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Electronic Nose for Odor Classification of Grains
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ABSTRACT

An electronic nose was used to classify grain samples based on their
smell and to predict the degree of moldy/musty odor. A total of 235 sam-
ples of wheat, barley and oats, which had been odor classified by at least
two grain inspectors, were used. Headspace samples from heated grain
were pumped through chambers containing metal oxide semiconductor
field effect transistor (MOSFET) sensors, SnO, semiconductors and an
infrared detector monitoring CO,. The sensor signals were evaluated
with a pattern-recognition software program based on artificial neural
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networks. The samples were divided into either the four classes
moldy/musty, acid/sour, burnt, or normal or the two classes good and bad
according to the inspectors descriptions. They were also assigned a score
describing their intensity of moldy/musty odor. The electronic nose cor-
rectly classified =75% of the samples when using the four-class system
and =90% when using the two-class system. These values exceeded the
corresponding percentages of agreement between two grain inspectors
classifying the grain.

In Sweden, as well as in many other countries, grains are
checked for off-odors upon delivery at granaries. Off-odors make
grains and grain products less palatable and are often indicative of
past or ongoing microbial deterioration. Thus off-odor characteri-
zation offers a potential way for quickly and cheaply assessing
batches of grain to determine whether they should be accepted for
human or animal consumption, used for other purposes, or
rejected.

Odors are described as either normal, musty, moldy, acid, sour,
burnt, or foreign, and the intensities of off-odors are given as
weak, pronounced, or strong (Statute Book 1991). Because of the
cool climate in Sweden, insect infestation is unusual, and thus,
insect odor is not present among the off-odors that are checked.

However, the procedure suffers from at least two drawbacks.
The first drawback is lack of objectivity. Inevitably, there are
disagreements between human individuals in terms of how they
perceive types and intensities of odors. For example, Stetter
(1992) studied the classification of 12 samples of wheat into the
five odor categories, normal, insect, musty, foreign, or sour, by
four inspectors. Unanimous agreement was obtained for only four
of the samples. However, when all off-odors (insect, musty, and
foreign) were lumped together into one category, unanimous
agreement as to whether the samples were normal or off-odorous
was obtained for eight samples. The second drawback is the health
aspect. Inhalation of mold spores from damaged grain can induce
allergic reactions (Rylander 1986), and exposure to fungal volatile
metabolites can cause various disease symptoms (Samson 1985).

Thus, it would be advantageous to develop an instrumental
replacement for the inspector. Compounds that cause off-odors in
grains can be measured using gas chromatography and mass
spectrometry (Borjesson et al 1993). However, the high costs and
limited time available at granaries make this approach unsuitable.
By contrast, using an array of nonspecific sensors coupled to a
pattern-recognition routine, should make it possible to screen
grain quickly and cheaply. Furthermore, this procedure mimics the
way odors are perceived in humans and other animals.
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Artificial neural networks (ANN) show good promise as data-
processing tools (Stetter 1992). During the learning phase of this
approach, a training set of response patterns is first presented to
the ANN along with respective class affiliations. Performance is
then measured as the percentage of odors classified correctly
when presenting a test set of new patterns to the ANN. Stetter et
al (1993) recently used an ANN to correlate odor descriptions in
wheat to output from an array of electrochemical sensors. They
found that the ANN correctly classified 83% of the wheat samples
when using three odor categories. However, they did not use true
unknown samples; performance was tested with samples included
in the training set. Furthermore, the technique used, which
includes the trapping and purging of volatile compounds, would
probably be too time-consuming for grain-reception applications.

Sensors for an electronic nose should be sensitive to aroma
compounds, which are mainly hydrophobic compounds with
molecular mass of 18-300 Da. Furthermore, the various types of
sensors used should differ in terms of the types of compounds to
which they respond (Bartlett and Gardner 1992).

SnO, semiconductor sensors are sensitive to combustible gases,
of which many are odorous. Such sensors come in many types, but
the responses to mixtures of aroma compounds from foods are
highly correlated (Aishima 1991). In view of the great similarity
in the compounds they responded to, they should be combined
with other types of sensors. One suitable type is the metal oxide
semiconductor field effect transistor (MOSFET) sensor. This sen-
sor type is sensitive to a number of organic compounds and selec-
tivity can be achieved by using different kinds of gate metals and
operating temperatures (Lundstrom et al 1990).

We have used an array of four different SnO, semiconductors
and 10 MOSFET sensors, together with an infrared detector for
CO, monitoring and ANN for data processing. In a previous
evaluation of our equipment using subsamples from larger batches
(Jonsson et al, in press), good predictions were achieved when
classifying grain odor in oats and predicting the ergosterol content
of wheat.

The main objective of the present investigation was to evaluate
the accuracy of the apparatus at classifying off-odors, using true
unknown test samples of grain that had previously been classified
by grain inspectors. The overall goal was to further the develop-
ment of an operational system for use in granaries.

