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ABSTRACT
Arrays of broadly cross-reactive vapor sensors provide a man-made
implementation of an olfactory system, in which an analyte elicits
a response from many receptors and each receptor responds to a
variety of analytes. Pattern recognition methods are then used to
detect analytes based on the collective response of the sensor array.
With the use of this architecture, arrays of chemically sensitive
resistors made from composites of conductors and insulating
organic polymers have been shown to robustly classify, identify,
and quantify a diverse collection of organic vapors, even though
no individual sensor responds selectively to a particular analyte.
The properties and functioning of these arrays are inspired by
advances in the understanding of biological olfaction, and in turn,
evaluation of the performance of the man-made array provides
suggestions regarding some of the fundamental odor detection
principles of the mammalian olfactory system.

I. Introduction
No known man-made sensor system combines the sen-
sitivity, low-power, rapid response, selectivity, generaliz-
ability, and ability to track analytes to their source that is
characteristic of a canine’s olfactory system. The mech-
anism by which humans assign different odor qualities
(sweet, fruity, musty, etc.) to various chemicals is also not
well-understood. The potential to understand, and pos-
sibly even replicate, these features is the primary motiva-
tion behind our efforts to construct an artificial olfactory
system, that is, an “electronic nose”.

The immune system uses a traditional “lock and key”
approach to chemical sensing in which each receptor
responds specifically to a particular analyte of interest.
This approach works well when one knows in advance
which molecules are to be detected so that specific
receptors can be constructed. In contrast, the mammalian
olfactory system uses an array of broadly cross-reactive
receptors, in which each analyte elicits a response from
an array of receptors and, in turn, each receptor responds
to a collection of odorants.1,2 The response pattern

produced upon exposure to an odorant is then sent to
the olfactory bulb and subsequently is transmitted to the
brain, where pattern recognition methods are used to
identify, classify, and quantify the odor of interest.

Bioinspired, artificial olfactory systems, often called
“electronic noses”, also perform odor detection through
use of an array of broadly cross-reactive sensors in
conjunction with pattern recognition methods (Figure 1).3

Such systems gained increased attention in the early
1990s, when advances in computational capability added
significant performance potential to pattern-recognition-
based sensing architectures.3-5 The various implementa-
tions of “electronic noses” differ in the specifics of how
the signal transduction is performed and in the nature of
the algorithms that are used to analyze the sensor array
data. Sensor modalities include surface acoustic wave and
bulk resonating quartz crystal devices, micromachined
cantilevers, conducting polymers, polymeric dielectric
capacitors, dye-impregnated polymeric films coated on
optical beads or fibers, semiconducting metal oxide resis-
tors, chemically sensitive field effect transistors, and
vapochromic inorganic and porphyrinic metal com-
plexes.6,7 Pattern recognition algorithms include statisti-
cally based methods, such as principal components
analysis or partial least-squares regression analysis, and
neutral network-based methods, such as self-organizing
maps and Kohonen maps.3 In this article, we discuss the
progress and insights that have arisen from recent work
in our laboratory based on investigation of one such
“electronic nose” system. Additionally, we discuss how
these observations have produced insight into the per-
formance of sensor arrays for odor detection and have
provided suggestions regarding some of the fundamental
odor detection principles of the mammalian olfactory
system.

Our approach utilizes composites comprised of regions
of conductors interspersed in regions of insulating organic
polymers.8,9 The polymer is typically a low glass transition
temperature, organic polymer,10 and the conducting phase
can be either a conducting organic polymer or an inor-
ganic or organic conductor, such as colloidal Ag, colloidal
Au, carbon black, or doped polypyrrole. When a volatile
organic vapor is exposed to the composite, the vapor is
readily sorbed into the polymer and produces a swelling
of the polymer film. This sorption-induced swelling
increases the dc electrical resistance of the composite,
providing a simple, low-power method for transducing the
presence of an analyte into a readily detectable electrical
signal (Figure 2). An array of such sensors, each containing
a chemically distinct polymer and a common conducting
phase, thereby produces pattern-based signatures for the
detection, classification, and analysis of various analytes.8,9

