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A combined approach based on amultisensor system to get additional chemical information from liquid samples
through the analysis of the solution and its headspace is illustrated and commented. In the present work, inno-
vative analytical techniques, such as a hybrid e-nose and a voltammetric e-tongue were elaborated to differenti-
ate between different pasteurized milk brands and for the exact recognition of their storage days through the
data fusion technique of the combined system. The Principal Component Analysis (PCA) has shown an acceptable
discrimination of the pasteurized milk brands on the first day of storage, when the two instruments were used
independently. Contrariwise, PCA indicated that no clear storage day's discrimination can be drawn when the
two instruments are applied separately.Mid-level of abstraction data fusion approach has demonstrated that re-
sults obtained by the data fusion approach outperformed the classification results of the e-nose and e-tongue
taken individually. Furthermore, the Support Vector Machine (SVM) supervised method was applied to the
new subset and confirmed that all storage dayswere correctly identified. This study can be generalized to several
beverage and food products where their quality is based on the perception of odor and flavor.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Milk and dairy products have high nutritional values and excellent
flavor characteristics. They play an important role in a healthy human
diet since they are good sources of bio available calcium and proteins.
The world consumption of pasteurized milk has been steadily increas-
ing in the last years. The quality control of milk after the production
steps is still a subject of great interest for industrials and the scientific
community. Nevertheless, the chemical analysis offlavors in dairy prod-
ucts is complicated due to the heterogeneous nature of milk. In fact, sig-
nificant levels of lipids, proteins and carbohydrates in milk make
difficult to separate milk compounds. The profile of the chemical com-
ponents inmilk and dairy products can be performed employing instru-
mental techniques such as gas chromatography–mass spectrometry
(GC–MS) [1,2], Near Infrared (NIR) or Mid Infrared (MIR) spectroscopy,
Front Face Fluorescence Spectroscopy (FFFS), Nuclear Magnetic Reso-
nance (NMR) [3] and High Performance Liquid Chromatography
(HPLC) [4], only to cite a few. These methods can give very detailed in-
formation about the chemical compounds present in milk and dairy
products. However, they suffer from a number of drawbacks, such as

being time consuming, very expensive, requiring of a highly trained
staff for correct operation and not giving information that can be easily
correlated to human perception of smell and taste. Therefore, early and
rapid pattern screening of dairy products, especially those with a short
shelf-life, might confer significant benefits not only for dairy producers
but also for consumer protection agencies and food security organiza-
tions. In that sense, e-noses and e-tongues are good candidates to
successfullymeet the industry demands of uncomplicated sample prep-
aration, fast response enabling a continuous monitoring, portability for
in-field measurements and reduced cost (as opposed to bulky and ex-
pensive equipment often needed in instrumental techniques).

Milk has been the subject of several research works employing e-
noses. E-noses have been used to recognize different types of milk [5],
to discriminate among UHT and pasteurized milk, to control rancidity
during shelf life [6], to distinguish among six kinds of milk flavorings
with similar odor profile [7], to differentiate between unspoiled, medi-
um spoiled and spoiled milk due to the activity of bacteria and yeasts,
and to discern between bacterial and yeast contamination by analyzing
the patterns of volatiles resulting from such contamination [8]. The e-
noses have been employed also, yet with limited success, to recognize
the number of cold-storage days underwent by milk samples [9]. In ad-
dition to e-noses, the literature shows that also different e-tongues have
been used in the aim of discrimination, classification, quality evaluation,
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processmonitoring and quantitative analysis of various food products in
general and milk in particular. This is the case of fruit juices [10], and
water samples [11]. E-tongues have been widely used for milk recogni-
tion and for the determination of bacterial counts in fresh milk during
storage [12], the discrimination between milk and yogurt samples,
and also between cultured and non-cultured dairy products [13]. They
have been also used for the detection of adulteration of raw caprine
skimmed milk with raw bovine skimmed milk [14], or to follow differ-
ent sources of milk coming into the process and tomonitor the cleaning
processes employed by the dairy industry [15]. Similarly to the results
reported for an e-nose, the prediction of the number of days under
cold storage for pasteurized milk samples was not exact when an e-
tongue device was employed [16].

Recently, emerging strategies, namely,multisensor data fusion tech-
niques have been proved to efficiently overcome some of the problems.
In a previous paper, we reported on the enhanced classification be-
tween beer samples, where two e-tongues were combined using a
data fusion method [17]. An e-nose and e-tongue were combined
for reaching a superior classification of tea samples [18]. Also the char-
acterization of olive oils with different degrees of bitterness was per-
formed with superior results by combining three instruments: e-nose,
e-tongue and e-eye [19].

The main aim of this work was to build up fast and efficient tech-
niques devoted to differentiate among different pasteurized milk
brands using e-nose and e-tongue, and to showhowdata fusion of com-
bining e-nose and e-tongue with feature selection and pattern recogni-
tionmethodswas used to rapid pattern screening of cold storage days of
pasteurizedmilkwithout the issue of sample composition. The data that
are produced by the artificial systems are considered as an overall fin-
gerprint, which can be interpreted with the use of appropriate mathe-
matical techniques, such as Principal Component Analysis (PCA) or
Support Vector Machines (SVMs). Despite the similarity of the smell
and taste of the five pasteurized milk brands, both the hybrid e-nose
and the voltammetric e-tongue enabled a perfect classification of the
different pasteurizedmilk brands. To the best knowledge of the authors,
this is the first time that a data fusion technique is applied for a rapid
pattern screening in view of accurately classifyingmilk samples accord-
ing to the number of days they have undergone cold storage. Our ap-
proach based on a data fusion technique for a rapid pattern screening
in view of accurately classifying milk samples according to the number
of days they have undergone cold storage has shown a great enhance-
ment in the discrimination of the number of days they have undergone
cold storage, as the PCA results show a perfect discrimination between
all the storage days and nomistake has been foundwhenwe performed
the SVM model evaluated using a leave-one-out cross-validation
method.

