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Abstract

In this trial we studied the ability of penetrometry and uniaxial compression
for measuring texture changes of three apple cultivars during cooled room (CR) and
shelflife (SL) storage. A large set of physical parameters has been extracted and
analyzed. Finally, because these tests remained destructive for fruits we attempted to
predict the most efficient physical parameters by near infrared reflectance
spectroscopy which is a non destructive method. Experimental Young modulus
parameter (E*) from penetrometry and Fcl, Grad', F from uniaxial compression
were the most efficient ones to describe storage effect whatever the apple cultivar.
Some other parameters as F,, D, were only correlated to one of the three studied
cultivar, showing the differences existing between cultivars and the complementarity
of parameters. This complementarity lights the composite nature of fruit texture and
justify a multifactorial approach. NIRS showed a good ability to predict E*
whatever the cultivar with R value of 0.91, 0.85, 0.83 and RMSECYV values of (.95,
0.74, 1.02N.mm™ for Ga, Sm and EI cultivar, respectively. parameters from
compression test showed poor correlation with NIRS data.

INTRODUCTION

Texture is an important parameter for assessing the apple fruit quality. Several
sensory attributes like firmness, juiciness, crunchiness... can describe the apple texture
but the acquisition of these descriptors remains difficult and time consuming (Harker et
al. 1997). Different mechanical tests are also able to quantify some rheological properties
of food products (Duprat et al., 1995). On apples, the maximal force necessary to
puncture the fruit with a metallic cylindrical probe remains the main measure commonly
used (Duprat et al., 1995; Harker et al., 2002; Hoehn ef al., 2003; Johnston ef al., 2001a).
However, this unique parameter poorly describes the multifactorial nature of fruit texture.
Other way consists to rely on the modifications of different types of optic or acoustic
signals propagating through the fruits and their biochemical or physical properties (De
Belie et al., 2000; Duprat et al., 1997). Some of these non-destructive methods and
especially near infrared reflectance spectroscopy (NIRS) are now well known to evaluate
soluble sugar content in fruits (Ventura et al., 1998; Waslsh et al., 2004) but must be
developed for textural properties.

In previous works, the rheological properties of apples, described with few
parameters, more often with Magness Taylor measurements, remained poorly correlated
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to NIRS data (Schmilovitch et al, 2000; Mc Glone et al., 1998; Mc Glone et al., 2002; Lu
et al.,2000).

This work aimed to study the capability of NIR spectroscopy to predict the
variability of texture measured by a large number of parameters extracted from different
mechanical tests. First, the parameters were compared in order to select the most efficient
ones to detect the fruits texture differences. Then, ability of NIRS to predict these selected
parameters has been studied. Variability in fruits texture was obtained by varying the
storage conditions of fruits.

MATERIALS AND METHODS

Fruits

In order to maximize the variability of textural properties, fruits of three apple
cultivars: Gala (Ga), Elstar (El) and Smoothee (Sm), stored either in cooled room (CR:
02°C, 95% relative humidity) or in shelf life (SL: 20°C, ~ 40% relative humidity), have
been analyzed at different dates (day0, 7" day, 14™ day, 28" day, 60™ day, 90" day, 120™
day and 7™ day, 14™ day , 28" respectively for CR and SL conditions,respectively). A
total of 450 fruits has been used (15 fruits/sample).

Texture measurement
Rheological properties of each apple fruit were defined from two mechanical tests:

o A penetrometric test performed on unpeeled apples with a 4mm diameter
probe fitted on a texture analyzer (TA-XT2): the probe was moved from the surface of the
fruit through the peel and flesh to a final depth of 15mm, at a constant speed of
3.3mm.sec”. The force measured in Newton was expressed as a distance function (figure
1). 5 parameters have been extracted from this curve (table 1).

o A uniaxial compression test performed with a cylindrical plane probe of
50mm diameter fitted on a texture analyzer (TA-XT2): two successive compressions at
constant speed were applied on each fruit with reversion of movement when probe has
moved along 5% of caliber. The forces measured in Newton were expressed as a distance
function (figure 2). 13 parameters have been extracted from this curve (table 2).

