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Monitoring Space Shuttle Air Quality Using
the Jet Propulsion Laboratory Electronic Nose
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Adam K. Kisor, Abhijit V. Shevade, and Margie L. Homer

Abstract—A miniature electronic nose (ENose) has been
designed and built at the Jet Propulsion Laboratory (JPL),
Pasadena, CA, and was designed to detect, identify, and quantify
ten common contaminants and relative humidity changes. The
sensing array includes 32 sensing films made from polymer
carbon-black composites. Event identification and quantification
were done using the Levenberg—Marquart nonlinear least squares
method. After successful ground training, this ENose was used in
a demonstration experiment aboard STS-95 (October—November,
1998), in which the ENose was operated continuously for six days
and recorded the sensors’ response to the air in the mid-deck.
Air samples were collected daily and analyzed independently
after the flight. Changes in shuttle-cabin humidity were detected
and quantified by the JPL ENose; neither the ENose nor the air
samples detected any of the contaminants on the target list. The
device is microgravity insensitive.

Index Terms—Air quality, carbon black, electronic nose
(ENose), polymer sensor, polymer composite.

1. INTRODUCTION

HE ABILITY to monitor the constituents of breathing air

is critical to maintaining human health in a closed envi-
ronment. NASA is interested in developing monitoring capa-
bility for use in closed environments in which air is recycled,
such as the space shuttle, the space station, and planned ex-
traterrestrial human habitats. For prolonged space habitation,
it will be necessary to monitor the breathing air continuously
without major investment of crew time. Contaminants may be
present in the breathing atmosphere for many reasons: com-
pounds not easily removed by filtering and processing will re-
main in the atmosphere, compounds built up in the filtering sys-
tems may eventually break through, and episodic events, such
as fires or spills, will generate compounds. Air must be moni-
tored for the presence of contaminants at levels which have the
potential to be harmful to crew health. These levels are defined
as spacecraft maximum allowable concentrations (SMACs) for
1-h, 24-h, 7-day, and 180-day periods, and have been deter-
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mined by toxicological assessments [1], [2]. Generally, the 24-h
SMAC:s are single or fractional parts-per-million (ppm) at atmo-
spheric pressure.

Currently, air quality monitoring on the shuttle that is done
with real-time analysis include a carbon dioxide monitor,
formaldehyde badges, and a compound specific analyzer for
combustion products. Air quality is also evaluated in post-flight
analysis by use of samples that are either collected at a specific
time and place, in a grab sample canister, or samples that
are collected over an extended period of time on absorbent
columns. Samples of air collected from the shuttle, either
during the space flight or immediately after shuttle landing,
have been analyzed and recorded for more than 100 flights to
date [3]. Analysis is done in an analytical chemistry laboratory
using analytical instruments such as a gas chromatograph-mass
spectrometer.

The best low power, low maintenance, low volume gas sensor
now available and capable of detecting and identifying a broad
suite of compounds is the human nose. Many devices now com-
mercially available for broadband monitoring as required on the
shuttle are limited by power and weight restrictions, as well
as by the number of compounds detectable. In addition, exten-
sive crew time is often required to operate such monitors. For
instance, a gas chromatograph-mass spectrometer (GC-MS) is
capable of highly accurate analysis at very low levels of con-
taminants, but it requires significant crew time to operate and
maintain. A volatile organic compound analyzer detects the total
carbon present and does not distinguish among the individual
components of mixtures or identify the compounds. The need is
for low power gas monitors which can identify compounds and
be operated with a minimum of crew time and which can be in-
tegrated into environmental control systems.

II. ELECTRONIC NOSE (ENOSE) AT THE JET
PROPULSION LABORATORY (JPL)

The goal of this electronic nose (ENose) development pro-
gram was to develop a miniature sensor which may be used
to monitor the breathing air in the international space station
and which may be integrated into or coordinated with the envi-
ronmental control system. Integration into the control systems
would make it possible to solve air quality problems with min-
imal crew intervention. Such an instrument is envisioned for use
as an incident monitor, to notify the crew of the presence of po-
tentially dangerous substances from spills and leaks, and to pro-
vide early warning of incipient fires. An event monitor such as
this one may also be used as a reliable method to make judg-
ments on the use of breathing apparatus; if the crew has put on
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breathing apparatus while repairing a leak or cleaning a spill,
it is necessary to know whether it is safe to remove the appa-
ratus. With further development and integration into the envi-
ronmental control system, such a monitor would also provide
notification for automated control of sudden adverse events,
such as spills, leaks, or recycling filter breakthrough that re-
sult in the release of dangerous substances, as well as the slow
buildup of toxic compounds.