In a sufficiently diverse sensor array, even subtle differ-
ences between analytes, such as their molecular shape,
size, volume, dipole moment, and hydrogen bonding
capacity, produce differentiable response signatures for
different analytes.11,12
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II. Properties of Individual Polymer-Conductor
Composite Chemiresistor Vapor Sensors
1. Basic Sensing Characteristics. We first consider the
response properties of the individual sensors. The relative
differential resistance response, ∆R/Rb, where Rb is the
baseline resistance of the sensor before exposure to the
analyte and ∆R is the steady-state change in resistance
upon exposure to the analyte, is a useful response
descriptor (Figure 2a) because it is largely independent
of the amount of carbon black loaded into the film, the
thickness of the film, the time response of the sensor, and
other process-related variables.9 The ability to adjust the
amount of the conductor in the insulating polymer allows
for operation of the sensors in a highly desirable regime
in which ∆R/Rb is a linear function of the concentration
of analyte in the vapor phase (Figure 2b).13,14 This linearity
of the sensor response greatly simplifies the signal pro-
cessing of the response patterns produced by the sensor
array because the pattern type identifies the analyte and
the pattern amplitude is linearly related to the concentra-
tion of the analyte in the vapor phase.13,14 Hence, the
response of a sensor array can be described by a feature
vector that is associated with that particular analyte.

2. Response to Binary and Complex Mixtures of
Analytes. The response of the chemiresistive composite
sensors to two analytes is generally a linear combination,
weighted by the mole fraction sorbed into the polymer,
of the response of the individual analytes. Hence, binary
mixtures of analytes can be readily analyzed to yield the
mole fraction and identity of the components of the
mixture.9,13 Additionally, the array response to a particular
analyte is largely independent of the background in which
the response is measured.13 Hence, exposures to the nerve
agent simulant dimethylmethylphosphonate, DMMP, even
at concentrations of 10 ppb, produced the same response
pattern whether the DMMP was exposed to the array in
an air ambient or in the presence of a background
that contained a high concentration of diesel fuel, lighter
fluid, humidity, or other vapor combinations of interest
(Figure 3).14

Like the human nose, the electronic nose devices are
change-detection systems and cannot readily break down
a complex mixture (i.e., wine) into its hundreds of different
chemical components. However, arrays of broadly cross-
reactive sensors can readily probe changes in complex
analyte mixtures either over time or over a collection of
samples. Accordingly, such sensor arrays are well-mated

FIGURE 1. Differentiation between odorants through use of combinatorially encoded response patterns from a broadly cross-reactive sensor
array.

FIGURE 2. Swelling-induced resistance changes (a) of polymer composite vapor sensors and (b) linearity of response vs analyte concentration.
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to probing time-dependent changes in the environment,
such as in the cabin air of the U. S. Space Shuttle,15 or for
use in quality control applications in the food, beverage,
chemical, and medical industries.3

3. Response Time and Reversibility. The diffusion
coefficients of small molecule permeants into polymers
with low glass transition temperatures, Tg, are well-known
to be in the range of 10-7-10-8 cm2 s-1.16 Hence, for 200
nm film thicknesses, less than 1 s response times are
expected for diffusion-driven analyte sorption and de-
sorption processes into the polymer composite sensing
films. Detailed time-response measurements on a poly-
(ethylene-co-vinyl acetate), PEVA, carbon black composite
detector are in accord with this expectation (Figure 4). The
response of this particular system has been analyzed in
detail using Fickian diffusion in conjunction with a model
for the film involving a parallel arrangement of lamella of

swellable resistors.17 The responses in Figure 4 are aver-
ages of 64 responses collected in <5 s, thereby illustrating
the rapid, reversible response properties that can be
obtained from these sensors.

4. Sensing Mechanism. Figure 5 presents data showing
that the sensors indeed operate through a “smelling-by-
swelling” mechanism. In this set of experiments, the
relative thickness changes as monitored by ellipsometric
measurements on unfilled polymer films have been
related to the relative differential resistance changes of
composites that contained the same swellable polymer
material but which additionally contained the carbon
black filler.18 At the carbon black loading levels used in
our work, the mass uptakes of analyte vapor were very
similar for both filled and unfilled films. The data of Figure
5 thus show that the thickness change is linearly related
to the resistance change of such films, and additionally

FIGURE 3. Principal components plot showing that the response to DMMP (white ellipses) is different than that of other odorants and
showing that DMMP produces the same response pattern in the presence of backgrounds of these other odorants (black ellipses).