MATERIALS AND METHODS

The electronic nose consists of three parts: an automatic sam-
pling apparatus, a detector unit containing the sensors, and the
ANN software.
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Automatic Sampling Apparatus and Sampling Procedure

The apparatus (Fig. 1) was built by the Central Workshops,
Swedish University of Agricultural Sciences, Uppsala, Sweden. It
consists of a carousel containing 30 steel tubes for loading the
grain samples (20 mm i.d., 300 mm long), and a heating unit (steel
tube, 20 mm i.d., 400 mm long) provided with pneumatic valves
at the top and bottom. During operation, grain samples in the
sample tubes were transferred to the heating unit by pushing a
Teflon plate with a hole 20 mm i.d. under the sample tube by
means of a hydraulic piston. The sample then fell down to the
heating unit below. The grain was heated in the heating unit to
65°C for 5 min. Sampling was done by pumping headspace air
from the heating unit through the sensor chambers for 2 min.

The steel tube (1.5 mm i.d.) connecting the heating unit and the
detector unit was heated to =65°C using a Teflon-coated heating
wire (Habia Technoflor, Soderfors, Sweden) to prevent volatile
compounds from condensing on the walls of the tube.

After sampling, the bottom valve was opened causing the sam-
ple to fall down to a collecting container underneath. The heating
unit was cleaned with compressed air, and the connection to the
detector unit was rinsed by pumping air through it (100 ml/min)
for 10 min.

Detection Unit

All MOSFET sensors and the regulating circuits were produced
at the Laboratory of Applied Physics, Linkoping University, Swe-
den. They are n-channel field effect transistors with gates of thin,
catalytically active metal films. The principle of operation can be
summarized as follows. Hydrogen-containing compounds dissoci-
ate on the metal surface, and hydrogen diffuses through the metal
film to form a dipole layer at the interface between metal and
insulator. The dipole layer causes a voltage shift between the
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Fig. 1. Schematic display of sampling apparatus.
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metal and the semiconductor. The external voltage on the metal
will have to be lowered to maintain the original current through
the transistor (Lundstrém et al 1993, Winquist et al 1993). The
magnitude of the voltage decrease corresponds to the response of
the sensor. The temperature, type, and thickness of the metal films
influence the sensitivity of the devices toward different com-
pounds. For thin, discontinuous metal gates, dipoles (or charges)
on the metal or the insulator also give rise to a voltage shift
(Lundstrom et al 1990). Two sets of five MOSFET sensors were
constructed for this investigation, and each set was mounted in a
separate chamber. The sensors were provided with metal films:
palladium (6.5 and 35.0 nm), iridium (9.0 nm), platinum (5.0 nm),
and a combination of platinum and palladium. One of the chambers
was kept at 140°C during operation, and the other was kept at
175°C. Three of the MOSFET sensors, iridium (9.0 nm) 140°C,
palladium (6.5 nm) 175°C, and palladium (35.0 nm) 175°C,
showed reduced stability or weak responses when compared with
the other sensors. Consequently, their signals were not used for
data processing.

Four different SnO, based devices, constructed by Figaro Engi-
neering Inc., Japan, were used: Taguchi sensors TGS 800, TGS
813, TGS 825, and TGS 880. They were mounted in a separate
chamber and kept at 400°C during operation. The change in the
voltage drop across a series resistor following exposure to a com-
bustible gas was used as the sensor signal (Winquist et al 1993).

A Gascard CO, monitor (Edinburgh Sensors, Edinburgh, Scot-
land) was used for CO, measurements. A membrane pump
(Bergman & Beving AB, Sweden) with an air flow of 100 ml/min
was used to pump air through the sensor chambers during operation.

Grain Samples

During 1994, 235 samples of 1993 wheat (78), barley (59), and
oats (98) were received from different granaries in Sweden. The
samples had been graded by at least two inspectors at different
locations. Most oat samples (91) were graded by three inspectors.
Odors were described as either normal, musty, moldy, acid, sour,
burnt, or foreign, and the intensities of off-odors were given as
weak, pronounced, or strong (Statute Book 1991).

Each sample (50 ml) was run in the electronic nose at least
once; some samples were run two or three times. A total of 386
response patterns were analyzed: 80 from wheat, 90 from barley,
and 216 from oats. Three replicates were run on 39 of the oat
samples; these patterns were data-processed individually as well
as together with the others. Two of these replicates were run
within a month of each other, and the third one was run about a
month later. Most of these samples had either a good (normal)
odor or a pronounced musty or moldy off-odor (Table I).

The reference grain was wheat of good microbial status and low
moisture content (=10%). Reference grain was run every sixth
sample to check for changes in sensor responses during an indi-
vidual run of the sampling apparatus. By using linear interpola-
tion, responses in the sample runs were corrected based on the

TABLE I
Distribution of Odor Classifications for Two Inspectors
Classifying the Same 235 Grain Samples®

Inspector B

Inspector A Normal Acid Sour Moldy Musty Burnt Foreign XA
Normal 89 6 0 1 13 1 0 110
Acid 2 5 0 0 1 2 1 10
Sour 3 2 0 0 2 0 1 8
Moldy 13 2 0 21 20 0 0 57
Musty 10 4 0 12 6 3 0 12
Burnt 1 1 0 0 4 6 0 12
Foreign 2 0 0 0 0 1 0 3
B 120 20 0 34 46 13 2

2 Samples on which the inspectors agreed are in bold numbers.