In order to fill the need for a device capable of monitoring
air quality, the Jet Propulsion Laboratory (JPL) has developed
a low power, miniature gas sensor capable of distinguishing
among and identifying a suite of gas species which may be
present in the recirculated breathing air of the space shuttle or
space station [4]—[7]. This device is an ENose, and the sensing
array is made from polymer-carbon composite sensing films
[4]-[9]. Polymer-carbon composite films have been used in
many sensing applications, including pressure [10], tempera-
ture [11], organics in water, and analytes in air [10]-[15]. The
sensing films used in the JPL ENose are based on the initial
sensing film studies done in the Lewis group at the California
Institute of Technology (Caltech), Pasadena [13], [14]. These
sensing films are made from commercially available insulating
polymers which are loaded with carbon black as the conductive
medium. Film fabrication and film response characteristics
have previously been discussed in detail in [4]-[9], [13], and
[14]. The device development program at the JPL included
further studies of sensing films, development of electronic
interfaces between sensors and data acquisition units, and
development of data analysis software to identify and quantify
selected contaminants singly or in a mixture of two contam-
inants. The resulting device, the first generation JPL ENose,
was operated in an experiment on space shuttle flight STS-95
in 1998 [4]-[7]. Its mass is 1.4 kg, including the palm-top
computer used for data acquisition and storage and for control,
its volume is < 2000 cm?®, and it consumes 1.5 W on average
and 3-W peak power.

The ENose flight experiment was designed to test the ability
of the ENose to monitor the air in the mid-deck of the space
shuttle orbiter continuously and to test its performance in mi-
crogravity. A set of possible contaminant compounds was de-
termined and the device was trained to detect and quantify those
compounds at or below the 1-h SMAC. The ENose monitored
the air continuously for six days during flight STS 95 (October
29-November 7, 1998). Once the device was removed from the
storage locker and turned on, it operated continuously, without
crew intervention, except for the introduction of alcohol wipes
used to validate operation.

The experiment was controlled by collecting a daily air
sample in a grab sample container (GSC). The crewmember
responsible for the experiment, Commander C. L. Brown, mon-
itored the device for operation by checking the operating lights
on the side of the unit, gathered an air sample for experiment
control, and provided a daily event. In order to confirm that the
ENose was operating, an “event” or daily marker was provided
by exposing the inlet of the unit to a medical swab saturated
with 70% 2-propanol, balance unknown. Air samples in the
GSCs were analyzed in the Johnson Space Center Toxicology
Laboratory after the flight.
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TABLE 1
POLYMERS USED FOR THE SENSOR FILMS IN THE JPL ENOSE SENSING ARRAY
Sensor JPL ID Polymer
Position

1,2 C71 Poly (2, 4, 6-tribromostyrene)

3,4 A Poly (4-vinylphenol)

5,6 Q Poly (cthylenc oxide) -

7,8 C38 Polyamide resin
9,10 Cc7 Cellulose triacetate
11,12 C58 Poly (2-hydroxyethyl methacrylate)
13,14 C90 Vinyl alcohol/ vinyl butyral copolymer, 80% vinyl butyral
15,16 E1S Poly (caprolactone)
17,18 C Poly (vinylchloride-co-vinyl acetate)

19,20 D Poly (vinyl chloride-co-vinyl acetate) 10%vinyl acetate
21,22 E Poly (vinyl acetate)
23,24 F Poly (N-vinylpyrrolidone)
25,26 C88 Styrene/isoprene, 14/86 ABA Block copolymer
27,28 C80 Poly (vinyl stearate)
29,30 C22 Methyl vinyl ether/ maleic acid 50/50 copolymer
31,32 C20 Hydroxypropyl methyl cellulose, 10/30

III. EXPERIMENTAL
A. Materials

The polymers used to make the films are listed in Table 1.
Polymers C71, C38, C7, C58, C90, C88, C80, C22, and C20
were purchased from Scientific Polymer Products, Inc. Poly-
mers A, D, E, and Q were purchased from Polysciences, Inc.
Polymer F was purchased from Fisher Scientific and polymer C
was purchased from Aldrich. The carbon black used in the films
was Black Pearls 2000, a furnace black made by the Cabot Cor-
poration. All of the solvents used to dissolve the polymers and
disperse the carbon black were reagent grade solvents from J.
T. Baker and were used as received. Both the polymers and the
carbon black were also used as received.