NIR collection

Spectra were directly acquired, in reflectance mode, on whole apple fruits using a
Vis./NIR spectrometer (NIRSystems, Model 6500, Perstorp Analytical), in direct contact
analysis mode. Spectral data were expressed in light absorbency according to
wavelengths with a 2nm increment from the visible (400-800nm) until near infrared
spectrum range (800-2498nm).

Chemometric analysis

The parameters extracted from force/displacement curves of penetrometric and
uniaxial compression tests have been gathered in a common matrix X (n x p with n=450
fruits and p = 18 parameters). This matrix has been normalized and then processed in a
principal component analysis (PCA) with the ‘durations of storage’ as qualitative groups

Concerning the spectral data, two pre-treatments of NIR spectra have been tested
in order to cope the variations of spectra baseline: SNV and second derivative. These data
and physical parameters were then processed in a partial least squares regression (PLS). A
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10 times cross-validation was managed by taking [2/3] of individuals as training set and
the remaining [1/3] as validation set. The accuracy of prediction has been estimated by
the correlation coefficient (R) and the root mean square error of cross validation
(RMSECV).

All the statistical procedures were carried out using the Matlab environment (The
MatWorks, Inc., 3 Apple Hill Drive, Natick, MA 01760-2098 USA).

RESULTS

Measurement of physical properties of apple texture

Figure 3 shows the PCA maps on the first two principal components (Al and A2)
for the three studied cultivars. A1 which explained 68,7% of the total variability allowed
a correct and chronological classification of fruits from starting point (day 00) until 120"
days of storage whatever the considered cultivar. A2 allowed to distinguish fruits
according to the storage conditions (CR and SL).

Four parameters: E* (penetrometry) and F.', Grad', F (compression) were
strongly correlated to the first component (R>0.9), whatever the cultivar (table 3). Two
others parameters from penetrometric tests (Fr and D,) were also correctly correlated to
the first principal component, but only for one cultivar: Frin the case of Ga and D, for
Sm. The second component was mainly correlated with parameters related to peel
properties: F, for £/ and Sm and W), for Ga.

Prediction ability of texture parameters by NIRS

NIR spectra of apples and physical parameters, previously identified as good
descriptors of apple changes during storage, have been processed in a PLS regression
analysis, separately for each cultivar. Table 4 shows the pre-treatment of selected spectral
data and the accuracy of the predictions.

The better results have been obtained for the penetrometric parameter E* (figure
4A) with high regression coefficients and weak predictive errors (R = 0.91, 0.85, 0.83 and
RMSECV = 0.95, 0.74, 1.02 N.mm™' for Ga, Sm and E cultivar, respectively)

Sm cultivar showed the most accurate prediction in term of R values. Parameters
from compression tests (F.', Grad', F.?) showed less ability for prediction by NIRS. The
model did not manage to predict the others rheological parameters by NIR data, either
because of too high RMSECYV values (figure 4B) or because of a bimodal distribution of
values into separated clusters which hedge results (figure 4C).

DISCUSSION

Efficiency and complementarity of physical parameters

The results of rheological measures allow to study the role of the 18 tested
parameters to characterize the variations of texture known to appear during fruit’s storage,
and to select the better ones. These parameters can be divided into three groups according
to the fruit compartment which is mostly implied in the measure: peel, flesh or whole fruit
(peel and flesh).

In our model, the four best parameters to characterize differences of texture were
E*, F.', F and Grad'. They all belong to the third group and are related to the fruit
elasticity. E* could be considered as the experimental Young modulus (Tu, 2000) and is a
local measure of elasticity whereas Fcl, Fcz, Grad' measure the whole apple fruit
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elasticity. In this way, we conclude that elasticity measurements are very efficient
indicators to discriminate differences of texture for the three tested cultivars and
especially the differences occurring during storage.

The firmness (Fr) has been considered as measurement similar to the MT firmness
(Magness Taylor) which is the most currently measure used in apple industry and by
growers. The efficiency of Fr to detect texture variability seems to depend on cultivar: it
was conclusive for Ga but poor for Sm. This result could explain the shortfall of models
previously explored, generally based on Magness Taylor values.