FIGURE 4. Time response of a PEVA-carbon black chemiresistor (solid line) in response to a nearly square-wave pulse of methanol vapor
(thin gray line).
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that a given thickness change produces a given resistance
change regardless of the analyte. Hence the carbon black
particles act as an inert filler that transduces the swelling-
induced film thickness change into a dc electrical resis-
tance change.18,19

5. Sensitivity Characteristics. The sensitivity of these
sorption-based sensors can be readily understood by
considering the ∆R/Rb response as a function of the
thermodynamic activity of analyte in the vapor phase,
which is the pressure of the analyte, P, divided by its vapor
pressure, P°, at the temperature of interest (generally room
temperature). Figure 6a presents the array sensitivity
toward a homologous series of compounds, including a
series of alkanes, alcohols, and esters.20,21 The ordinate of
Figure 6a is the concentration of analyte required to
produce an average 1% ∆R/Rb response over an array of
chemically diverse carbon black-polymer composite sen-
sors, and the abscissa indicates the vapor pressure of the

analyte of interest. For comparison, Figure 6b depicts the
mean human olfactory detection thresholds for a homolo-
gous series of hydrocarbons.22 The data clearly show that
on a concentration basis, both the human olfactory system
and the sorption-based carbon black-polymer composite
sensors exhibit increasing sensitivity in a homologous
series to compounds that have lower vapor pressures.

This behavior can be understood through consideration
of the thermodynamics of sorption of analytes into
polymers. At equilibrium, the chemical potential of the
analyte must be equal in all phases of interest. Hence, the
sorbed analyte concentration is given by P/P° ) Rø, where
R is the activity coefficient and ø is the mole fraction of
analyte in the polymer film. Because R is not very different
for sorption of a homologous series of analytes into an
individual polymer film, the value of ø for the different
analytes in a homologous series is determined primarily
by the variation in P°. In the electronic nose, the equili-

FIGURE 5. Relative differential resistance response vs relative thickness change for a poly(caprolactone)-carbon black composite exposed
to a series of analytes at a variety of concentrations.

FIGURE 6. Comparison of sensitivity trends for (a) a carbon black-polymer composite sensor array and (b) mean human olfactory detection
thresholds to n-alkanes as a function of the vapor pressure of the analyte at room temperature.
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bration of the polymer composite sensors with analyte
vapor is ensured by limiting the analysis of ∆R/Rb to the
signals obtained at steady state. It is not clear that humans
detect odors under equilibrium conditions; nevertheless,
the similarity between the response trends for the human
and artificial olfactory systems suggests that sorption of
the odorant into the mucous is a primary factor in
determining the sensitivity to the odorant in the human
olfactory system. At constant P/P°, the differences be-
tween R values for a given analyte sorbing into different
polymers determines the differences in response patterns
that are produced for those analytes at a fixed value of
P/P°. The data of Figure 6 furthermore indicate that for
most simple volatile organic compounds, the carbon
black-polymer composites have a vapor phase detection
limit that is similar to, or slightly better than, that of the
average human.

III. Properties of Sensor Arrays
Having established the response properties and response
mechanisms of the individual carbon black-polymer
composite vapor sensors, we now consider the analysis
of the patterns of signals produced by the sensor array. A
quantitative analysis of the differences between two array
response patterns requires the use of a signal processing
algorithm. We prefer to utilize statistical methods that
facilitate understanding of the classification performance
inherent in the data, as opposed to neural network
methods in which the overall performance of a system is
intimately linked to the performance of a particular
algorithm as it couples to the data set of interest.