For testing the array response to analytes, the Freon
was 1,1,2-trichlorotrifluoro ethane, HPLC grade, from
Sigma-Aldrich, and the ethanol was from EM Science. Ammo-
nium hydroxide was purchased from J. T. Baker, and a diluted
solution of 12:1, ammonium hydroxide:water, by volume, was
used to expose the films to ammonia. All other chemicals
used in testing the sensor arrays were reagent grade chemicals
purchased from J.T. Baker and were also used as received.

B. Sensors

The sensors in the JPL ENose are thin films made from
insulating, commercially available polymers which have been
loaded with carbon black as a conductive medium. A baseline
resistance of each film is established; as the constituents in
the air change, the films swell or contract in response to the
new composition of the air, and the resistance increases or
decreases. Sensing films were deposited on ceramic substrates
which had eight Au-Pd electrode sets. The sensor substrate
is 25 x 10 mm; each sensing film covered an electrode set
with an area of 2 x 1 mm. A photo of a sensor substrate with
deposited films is shown in Fig. 1.

Four sensor substrates were used in the device for a total of
32 sensors. In this experiment, 16 polymers were used to make
sensing films; each polymer was used to make two sensors. The
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Fig. 1. Photograph of the ceramic substrate with eight sensor films.
polymers used in the ENose flight experiment were selected by
statistical analysis of responses of these films to a subset of the
target compounds; Caltech provided sensor data for the statis-
tical analysis. The polymers used in the STS-95 flight experi-
ment are listed in Table I.

Protocols for depositing these polymers have been published
previously [4], [8]. Because the polymer films are sensitive to
changes in temperature [9], heaters were included on the back
of the ceramic substrates to provide a constant temperature at
the sensors. The substrates were usually heated to a few degrees
above ambient temperature at set points of 28, 32, or 36 °C.
Thermistor selection prohibited heating above 36 °C. Heating
the substrates helped remove some of the thermal drift seen in
the sensors and also assisted in vapor desorption and, therefore,
sensor recovery time.

C. Device Design and Construction

The device to be used in the JPL. ENose flight experiment was
defined as one capable of monitoring the shuttle cabin environ-
ment for the presence of ten contaminants at or below the 1-h
SMAC levels. The target compounds are listed in Table II. In
addition to the target compounds, the ENose was also built to
be capable of detecting changes in humidity.

These compounds were selected by reviewing results of anal-
ysis of the constituents of air collected in the space shuttle after a
flight [3], and selecting those that had been present in relatively
high concentrations, although SMACs for those compounds had
not been approached. Additional compounds, such as ammonia,
were selected if there had been anecdotal reports from shuttle
crewmembers that an odor had been present at some time during
a flight. The reported concentrations of these compounds and
the 1-h SMACs are listed in Table II.

After the flight experiment was defined, one target com-
pound was added to the list; a medical wipe saturated with 70%
2-propanol was used to provide a daily event marker, to verify
device operation during the flight. The exact composition of
the wipe is not known.

The ENose fabricated was a complete, autonomous device,
consisting of 32 sensors in an array, electronics to allow control
of the array as well as to read the response and transfer data from
the array to a computer, and a computer for instrument control,
data acquisition and data storage. Design of data analysis soft-
ware to allow identification and quantification of the target com-
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pounds list was included in the development program. The orig-
inal intent of the program was to develop real-time data analysis
and display. However, after consultation with the flight exper-
iment co-investigator, Dr. J. James of the Toxicology Branch
at Johnson Space Center, it was decided that post-flight anal-
ysis would adequately validate the JPL ENose performance,
and would be preferable to running the risk of false positive
analyses presented to crewmembers. Telemetry for ground anal-
ysis during the flight was not available, and data were analyzed
after the flight.