The parameters linked to skin properties, particularly the force needed to fail apple
peel (Fp) and deformation at failure point (D), are less efficient than parameters of
elasticity. Nevertheless they give complementary informations, being able to distinguish
storage conditions or special cultivar behaviour. For example, while F, value of Ga
decreased without D, variation, D, value of Sm enhanced without great decrease of F,

We conclude that E* is the better parameter, among those tested, to measure
apples texture. Nevertheless, this unique parameter is not able to explore all the
variability. This result is not surprising if we consider the number of fruit characteristics
implied in texture like the thickness and permeability of epidermis or the water and turgid
status of parenchyma. Further studies are necessary to better define the biological
significance of each parameter. Concerning the two tests, it seems that the parameters
extracted from the compression tests are quite redundant with those from penetrometric.
Thus, the first test could be leave unless new parameters are defined.

Ability of prediction by NIRS

The second objective of this work was to predict the rheological values by NIR
spectrometry. Among the four parameters able to characterise the texture of the three
cultivars (E*, F.', F.* and Grad'), E* showed the best ability to be correctly predicted by
NIRS. This result indicates that NIR spectroscopy is an efficient tool to analyse the apple
texture in a non destructive manner.

CONCLUSION

This work concludes about the interest of the experimental Young modulus
measured from penetrometric test (E*) which appears to be a better indicator of texture
changes than flesh firmness (Magness Taylor) commonly used by growers and
industrials. E* is correctly predicted by NIR with high R values, similar of those obtained
for sugar prediction in previous works (Ventura et al., 1998; Waslsh et al., 2004). In this
way, such a prediction of E* values could be interesting for a first in-line evaluation of
apple fruit texture.

Nevertheless, others analysis from rheological tests must be performed to define
new parameters able to describe some specific behaviours of apple cultivars or other
sources of texture variability.
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Fig 1. Force/Displacement curve recorded from a penetrometric test. F,, E,, W,, D, and F, are the
parameters extracted from the curve (table 1).
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Fig 2. Force/Deformation curve recorded from a compression test. Two successive compression cycles
were realized (1 and 2). These cycles include two loading and unloading stages. The parameters extracted
from the curve are defined in table 2.
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Fig.3 (4, B, C) Factorial maps of storage duration for each apple cultivar (Ga, El and Sm, respectively)
according to the first two principal components. Ellipses of confidence of centroids of each qualitative
group are presented for a probability threshold of 0.05. The number included in each ellipse indicates the
duration of storage (in days). Full line: CR storage, dotted line: SL storage.
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Fig.4 (A) E* parameter measured vs. E* parameter predicted by NIRS in Gala PLS model. (B) F,
parameter measured vs. F, parameter predicted by NIRS in Elstar PLS model. Density of data points
shows high RMSECV values. (C) D, parameter measured vs. D, parameter predicted by NIRS in
Smoothee PLS model. The ellipses show the distribution in two clusters of predicted vs. measured D,
parameter.
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Table 1. Definition of parameters extracted from penetrometric test

Parameters Units Definition

F, N Force needed to fail the apple skin

D, mm Deformation underlying by the fruit before the skin be fails

W, N.mm Mechanical work needed to fail the apple skin

E, N.mm’' Experimental Young modulus

F, N Force measured during apple flesh penetration

Table 2. Definition of parameters extracted from uniaxial compression test

Parameters  Units Definition

F.' N Maximum force measured at the end of the first loading stage (Smm compression)

w,' N.(mm) Mechanical work measured during the first loading stage (to reach F 1)

Grad' N. (mm)” Slope of the curve measured during the first loading stage (to reach F_1)

Df1 mm Apple deformation measured at the end of the first unloading (F~0N)

W N.(mm)  Mechanical work measured during the first unloading stage

Grad? N. (mm)” Slope of the curve measured during the first unloading stage

sz mm Apple deformation measured at the beginning of the second loading (F~0N)

2 N Maximum force measured at the end of the second loading stage (5Smm
¢ compression)

w N. (mm)  Mechanical work measured during the second loading stage (to reach F 2)

Grad’ N. (mm)” Slope of the curve measured during the second loading stage (to reach F.2)

w.' N.(mm) Mechanical work measured during the second unloading stage

Grad* N. (mm)”  Slope of the curve measured during the second unloading stage

D/ mm Apple deformation measured at the end of the second unloading (F~0N)

Table 3. Correlation between the first two principal components (PC) of PCA and physical parameters. The
inertia of each PC has been noticed in parenthesis. Most important correlations have been noticed in black
and less important ones in grey.