1. Classification Using the Fisher Linear Discriminant.
A useful approach is to utilize the Fisher linear discrimi-
nant, which is a supervised classification algorithm.23 In
this approach, exposures to two analytes, A and B, are
collected in a training set period. The exposures are then
sorted by analyte, and the vector, wb, is determined along
which the two different data sets are maximally separated.
A hyperplane is then constructed normal to this vector
with the position of the hyperplane determined by the
relative weightings of the standard deviations of the data
for the two analyte classes (Figure 7). Hence, a data point

that falls on the hyperplane has an equal probability of
being a member of either of the two analyte classes.
Subsequent (unknown) analyte exposures that fall on one
side of this decision boundary are designated to be one
analyte, and exposures that fall on the other side of the
boundary are designated to be the other analyte. Use of
the Fisher linear discriminant ensures that sensors are
weighted by the signal/noise that they contribute to the
discrimination task of interest and noisy sensors are only
weighted for tasks in which they are useful (i.e., noisy
chiral sensors would only be weighted significantly for use
in chiral discrimination tasks, etc.). The entire response
space of a collection of analytes can be parsed up into a
collection of such pairwise decision boundaries. To the
extent that the array response patterns are independent
of analyte concentration, only one discriminant boundary
is necessary for each analyte pair, provided that the data
are first sum-normalized (i.e., mapped onto the unit
sphere) to remove any concentration-dependent terms
from the analysis.

Table 1 shows some representative rf values for a set
of different vapor discrimination tasks obtained from
concentration-normalized response data on an array of
14 carbon black-polymer composite sensors11 with rf
defined as follows:

where dwb is the distance between cluster centroids and
σa,wb and σb,wb are the standard deviations arising from
repeated exposures to A and B projected along wb. The
minimum rf value for the 153 pairwise analyte separation
tasks was 28, and the mean value was 140. Hence, even
though the array was not designed in advance to be
specific toward any individual odorant, robust discrimina-
tion is present for a wide range of analytes. Robust
discrimination has been shown between, for example,
o-xylene and p-xylene, R-2-butanol and S-2-butanol,
1-propanol and 2-propanol, compositionally close mix-
tures of hexane and heptane, and H2O and D2O.11,24 This
level of discrimination strikingly emphasizes that an array
of even relatively unselective sensors, taken together in
analyzing their collective response properties, can provide
a powerful discrimination tool for classifying and quan-
tifying organic vapor analytes.

It is also possible to evaluate analyte classification
performance using other discriminants, including those
that are nonlinear and can therefore produce a decision
boundary that is more precisely tailored to the form of
the array response data. For Gaussian sensor responses
arising from multiple exposures to analytes that produce
two well-separated analyte clusters in odor space, non-
linear algorithms will generally not outperform the Fisher
linear discriminant. In fact, such algorithms generally will
produce marginally worse performance due to the need
estimate more parameters in construction of the nonlinear
decision surface.24 Hence, when the sensors are suffic-
iently chemically diverse that analytes are robustly sepa-

FIGURE 7. Classification of analytes based on the Fisher linear
discriminant. The ellipses enclose data from repeated exposures to
the two different analytes, and the hyperplane is normal to the vector
that maximes the discrimination between the different analyte
clusters.
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rated based on their different sorption characteristics on
the array, a relatively simple, linear algorithm is sufficient
to provide excellent classification performance. In cases
where the analyte response clusters are extremely close
together, a nonlinear decision boundary can improve
classification performance in certain cases.25

2. Classification Performance as a Function of Array
Diversity. A fundamental question arises with respect to
how many sensors are sufficient to span the rank of smell
space, that is, to produce robust discrimination between
any two possible odorants. Clearly, no two analytes can
elute with precisely identical retention times down an
extremely long column having a chiral supporting phase.
Hence, measurement of only a single parameter, with
sufficient precision, is in principle sufficient to discrimi-
nate between any two analytes of interest. Of course, the
practically realizable discrimination ability of a real sensor
array system is determined by the interplay between the
precision of the measurement on each sensor and the
signal/noise and variability of the sensors in the array. For
a given task, typically 5-10 sensors possess most of the
variance that is needed to separate two analytes of
interest.26

However, both experimental data and fundamental
considerations reveal that a different collection of 5-10
broadly cross-reactive sensors will provide the best per-
formance for different analyte separation tasks.26 Figure
8 shows the subsets of a 20-sensor carbon black-polymer
composite sensor array that provided optimal discrimina-
tion for four different discrimination tasks. The hydro-
phobic sensors responded most strongly and contained
the best signal/noise and discrimination ability for sepa-
rating hexane from heptane, while the polar sensors
provided the best performance for separating 1-propanol
from 2-propanol. Other five-sensor subsets of the 20-
sensor array were are optimal for other analyte separation

tasks, and still other five-sensor subsets were optimal for
separations performed at high vs low analyte concentra-
tions. Any individual sensor subset was outperformed in
at least some separation task by either another equally
sized sensor subset or the entire set of 20 sensors or both.26