D. Operation

When the device is operating, air is pumped from the sur-
roundings into the sensor chamber at 0.25 L/min using a Thomas
model X-400 miniature diaphragm pump. The air is directed ei-
ther through an activated charcoal filter which is put in line to
provide clean air for baseline data, or though a dummy-filter
of Teflon beads which is put in line to provide a pressure drop
similar to that in the charcoal filter. A solenoid valve can be
programmed to open the path to the charcoal filter and pro-
vide clean airflow for a programmable period of time at pro-
grammable time intervals; otherwise, the air is directed through
the Teflon beads. Air then enters the glass enclosed sensor head
chamber where resistance is measured. For this experiment, the
charcoal filter was used for 15 min every 3.5 h. A sketch of the
device layout is found in Fig. 2.

The gas-flow temperature is monitored, and if ambient tem-
peratures rise above the substrate temperature (initially set at
28 °C), then the substrate heaters are reset to the next highest
temperature set point; conversely, if the ambient temperature
dropped below the lower set point, the heaters would be reset to
the lower temperature. The heaters would not heat above 36 °C,
but it was not expected that the shuttle cabin temperature would
rise that high.

Data acquisition and device control are accomplished using a
PIC 16C74A microcontroller and a Hewlett Packard HP 200 LX
palm top computer, which is programmed to operate the device,
control the heaters and to record sensor resistance. Typical nor-
malized resistance change (AR /Ryq) for 10-50 ppm of contam-
inant is on the order of 2 x 10~ (200 ppm resistance change),
and may be as small as 1 x 107>, The resistance measurement
circuitry designed for the ENose has been described previously

(41-9].

IV. DATA ANALYSIS—IDENTIFICATION AND
QUANTIFICATION OF COMPOUNDS

The data analysis focused on development of a method that
could correctly identify and accurately quantify a gas event of
single or mixed gases. For the JPL ENose system, the task of
identifying and quantifying a gas event is roughly a two-step
procedure: response pattern extraction and pattern recognition.
Response pattern extraction for a gas event identifies a resis-
tance response for each sensor and, subsequently, generates the
response pattern of the array to the gas event. Pattern recogni-
tion uses the generated response pattern to identify and quantify
the gas event. In order to implement these data analysis steps,
a database of expected gases must be compiled; this database
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TABLE 1II
TARGET COMPOUNDS FOR THE JPL ENOSE SHUTTLE EXPERIMENT
Compound | Detected on 1 hour SMAC | Training range | Minimum
shuttle (ppm)[3] | (ppm)[1,2] | (ppm) Concentration
Detected (ppm)
methanol <1 30 5-300 5
ethanol 05-5 2000 10-130 50
2-propanol 04- 4 400 30-160 50
ammonia 0 30 10- 50 20
benzene <0.1 10 10 - 150 10
indole 0 1 .006 - .06 0.03
methane 1.0-10 5300 1000 - 7000 3000
formaldehyde 0 0.4 1-510 25
Freon 113 0.1-1 50 10 - 600 20
toluene 04-4 16 5-60 15
ATR OUT

nose

Chamb

teflon filter | p controller —{

Fig. 2. Schematic of ENose flight experiment device.

will be referred to as our ENose array training data. Algorithms
used for pattern recognition and the pattern extraction processes
have been discussed else where in detail [6], [17], but will be re-
viewed here briefly.

A. Data Analysis Algorithm

Some of the conceptual ENose data analysis approaches
tested were as follows: discriminant function analysis (DFA),
neural networks with back propagation (NNBP), and a linear
algebra (LA) based approach. Principal component analysis
was initially used, but was later replaced by DFA (Fisher
discriminant) due to its better ability at discriminating similar
signatures that contain subtle, but possibly crucial, gas-dis-
criminatory information for our case. Both DFA and NNBP
are among the popular methods for array-based sensor data
analysis. In general, NNBP is more suitable than DFA when
the sensor signatures of two gases are not separable by a
hyperplane (e.g., one gas has a signature surrounding the
signature of another gas), while DFA is better in classifying
data sets which may overlap.

Linear algebra is suitable only if the sensor responses are
linear, which was later not to be the case for some sensors for
the concentration ranges considered. Though the nonlinearities
appear to be of low order and for few single analytes [17],
successful identification and quantification of gas events must

take the nonlinearities into account. Linearizing the response
patterns with the LA-based approach did not improve the
identification and quantification much. For this reason, an
algorithm based on the Levenberg—Marquart nonlinear least
squares (LM-NLS) method was developed [7].

