to

process signa ceive romthe two.or re sensors to produce an out put
si gnal ; arf angﬁ-i{;?tpgghﬁgﬁb R?étcaﬁ"gr‘i‘ié'iﬁwf‘rfirpog?l owing a user to wear the
apparatus. 10. The apparatus of claim9, wherein the attachnent nechani sm

includes one of a clip and a pin. 11. A biological agent detection
apparatus, conpri si Agblologlcal agent detection apparatus, comprising:

a substrate;

an array of two or more sensors arranged on the substrate, wherein at least a first
one of the sensors includes a sensing element configured to detect a biological agent; and
a processing module directly coupled to each of the sensors and configured to process
signals received from the two or more sensors to produce an output signal, wherein the

apparatus has a dimension of less than about 4 square inches.

8. A biological agent detection apparatus, comprising:

a substrate;

an array of two or more sensors arranged on the substrate, wherein at least a first
one of the sensors includes a sensing element configured to detect a biological agent; and

a processing module directly coupled to each of the sensors and configured to
process signals received from the two or more sensors to produce an output signal,

wherein the apparatus has a dimension of less than about 1 square inch.

9. A biological agent detection apparatus, comprising:

a substrate;
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a substrate; an array of two or nore sensors arranged on the substrate,
wherein at least a first one of the sensors includes a sensing el effehtjAN 2007
configured to detect a biological agent; a processing nodule directly
coupl ed to each of the sensors and configured to process signals received
fromthe two or nore sensors to produce an output signal, wherein a second
one of the sensors includes a sensing elenent configured to detect a

bi ol ogi cal elenent different fromthe biol ogi cal agent detectable by the
first sensor; and a conmuni cati on nodul e configured to connunlcate with an
external proced88ray Omé’r%lnf*f’r? ﬁ"é‘s%réﬁﬁﬁf“rﬁeéﬁfllﬂ%ﬁfugﬁmﬁ? vherfdt gfdeast afiget r el ess

Lransni t ghe Bl SnorkanciTiS adeidifiLelhor baifRutch 0 WBREE] BlolRaligel €55
transmtter device includes one of an RF transmtter and an | fransmtter.

13. A sensor syredssiompdule dinertly coppleditoisagh of the mmﬁgndieﬁmﬁg@@d teach device
i ncl udi ng an af sﬁ@% Qb c}%’ rt%o OF f1I0Fe sfe%sors {o r%‘uc 3R oﬁ‘tp%P Sgﬁa'i atg and a
W rel ess conmmiini |on nodul e remno Flon ‘¢entra

processi ng nodenaham&kﬁdmé@ﬂﬁkmiﬁfﬂnkﬁﬂgduﬁfnﬁwagtmﬁqnﬂﬁmm.|ncludlng a
processi ng nodul e and a conmmuni cati on nodul e, said node being configured to
receive and process signals fromthe plurality of sensing devices, wherein

each sensing dayi ceTdgorhrfluJANIZACT whbrE] HESAmBAREIAYA TR BRL 86 od from

the group consisting o battery, a solar tag nodule and an IR
tag nodul efathp apd apinsor system conprising a plurallty of sensing devices,
each device including an array of two or nore sensors arranged on a
substrate and a wi rel ess comruni cation nodule for renpote comrunication; and

a central processing yieldgical apeatdbeti@iipparatuspeonsisthgsensi ng devi ces,
including a processing nodule and a comuni cati on nodul e, said node bei ng
configured to PSR “and process signals fromthe plurality of sensing

devi ces, wher ehfagly 663lor Mifte §<§1’§§r‘s'§lﬂané38\6h?l?e duBG i GohefbilP AVESst £ AHY C©

sel ected from one of an RF tag nodule and an IR tag nodul e, and wherein the
communi catonenf the derlsersaficludes a@mngaﬂlerp«:rmGeﬁ‘sgurﬂgl tndetect antiblogssl ag@nte of a

corresponding RE Qs hb@iS GRS colflld XA Ol sGR5rs 2RR 2NMH AT ©OF IR
process signals received from the two or more sensors to produce an output signal,
- wherein a second one of the sensors includes a sensing element configured to detect a
biological element different from the biological agent detectable by the first sensor; and
a communication module configured to communicate with an external processor,

wherein the communication module includes a wireless transmitter device.

12. The device of claim 11, wherein the wireless transmitter device includes

one of an RF transmitter and an IR transmitter.

13. A sensor system, comprising

a plurality of sensing devices, each device including an array of two or more
sensors arranged on a substrate and a wireless communication module for remote
communication; and

a central processing node, located remote from said sensing devices, including a
processing module and a communication module, said node being configured to receive

and process signals from the plurality of sensing devices, wherein each sensing device
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activation signal to the at | east one sensing device and for receiving an
information signal fromthe at |east one sensing device. 50 18 JAN 2007

includes a power source selected from the group consisting of a battery, a solar cell, an

RF tag module and an IR tag module.

14. A sensor system, comprising

a plurality of sensing devices, each device including an array of two or more
sensors arranged on a substrate and a wireless communication module for remote
communication; and

a central processing node, located remote from said sensing devices, including a
processing module and a communication module, said node being configured to receive
and process signals from the plurality of sensing devices, wherein at least one sensing
device includes a power source selected from one of an RF tag module and an IR tag
module, and wherein the communication module of the central processing node includes
one of a corresponding RF or IR transceiver for sending a corresponding RF or IR
activation signal to the at least one sensing device and for receiving an information signal

from the at least one sensing device.
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