Table 1. Resolution Factors between Various Sovlent Pairs

FIGURE 8. Weightings of five-sensor subsets of a 20-sensor
chemiresistor array that produced maximal classification perfor-
mance in different pairwise analyte separation tasks, showing that
different five-sensor subsets provided optimal classification perfor-
mance for different tasks.
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Thus, provided that the cost of adding sensors and
associated data analysis is not prohibitive, better overall
performance can be obtained by collecting all of the data
on the entire array of sensors and then selecting the
optimal sensor sets for the task of interest, as opposed to
selection of sensors for a particular task in advance and
therefore discarding sensors that are optimal for some
other, subsequent task for which the array might be used.

To exploit these principles, we have constructed “nose
chips” that contain many sensors in a relatively small
spatial footprint (Figure 9).27 The sensors are prepared
combinatorially by first spraying selected polymer com-
posites onto the rows of the chip and then spraying other
composites onto the columns of the chip. Still greater
chemical diversity could be achieved by spraying a
plasticizer, another compositionally different material, or
both diagonally across the array. Each electrical cell
contains a transistor-based switch that only is closed, and
allows a current to pass, when +5 V is applied to both its
row lead and its column lead. The resulting voltage signal
produced by the chemically sensitive resistor in the
addressed electrical cell is then routed to a common
output pin, and the time sequence of the signals at that
output pin allows a mapping of the observed response to
the spatial position of the sensor on the chip. Such “nose
chips” allow robust discrimination between odorants, are
relatively insensitive to the degradation of an individual
sensing cell, and provide a simple approach to preparing
large numbers of chemically distinct sensors for use in a
wide range of vapor classification and discrimination
tasks.

Another aspect of using large numbers of sensors is
facile calibration of the array response. If the array has
been trained on a large number of odorants, it is highly
desirable to reestablish classification performance and
thereby correct for any residual sensor response drift
through use of a relatively small subset of analytes as a

calibration set. Measurements have shown that carbon
black-polymer composite sensor arrays exhibit relatively
little response drift and use of a Fisher linear discriminant
classification model developed from an initial training set
produces error-free classification performance even after
1 month of continuous use in discrimination between
analytes such as n-hexane vs cyclohexane and n-octane
vs isooctane. Even for low concentrations of n-hexane vs
n-heptane, calibration of the entire array response after
a 1 month period could be reestablished robustly with the
use of a few carefully chosen analytes as calibrants of the
array response.24,28

3. Spatiotemporal Aspects of Odor Detection and
Discrimination. Another interesting feature of the mam-
malian olfactory system is the relatively recent finding that
perception of odor mixtures is distinctly different in the
different nostrils of the same human. Specifically, the flow
rate at which sniffing occurs affects the human perception
of an odor mixture.29 To explore this in an artificial system,
we constructed an array in which each sensor was placed
in a different location relative to a defined analyte flow
path.30 The hypothesis being evaluated was that, under
laminar flow conditions, the same odorant should yield
different patterns of response if the receptor signals are
monitored as a function both of the time relative to the
initial sniff and the spatial position of the receptor in the
odor sampling chamber.

Figure 10 illustrates representative sensor responses for
two different analytes as a function of time on an array
of poly(ethylene-co-vinyl acetate)-carbon black sensors.
Analytes with a small polymer/vapor sorption coefficient
produced an equal response on all of the sensors at even
short times with the time delay between sensor responses
determined solely by the flow rate of analyte along the
path of the array. In contrast, analytes with large polymer/
vapor sorption coefficients were sorbed strongly into the
first sensors that were encountered by the analyte flow.

FIGURE 9. Photograph (a) of a 6 × 12 sensor array fabricated on a Si chip that contained a row-column multiplexer and readout circuitry
to send the signals to a single pinout and (b) response patterns produced upon exposure of a denser sensor chip to four different analytes.