NLS has been studied previously for analysis ion concentra-
tions with an electrode sensor array [18]. However, computation
time and convergence problems have prevented it from being
used widely for ENose/tongue data analysis. In our case, where
we need to deconvolute gas compounds and their concentra-
tions for over 20 potential target gases and mixtures of up to
four of them (it would require an enormous amount of training
data for a NN based approach) with large variation in response
patterns, we found the NLS based approach to be a very effec-
tive way. With the fast advance in computer technology, com-
putation time is no longer a big issue. Currently, it takes sev-
eral minutes (<5 min) for analysis each event on a nondedicated
Pentium III PC with MATLAB 5.3, quick enough to be used for
“quasi real time” air monitoring, especially when considering
the fact that the ENose sensor’s response time is about 15 min
(for 1-h SMAC levels of concentrations of most target gas com-
pounds). This can be further reduced when optimized for real
time code (<1 min). The convergence problem can be improved
by using multiple starting points as well as a modified update
strategy and is also relaxed by the fact that the quantification
accuracy requirement in our case is rather tolerant (+/—50% of
the true concentration).

For simplicity, we continue to assume sensors’ additive re-
sponse, i.e., the nonlinearity is assumed to be limited to indi-
vidual compounds but not their mixtures, as no clear evidence
so far show otherwise.

Similar to LA, the LM-NLS method tries to find the best-fit
parameter vector x from an observation vector y, which is
related to x through a known linear or nonlinear function,
y = f(A, x). However, unlike LA, where parameter estimation
can be obtained analytically, the LM-NLS method needs to
use iterative optimization procedures to compute the parameter
estimates. It begins from a given starting point of x, calculates
the discrepancy of the fit

(computed — observed)
o

residual =
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where o is the standard deviation and updates with a better-fitted
parameter x at each step for a smaller residual. The LM-NLS
method automatically adjusts the parameter step to assure a re-
duction in the residual: increase damping (reduce step) for a
highly nonlinear problem, and decrease damping (increase step)
for a linear problem. Because of this ability to adjust damping,
the LM-NLS method is adaptive to both linear and nonlinear
problems. This is a very desirable feature since only limited sen-
sors exhibit nonlinearity in response to some target gases. De-
tails of how this method adjusts damping can be found in [16].

To obtain sensor characteristics without further knowledge
of sensor nonlinear mechanisms, a second order polynomial fit
was used to model the low-order nonlinearities found. Thus, for
each sensor’s response to each gas compound, the program finds
the best-fit coefficients A; and A (in the least-squares sense)
to the following equation: resistance change = A1x + Agx2,
where x is the gas concentration vector. The fit is constrained
to pass through the origin. A; and Ay are 12 x 32 matrices
characterizing the 32 sensors’ response to the ten targeted gases
plus humidity change and wipe.

B. Response Pattern Extraction

In order to extract the resistance response pattern accurately
from raw time-series resistance data, it must be preprocessed.
This conversion is important because relative response changes
have been found to be more reliable than the response shapes
for sensing media such as the conducting polymer/carbon films
used in this program. The exact method of extracting the re-
sponse pattern may be application dependent, but, in general, it
will involve four sequential steps: 1) noise removal, 2) baseline
drifting accommodation, 3) gas event occurrence determination,
and 4) resistance change calculation.

1) Noise Removal: A sensor’s response to a gas event might
be buried in noise, especially at the gas concentrations targeted
in this program (1-100 ppm). The main source of this noise is
response fluctuation in the sensing films. Some polymer films
were noisier than others; that noise could have been caused by
high sensitivity of the film to small changes in pressure caused
by airflow. Nonuniformities in the film thickness and carbon
dispersion could also be responsible for noise. In general, this
fluctuation is fast compared to the response to a gas event. It
is expected that a less responsive sensing medium will have a
larger relative fluctuation. The first step in the preprocessing
is therefore to filter out this high frequency fluctuation using
appropriate digital filtering.

The method for noise removal used here is zero-phase for-
ward and reverse digital filtering. The length of the filter may
be different for different sensors and can be determined by trial
and error.

2) Baseline Drift Accommodation: Baseline drift is one of
the most difficult problems to be solved in analyzing resistance
versus time data from the ENose. The causes for the baseline
drift can be multiple, and include variations in temperature, hu-
midity, or pressure, aging of the sensors, and sensor saturation.
However, there is at present no clear understanding of the un-
derlying mechanism of any one of the causes, which makes
drift-compensating attempts very difficult.
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In general, the baseline drift is slowly varying in nature com-
pared to the response time of a detectable gas event, whether the
drift is caused by temperature, pressure or humidity variations,
or some other cause. This difference in time scale enables the
use of a long-length digital filter to determine the approximate
baseline drift and then subtract it from the raw data.