2. Materials and methods

2.1. Sample preparation

Five different, locally available brands of pasteurized cow's milk
were studied: Centrale, Colaimo, Jawda, Jibal, and Saiss. After milk re-
ception, samples of each milk brand were transferred into flask and
stored in the refrigerator at a constant temperature of 4 °C. Six samples
of each milk brand were analyzed at days 1, 2, 3, 4, and 5 of storage,
giving a total of 150 samples. Before performing measurements, the
milk samples were allowed to reach ambient temperature and, after-
wards, were analyzed for training and evaluating the multi-sensor sys-
tem (e-nose and e-tongue) capacity to identify the milk according to
their origin brand and to classify samples according to the number of
storage days. All the e-nose and e-tonguemeasurements have been car-
ried out using the same sample pre-treatment. Measurements of the
pasteurized milk samples were carried out first by means of e-nose
and then by the e-tongue.

2.2. Hybrid e-nose setup and measurement

The hybrid e-nose system consisted of two sensor arrays. The first
one comprised fourmicro-machined gas sensors. Themicro-sensor sub-
strates consisted of a SiO2/Si3N4/SiO2 membranewith isolated platinum
heaters and platinum electrodes. The design and thermal characteriza-
tion of the membrane have been described previously [20]. The sensing
films, namely, 1% Au-doped and 1% Pt-doped SnO2, and 1% Au-doped
and 1% Pt-doped WO3 were deposited on the micro-sensor substrate
using drop coating and sputtering techniques. The four-element
micro-hotplate arraywasmounted on a standard TO-8 package. The de-
tails can be found elsewhere [21]. The second array consisted of four
commercial tin-dioxide gas sensors: TGS 8xx (with xx = 15, 22, 24
and 42) obtained from Figaro Engineering, Inc. (Osaka, Japan) plus a
temperature sensor (LM 335Z) and a relative humidity sensor
(HIH4000-01) from National Semiconductor in order to monitor the
temperature and the hygrometry into the sensor chambers. Fig. 1
shows a schematic representation of the experimental set-up used in
the measurements. The variation of sensor conductivity was acquired
and then digitized using a data acquisition board (PCL 812PG,
Advantech). For the measurement, a volume of 20 mL of milk was put
in a 50 mL vial, heated to 35 °C. The sampling system consists of a dy-
namic headspace sampling, which means that the nitrogen carrier gas
insures volatile transfer continually into the sensor chamber. The e-
nose response was registered each 2 s for a time interval of 10 min
[22,23]. Each time that a new set of milk was analyzed, new glass vials
were used.

A program in LabViewwas developed to control the data acquisition
process. To analyze the response of the hybrid e-nose data, two param-
eters were extracted from each sensor conductance transient: the
steady-state conductance (GS), calculated from the average value of
the conductance during the lastminute of themeasurement and the dy-
namic slope of the conductance (dG/dt), calculated between 2 and
7 min of the exposure time to the milk samples. This choice was based
on our previous work related to dairy products [24]. Since there were
8 gas sensors within the two arrays, each measurement was described
by 16 features.

2.3. Voltammetric e-tongue setup measurement

The voltammetric e-tongue used for this study consisted of four
working electrodes (Platinum, Gold, Glassy Carbon and Silver), a refer-
ence electrode (Ag/AgCl) and Platinum electrode as the auxiliary. In
Fig. 2, the electrodes were assembled in stainless steel tubing. The
wires from the electrodes were connected via a relay box to a portable
potentiostat PalmSens (PalmSens BV, The Netherlands). The cyclic volt-
ammetry is applied as the measurement principle in the e-tongue. The
measurements were carried out at a temperature of 35 °C. Several
tests were carried out on pasteurized milk samples in order to optimize
the electrochemical window range for each working electrode. An elec-
trochemical cleaning step was also performed to prevent the accumula-
tive effect of impurities on electrode surface. Thus, the electrodes are
rinsed with distilled water after each reading [17]. Several strategies
have been previously reported for the variable extraction [25–28]. Basi-
cally, these consist of either choosing directly among the signal points
[29–31] or to compute new variables by performing Fast Fourier Trans-
form (FFT), Discrete Wavelet Transform (DWT), Kernel functions, etc.
[32,18]. In this paper, we opted for the first option which consisted to
extract specific variables from the obtained voltammograms. Being sim-
ple, fast and facile in the computation, this approach aims to retrieve ex-
plicitly the most discriminative features and removing non-informative
and noisy ones. Thus, three features were extracted from the sensor sig-
nals in view of retaining the most important information contained in
each voltammogram. The complete list of these features is as follows.
ΔI = Imax − Imin: the current change calculated as the difference be-
tween maximum and minimum values of the current (where Imin is
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