Mammalian vs Artificial Olfaction Lewis

VOL. 37, NO. 9, 2004 / ACCOUNTS OF CHEMICAL RESEARCH 669



This sorption of analyte by the first sensor locally depleted
analyte vapor from the flow stream and thereby produced
a smaller response from the sensors located at positions
downstream of the first position in the array. The effect
persisted until additional analyte was provided to the
other sensor locations, at which point all of the sensors
produced equivalent responses. The effect was dependent
on both the type and flow rate of the analyte and therefore
allowed discrimination between analytes by variation in
the sampling flow rate. Clearly, this behavior offers a
natural explanation of how the mammalian olfactory
system can perceive the same odorant differently at
different flow rates and also offers a mechanism for
obtaining additional discrimination power between com-
ponents of complex odor mixtures in an artificial olfactory
sensing system.30

4. Geometric Optimization of Signal/Noise For Detec-
tion of Analytes. The different responses to a particular
analyte of compositionally identical sensors that were
located at different positions in space indicated that
analyte detection should be a function of the geometric
form factor of the sensors in an array. At sufficiently long
times, the compositionally identical sensors responded
equally no matter where they were located in space, so
under such conditions averaging their responses together
would yield an improved signal/noise ratio for analyte
detection. However, at shorter times, only the first few
detectors in the array responded to the analyte, indicating
that the remaining sensors contributed noise, but not
signal, to the analysis. Hence different geometric areas of
the same sensor composition should be optimal for
analysis of different analytes. To investigate this issue
experimentally, an array was constructed with sensors
having two extremes of geometric area, one being very
small in area and positioned such that it was immediately
impacted by the analyte flow, and the other being much
larger in area and positioned to interact at a later time
with the analyte flow.30,31

The noise in carbon black-polymer chemiresistors has
been shown to decrease proportionally to the square root
of the area of the sensor film (at constant film thickness),
as expected for 1/f noise on length scales longer than the
coherence length of the percolative network of conductor
in the carbon black-polymer composite.30 Hence for
analytes with small polymer/gas partition coefficients,
large sensor areas are optimal because they provide a
decreased noise and a constant signal strength at a given
vapor phase concentration of analyte. In contrast, analytes
with large polymer/vapor partition coefficients will be
strongly sorbed into the first, small sensor area that they
encounter, and no additional analyte will be available to
sorb into subsequent sensor films. In this situation,
increasing the sensor area will dilute the sorbed analyte,
providing less signal and offering only a modest compen-
sating reduction in the sensor noise level. An optimal
sensor area can be derived analytically at which the signal-
to-noise ratio is maximized with the optimal area depend-
ing only on the partition coefficient and the flow rate of
analyte over the sensor array.30 Optimally, an exponen-
tially increasing grid of sensor areas would be positioned
parallel to the flow with an array of sensor compositions
placed perpendicular to the analyte flow. It is not yet clear
whether this principle is implemented in a biological
olfactory system, but it is clear that an optimized odor
detection device would take advantage of this basic
physical phenomenon.

5. Superstructure of Odor Space. If no two analytes
produce identical response patterns on a sufficiently
chemically diverse array of sensors, then the important
chemical properties in all of the analytes are likely being
probed by the array of sensors. Hence, another set of
questions involves whether analytes that produce re-
sponses in a common region of odor space are related
chemically, physically, or both to each other. Specifically,
is there a superstructural organization to the response
space produced by the sensor array such that by catalog-
ing the properties of neighboring, known analytes, as-
sociated chemical or physical properties can be robustly
assigned to an analyte that has not been previously
presented to the array?

As displayed in Figure 11, analysis of the responses of
a carbon black-polymer composite chemiresistor array
indicates that with some robustness chemical class, chain
length, unsaturation, molecular size, and dipole moment
information can be assigned to unknown analytes.32 An
analyte’s response can also be projected onto a biological
activity, such as the binding constant for competitive
inhibition of alcohols in the para-hydroxylation of aniline
by cytochrome P-450.33 The correlation between the
properties and sensor array response of an analyte should
be robust for properties that are driven by thermodynamic
partitioning (blood-brain barrier crossing, binding to
albumin, etc.) and possibly even, in certain scenarios, for
kinetically driven properties. However, it is not possible
at present to correlate robustly the electronic nose array
response of an analyte to its perceived human odor
quality.34 Such a correlation fails in part because human

FIGURE 10. Time dependence of the response of hexane and
dodecane on an array of nominally identical PEVA-carbon black
sensors showing the different responses as a function of position
and time relative to the injection of analyte vapor. The responses
for dodecane are also a function of the analyte flow velocity in the
sensor chamber.
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olfaction is a nonlinear system and the carbon black-
polymer composites are linearly responding sensors and
in part because little quantitative information exists on
precisely how differently two odorants are perceived by
humans. The latter shortcoming prevents establishment
of a self-consistent analytical mapping from artificial
olfactory space to human perceptual olfactory space.