3) Gas Event Occurrence Determination: A scheme for au-
tomated determination of whether and when a gas event occurs
has been developed. It is based primarily on threshold calcula-
tion, in which the resistance change over a certain time interval
is calculated, and a time stamp is registered if the change ex-
ceeds a preset threshold. This routine can detect most gas events;
however, it was also found that it tends to falsely identify base-
line drift or noise as gas events. Consequently, in this experi-
ment, the determination of a gas event in practice was largely
done by visual inspection of the events selected by the rou-
tine. In this way, effort was focused on gas identification and
quantification.
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and indole.

4) Resistance Change Calculation: The calculation of the
resistance change may not be obvious, because at low gas con-
centration range the responses do not have consistent character-
istic shapes. However, it is expected that different sensors have
relatively different response strengths. It is this relative respon-
siveness which determines the fingerprint of that gas, i.e., the re-
sponse pattern. To preserve this relative responsiveness it is im-
portant that the any calculation method of the resistance change
should be taken at the same time stamp after the initial presen-
tation of a gas.

Fig. 3(a) shows the baseline drift determined by piecewise
baseline fitting and low-frequency filtering. Fig. 3(b) shows the
result of processing data with high and low frequency filters
and correcting for baseline drift. The step at around 150 min
is caused by a change in array temperature and the solid, regu-
larly spaced line show when the carbon filter was selected for
developing baseline information. The circles indicate selected
event start and finish times.

C. Training Data

Data analysis algorithms for identification and quantification
of gas events were developed from sets of training data. The

training data were taken on two sets of polymer-film sensor-
arrays. The two arrays were operated in parallel so they would
be exposed to the same atmosphere. Both sets were exposed to
some 550 events where single gases at varying concentrations in
filtered, dehumidified house air were delivered, and 100 mixed
gas events.

The data from the training sets were used to construct data
analysis algorithms; additional sets were used to test the algo-
rithms after training. The sets were used to construct a data-
base of sensor array responses to extract a signature, or fin-
gerprint, pattern for each gas. The sensors were exposed re-
peatedly to different concentrations of the target compounds.
A typical single gas event sequence exposes the sensor array
to a series of concentrations of two gases delivered singly, as
shown in Fig. 4. Concentration changes were not made in any
set order. The concentration ranges to which the sensor arrays
were exposed was approximately 50%—-300% of the 1-h SMAC
of each gas, although for compounds with high SMACs, such
as ethanol, significantly lower concentration ranges were used
for compatibility with the laboratory gas control system. The
range of training exposure concentrations for each gas is shown
in Table II. The bulk of these exposures were done at 0% RH at
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25 °C. In addition to the compounds in Table II, the array was
trained to water from 0-90% RH at 25 °C. For those compounds
with high SMACs, the sensors were also exposed to the satu-
rated vapor pressure of those compounds to determine whether
the sensors would saturate. It was not found that any sensors in
the array saturated or failed to recover rapidly (typically, 5 min
was sufficient for recovery) from exposure to high concentra-
tions of organic vapors.

An exhaustive set of mixed gas training sets was not
attempted, although most of the compounds were trained
at additional (besides 0% RH) humidity backgrounds. Sets
of mixtures of two analytes at varying concentrations were
recorded to determine whether additivity of response would
hold at these concentrations and to determine the capability of
the algorithms in deconvoluting the signals.

Before analysis of the analyte exposures, high and low fre-
quency noise are removed by filtering. High frequency noise is
largely caused by the responses of the sensing films. Low fre-
quency noise appears in the data as baseline drift, and is largely
caused by humidity, temperature and pressure changes in the
monitored atmosphere. Baseline drift, which is not removed
by high or low frequency filters, is removed by constructing
a piece-wise baseline from the signals taken during the base-
line determination cycle (cleaned, filtered air) and subtracting it
from the data.

Sensor data are recorded as resistance versus time and the
events (exposure to an analyte) are analyzed as normalized
changes in resistance (AR/R,) where R, is determined for
each gas event for several data points before the event begins.
The program calculates the AR /Ro values from the processed
data. This value is more accurately described as follows:

AR _ (R =R
R R

where
R;  sensor resistance at plateau of the response;

R, resistance prior to the event.