Texture Gala Elstar Smoothee
parameters PCl1 PC2 PCl1 PC2 PCl1 PC2
(68.7%)  (12.8%) (63.9%)  (12.2%) (57.3%) (12.7%)
F, 0,69 -0,70 0,16 0,95 -0,03 -0,95
-0,12 -0,95 -0,69 0,65 -0,74 -0,62
E* 0,97 -0,03 0,96 0,14 0,94 -0,24
D, -0,68 -0,64 -0,88 0,35 -0,91 -0,34
F 0,92 -0,21 0,85 0,38 0,59 -0,61
E.! 0,97 0,12 0,99 0,02 0,98 -0,03
Df‘ 0,14 0,16 0,23 0,14 0,22 -0,15
Grad' 0,08 0,15 0,99 0,01 0,98 20,01
D/ -0,33 0,31 0,32 0,45 0,58 20,20
E.’ 0,98 0,15 0,98 0,01 0,94 20,10

Table 4. PLS regression values. NIR T': spectra pre-treatment, R: regression coefficient, RMSECV: root
mean square of cross validation, LV: number of introduced latent variables in PLS model.

Texture Elstar cultivar Smoothee cultivar Gala cultivar

paramete T T T

s NIRT" R RMSECV LV NIR T R RMSECV LV NIR T R RMSECV LV

Fp SNV 0.68 2.20 9 SNV 0,37 2,53 7 SNV 0.77 2.82 9

E* D, 0.83 1.02 8 SNV 0.85 0.74 5 SNV 091 0.95 5

Dp SNV 0.78 0.65 8 SNV 0.88 043 5 SNV 0.62 0.54 12

Ff D 0.78 137 7 SNV 0.50 1.35 7 D, 0.86 1.36 7

Fc1 D, 0.76  20.26 7 SNV 0.86 12.71 8 SNV 0.82 19.36 7

Grad' D> 074 583 10 D> 0.84 1297 4 D, 084 5.5 5
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Mesure des propriétés de texture des pommes et étude de leur prédiction
par spectrométrie proche infrarouge

Résumé

Cette expérimentation a permis d’étudier les performances de la pénétrométrie et de
la compression mono axiale pour mesurer les différences de texture de 3 variétés de
pommes en chambre froide (CR) et sur clayettes (SL) de stockage. Une grande quantité
de parametres a alors été obtenue et analysée. Comme ces tests restent destructifs , nous
avons par ailleurs essayé de prédire ces parametres physiques par spectrométrie proche
infrarouge (NIRS) , méthode qui n’est pas destructive. Le module de Young (E*) pour la
pénétromeétrie, FCI, Gradl, Fc2 pour la compression mono axiale sont les meilleurs
paramétres pour decrire [’effet de stockage de |’ensemble des variétés de pommes.
D’autres parametres comme F,, D, ne sont corrélés qu’a une seule des 3 variétés,
montrant ainsi les différences de comportement des variétés ainsi que la complémentarité
des paramétres. Cette complémentarité souligne la nature composite de la texture et
Justifie une approche multifactorielle. Ainsi, pour les variétés Gala, Smothee et E Strl, la
NIRS permet une bonne prédiction de E* avec, des valeurs de R de 0.91, 0.85 et 0.83 et
des RMSECV de 0.95, 0.74 et 1.02 N.mm™. Les paramétres de compression sont par
contre tres peu corrélés aux données de NIRS.

491
Sensors



Information and Technology for Sustainable Fruit and Vegetable Production
FRUTIC 05, 12 — 16 September 2005, Montpellier France

492
Sensors