6. Sensitivity Enhancements for Targeted Classes of
Odorants. Finally, we discuss the responses to two classes
of analytes to which humans are extraordinarily sensitive,
thiols and amines. These odors are metabolic byproducts
of certain bacteria,35,36 so humans might have developed
enhanced sensitivity to these odorants to assist in the
olfactory-based identification of unhealthy food samples.
Sorption of the light gases H2S or methylamine into
polymers is not expected to be significantly stronger than
sorption of, for example, water or methanol into the same
polymers.

We have identified two separate sensing mechanisms
that can provide enhanced detection sensitivity for volatile
amines and thiols. Clearly, amines are unique in being
volatile organic compounds that are also reasonable
Brönsted bases. Carbon black-polymer composites formed
from dendrimers having deprotonatable charged groups
on their periphery undergo acid-base interactions with
volatile amines, and the resulting change in charge on the
dendrimer periphery greatly affects the swelling of the
polymer composite. This swelling change produces a large
enhancement in the resistance response of such chemire-
sistors in the presence of organic amines. Use of an array
of compositionally different dendrimers then allows iden-
tification of the type of amine.37 A similar approach has
been used to obtain enhanced sensitivity toward volatile
carboxylic acids that are important in certain disease
diagnostics.38

For thiols, the interactions with organic functionality
are expected to be much weaker than those of alcohols.
Yet humans are more sensitive to CH3SH than to CH3OH

by a factor of approximately 106. To sensitively detect
thiols using chemiresistors, we have made sensors using
Au colloids that are capped by long-chain alkylamines.
Sorption of a small quantity of thiol vapor into such films
only produces a small amount of swelling, but the thiol
displaces the long-chain alkylamine caps and introduces
short-chain thiol caps, producing a large decrease in the
resistance of the sensing film.39 This reaction is of course
irreversible, but nevertheless provides a mechanism for
obtaining sensitivity enhancements to thiols so that the
array is comparable in detection sensitivity to humans.
Approaches such as these appear to be useful to provide
targeted screens for particular classes of compounds while
obtaining high sensitivity to specific classes of odors
detected with high sensitivity by the human olfactory
system.

IV. Summary
In summary, bioinspired olfactory systems can provide
useful test beds for investigating the collective behavior
of arrays of broadly cross-reactive sensors and for eluci-
dating the basis for some of the phenomena displayed by
mammalian olfactory systems. Collections of such sensors
can provide excellent discrimination performance, along
with good sensitivity, short response times, and reversible
behavior, for a variety of organic vapors. Similarities and
differences between the behavior both at the sensor level
and at the systems level of the artificial and biological
olfactory systems can provide useful insight into the
organizing principles of olfaction. Polymer-conductor
composite chemically sensitive resistors provide an es-
pecially simple implementation of the array-based sensing
approach and allow investigation of a wide variety of
phenomena from odor tracking and localization to odor
classification and odor quality assignment in an artificial
olfactory system. The ultimate goal of producing an
artificial olfactory system that is indistinguishable in

FIGURE 11. Clustering of 75 different analytes in principal components space with ellipses drawn according to (a) functional group class or
(b) dipole moment of the analyte.
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system-level performance from that of a human or a
canine has not yet been achieved, but good progress is
being made toward this goal through use of new array-
based sensing systems in conjunction with continued
advances in algorithmic analysis of the output signals of
such sensor arrays.

The investigations described herein were performed by an
extremely talented group of graduate students and postdoctoral
fellows. These people, cited as coauthors in the reference list, along
with generous support from the ARO, DARPA, DOE, NASA, NIH,
and NSF, have made this work possible.
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