At the concentration ranges determined from the SMACs, re-
sponse of the array is not linear with concentration, thus there
is no single signature or fingerprint for one gas at all concentra-
tions. The response patterns for one gas remain similar for the
concentration range of interest, but are not similar enough to rely
on linear analysis methods. In order to account for nonlinear re-
sponses, event identification and quantification was done using
the LM-NLS method [16]. The data analysis routines and the
rationale for selecting this method are discussed in detail else-
where [6], [17].

V. RESULTS & DISCUSSION

A. Training and Testing the Sensor Array

The goal of the device development program, and a condition
for flight, was the ability of the ENose to identify and quantify
the target gases at or below the 1-h SMAC with an 80% suc-
cess rate under both dry and humid conditions (30-80% RH at
25 C). “Success” is defined as correct identification of the com-
pound and quantification of the compound within 50% of the
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actual concentration. This degree of accuracy, 50%, is sufficient
for crew health applications where the SMACs are set conser-
vatively and toxicity levels are not known with better accuracy.

Two identical sensor arrays were fabricated; one array was
arbitrarily designated as the flight array and the second set the
spare array. The quantification and identification algorithms
were built exclusively from the training data on the flight array,
although both arrays were exposed to all the training sets. These
algorithms were used to test identification and quantification
for both sets of chips.

Fig. 5(a)—(c) show the results of application of the data anal-
ysis algorithms to the training data for the flight array. The
training data is treated as a blind test and the algorithm identifies
and quantifies the data; for the correctly identified gas events,
Fig. 5 plots the delivered concentration versus the concentra-
tion quantified by the algorithm. The figures show that the data
analysis program was able to correctly identify the compound
and quantify the compounds in the training set within +/—50%
of the delivered concentration. The data analysis reports both
identity and quantity; the overall success rate in identification
and quantification was 85%.

Fig. 6 shows the results of analyzing mixtures of two gases.
The success rate with mixed gases was moderate, about 65%.
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An exhaustive set of double gas mixtures was not run; addi-
tive linearity holds for the mixtures tested: {ammonia + ben-
zene}, {ammonia + ethanol }, {benzene + methanol }, { methanol
+ toluene}, {ethanol + formaldehyde}, and {propanol + ben-
zene}.

After the shuttle flight, the sensor chips were stored under
ambient laboratory conditions inside the device. The labora-
tory in which the device was stored saw humidity fluctuations
from 20%—-80% RH and from 13-30 °C. One year after the sen-
sors were made, the flight array was retested with all of the
target compounds under dry conditions with separate testing
for humidity; the algorithms from the original training still cor-
rectly identified and quantified all of the compounds. Subse-
quent testing was done at three-month intervals on a subset
of compounds (benzene, toluene, 2-propanol, and relative hu-
midity) to test the lifetime of the sensor array using the orig-
inal algorithms. At eighteen months, the signature of methanol
remains reasonably similar; however, the signatures of benzene
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Fingerprints for flight events compared with training fingerprints.

and toluene changed enough that the algorithms could no longer
correctly identify them. At 22 months, visual inspection of the
fingerprints could not detect any change; however, the algorithm
could no longer correctly identify the subset of compounds.
Lifetime calibrations on the individual sensors were not ana-
lyzed.

B. Shuttle-Flight Experiment of the JPL ENose

The ENose flight experiment monitored the air in the
mid-deck (crew quarters) of the orbiter. Monitoring was
continuous, three points per minute, and the device required no
crew intervention after it was removed from the locker, placed,
and turned on with a single switch. The ENose response was
recorded over six days and data were stored for post-flight
analysis. During a ground experiment done in 1997, it was
found that the recycled air was very clean (air analyzed from
the shuttle contains contaminants at less than the SMAC level)
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and there were very few events [3], [8], [19], so a daily marker
event was added. The medical swab daily marker event was
included in the experiment to confirm that the device was
working.

The initial, visual examination of the raw flight data showed
that the ENose responded to all planned daily marker events
with a rapid rise and fall in resistance. Software event iden-
tification and data analysis further confirmed all daily marker
events. In addition to the planned events, a large number of other
events were recorded. Software analysis identified all events,
which were not markers, as humidity changes. Fingerprint pat-
terns from the events were compared visually to each other and
to laboratory fingerprint patterns for confirmation of the identi-
fication.

Most of the ENose measured humidity changes can be corre-
lated in time with humidity changes measured by an indepen-
dent humidity sensor in the shuttle orbiter. Those events identi-
fied as humidity changes, but not correlated with cabin humidity
change, are likely to be caused by local humidity changes; that
is, changes in humidity near the ENose which were not suffi-
cient to cause a measurable change in cabin humidity. The inde-
pendent humidity monitor was located in the stairway between
the mid-deck and the flight deck, and so would not record any
humidity changes localized around the ENose; in addition, there
could be a time lag between the two sensors’ response because
of their different locations. Fig. 7 is a plot of change in resistance
versus time of four sensors and cabin humidity. The sensor re-
sponses are shown without frequency filtering or baseline cor-
rection. By inspection, it can be seen that the humidity changes
and ENose response correlate in several places within the data.

After the raw data are processed and analyzed, the humidity
event at time 306.8 in Fig. 7 is identified as a 9% humidity
change. The ENose response shows a rise in humidity followed
by a drop in humidity at 306.815, followed by another rise at
306.835. The humidity monitor response rises and drops sim-
ilarly, although there is a time lag for the humidity change to
reach the ENose. The pattern is similar to the 10% humidity
training data. A similar correlation between ENose sensor re-
sponse and humidity monitor response is seen in the event at
306.97. Humidity rise at 307.05 was localized to the humidity
monitor and did not reach the ENose.

Fig. 8 shows the similarities between patterns for events in
Fig. 7, and compares them with patterns recorded in training
sets for the daily marker and for humidity change. Response
patterns for events in the flight data can be seen to be similar
for training data and for flight data. Response is normalized to
the largest sensor response in each event to keep patterns on a
similar scale. The dip in the ENose sensor response at 306.9 is
caused by the carbon filter for baseline measurements.

A medical swab marker event quantified at 900 ppm is similar
to, but not the same as, a training pattern at 3000 ppm; this dif-
ference is one of the nonlinear features that must be accommo-
dated in the analysis software. The marker event at time 306.95
in Fig. 7 is analyzed as a combination of humidity and medical
swab, and the pattern can be seen to be a combination of the two
training patterns.

Software analysis of the flight data did not identify any other
target compounds, as single gases or as mixtures. Independent
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analysis of daily air samples done in the Toxicology lab at JSC
confirmed that no target compounds were found in concentra-
tions above the ENose detection threshold.

The correlation between the ground training and in-flight re-
sponse patterns for both the alcohol wipe and humidity change
shows that the operation of the ENose is microgravity insensi-
tive, and thus can be used in a space-based application without
further accounting for microgravity effects.

VI. CONCLUSION

The miniaturized ENose designed and built at JPL has the ca-
pacity to detect, identify, and quantify relative humidity changes
as well as a suite of ten contaminants at 1-h SMAC levels. The
sensing arrays were comprised of polymer-carbon composite
sensing films. Using nonlinear analysis techniques, gas events
were identified and quantified with an overall success rate of
85% for single events and 65% for mixed gas events. Some
three-component gas-event combinations were also deconvo-
luted for identification and quantification. For the current array
of polymers, it was possible to train an array, build an algorithm
for both identification and quantification, and get a useful life-
time of the sensing array of eighteen months.

The space shuttle air is very clean, which is desirable for the
crew, but does not significantly challenge either the response
characteristics of the ENose sensor array or the software
analysis routines developed for the ENose. It is not surprising
that the only changes the ENose saw on STS-95 were humidity
changes, and it is because events were not expected that the
experiment included the relatively uncontrolled daily marker
(alcohol wipe) events. The ENose experiment is judged a
success on several counts. The daily marker was identified and
quantified. The humidity events were identified and quantified.
The crew reported no events that would be expected to induce
a response in the ENose. Finally, analysis of the GSCs did not
detect any compounds that the ENose should have identified.

For the two compounds the ENose identified on the shuttle
flight, water (measured in relative humidity changes) and
2-propanol, the response of the ENose in microgravity was
not significantly different from the response seen in laboratory
training (before and after the shuttle flight). This result leads us
to conclude that the device is microgravity insensitive.

Further work with the JPL ENose will focus on improving the
sensor array, further miniaturization of the device, and adapta-
tion of the software for real-time (within 30 min of an incident)
analysis. The goal is to build the JPL ENose to be used as a
gas-incident monitor which can be operated with a minimum of
crew time and which can be integrated into environmental con-
trol systems.
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