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1 | INTRODUCTION

Abstract

This study evaluated a singular approach to the analysis of digitized force-displacement curves
from penetrometry performed on tomatoes. Penetrometry is commonly used to evaluate the tex-
ture properties of fresh fruits and vegetables. Currently, the parameters are computed from force-
displacement curves. The parameters are statistically analyzed to highlight differences, for instance,
between fruit varieties or differentially stored fruits. In this study, digitized force-displacement
curves were considered “mechanical imprints” (Mls). Twelve varieties of tomato were analyzed,
and the assumption that a given variety is characterized by a singular Ml was tested. The digitized
curves were preprocessed through standardization and smoothing. This preprocessing enabled the
classification of more than 94% of fruit according to variety compared with 45% of fruit without
preprocessing. To compare this approach with a classical approach of texture analysis, 13 parame-
ters were computed from the force-displacement curves and analyzed. This parameters-based
approach enabled the classification of approximately 46% of fruit according to variety. The digi-
tized curve enabled the correct classification of 88% more fruit than the level achieved by the
parameters-based approach. Thus, penetrometry analysis presents new opportunities, particularly
for breeding programs aimed at improving the texture characteristics of fruits and vegetables.
Additionally, this approach could be adapted to other mechanical tests for the characterization of
the textural properties of food products.

Practical applications

The force-displacement curve of penetrometry can be considered a “mechanical imprint” to
improve fruit classification according to preharvest and postharvest characteristics (i.e., maturity,
variety, etc.). This mechanical imprint represents a new and discriminant phenotyping criterion for
tomato breeding to improve texture. The use of the digitized curve rather than computed parame-
ters may be more easily implemented in industry.
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are important to evaluating the postharvest life of a given fruit variety

and to satisfy the consumer’s preferences.

Assessing texture characteristics based on the mechanical properties of
fresh products from agriculture, such as tomatoes, is a key process in

the overall value chain. Indeed, the textural properties of fresh fruits

This article was published on AA publication on: 20 December 2017.

Despite the recognized importance of such characteristics, texture
has rarely been studied and has not been included in the value chain of
fresh fruits and vegetables. The primary reasons for the lack of infor-
mation concerning texture likely include (a) the lack of reference meth-

ods, (b) the limited information obtained on existing methods applied
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to fruits and vegetables, and (c) the slow advance in research on the

texture analysis of fresh fruits and vegetables over the last decade.

A parameter called “firmness” defines the texture properties of
various fruits and remains a unigue measurement of the mechanical
properties of fresh products. Operators in U.S. and European markets
require threshold values of firmness, making it possible to grade fruits
according to their maturity.

For fresh tomatoes, textural properties play an important role in
the appreciation and acceptance of these products by consumers
(Causse, Buret, Robini, & Verschave, 2003; Serrano-Megias & Lépez-
Nicolas, 2006). Thus, molecular analyses have been initiated to identify
chromosome regions implicated in tomato texture (Causse et al., 2002).

These properties depend on the different characteristics of fruit
cells or tissue turgidity, cell size, wall composition, and integrity (Chaib
et al, 2007; Lahaye, Devaux, Poole, Seymour, & Causse, 2013).
Sensory analysis is the most direct method for accessing the textural
properties of fruits and vegetables and to simultaneously consider the
effects of all involved cellular components. However, such analyses are
difficult to implement on a large series of samples. Therefore, mechani-
cal properties based on instrumental approaches remain the easiest
method to evaluate textural properties.

Important studies using instrumental approaches for texture analy-
sis were performed on apples in the 1990s (Chen, Duprat, Grotte,
Loonis, & Pietri, 1995; Duprat, Grotte, Pietri, & Studman, 1995;
Roudot, Duprat, & Wenian, 1991). In the early 2000s, several studies
using the information extracted from force-displacement curves of
penetrometry and compression tests to characterize and follow the
texture of fruits were reported. Mehinagic, Royer, Symoneaux,
Bertrand, and Jourjon (2004) computed parameters from penetrometry
to link the mechanical properties of apples to sensory perception
obtained using a panel trained in sensory analysis. Camps, Guillermin,
Mauget, and Bertrand (2005) used similar parameters to examine apple
texture changes during postharvest storage.

Information extracted from a force-displacement curve could repre-
sent another approach if we consider the whole digitized curve as poten-
tially pertinent for discriminating fruits with different textures. Camps
et al. (2005) attempted the first chemometric approach on whole apple
fruit. In their study, raw data curves were analyzed by factorial discrimi-
nant analysis (FDA) to examine fruit texture changes during storage. The
results showed that certain regions of the digitized curves, not exploited
by classical parameter extractions, were discriminant.

In this study, we similarly considered the force-displacement
curves from penetrometry as “signals” for pretreatment, followed by
analysis using chemometric methods. The hypothesis of this approach
is that the entire digitized curve can act as a “mechanical imprint” (M),
characterizing fruit texture at a given time. In addition, we improved
the classical approach of force-displacement curve analysis by includ-
ing more parameters than were examined in previous studies. The aim
of this study was to compare the discriminative power of the two
approaches in the case study applied to 12 tomato varieties. Indicators
such as the number of factors considered were taken into account
since the two approaches are characterized by data matrices of

different sizes.

2 | MATERIALS AND METHODS

2.1 | Tomato varieties

Twelve round-type tomato varieties were used in this study: Admiro
(De Ruiter), Cindel (Enza Zaden), Cristal (Clause), Estiva (Gauthier),
Fiorentino (Enza Zaden), Gloriette (Rijk Zwaan), Megaline (Syngenta),
Natyssa (Gauthier), Octydia (Gauthier), Paola (Clause), Paronset
(Syngenta), and Pilu (Piluweri).

The tomatoes were grown in a Venlo-type greenhouse covering a
360 m? area of the Agroscope research station (CH-1964 Conthey,
Switzerland). In the greenhouse, 3 replicates of 10 tomato plants
(2 stems per plant) per variety were planted. A total of 360 fruits
(30 tomatoes per variety) were harvested for use in this study.
Tomatoes have been harvested at commercial maturity corresponding
to the “light-red” stage (Sargent & Moretti, 2002).

2.2 | Penetrometry

Penetrometry was performed on the equatorial side of the tomato
fruit. Two measurements were performed on each fruit by varying the
orientation at intervals of approximately 90°. A TA-XTplus Texture
Analyzer (Stable Microsystems, Surrey, U.K.) fitted with a needle probe
2 mm in diameter was used. The probe was moved from the surface of
the fruit to a final depth of 5 mm at a speed of 10 mm/s, and the force
(expressed in Newtons) was recorded for every step displacement. A
trigger force of 5 g has been automatically applied by the TA-XTplus.
Each digitized force-displacement curve included 250 data points
(Figure 1).

2.2.1 | Computing parameters from the force-displacement
curves

The force-displacement curve was divided into three parts along the
probe displacement in the tomato fruit. The first part, from the begin-
ning (O mm) until the tomato skin failed, was used to characterize the
skin strength. The second part (ll) was defined from the failure point
until the relative lowest force value, and the third part (lll) extended
from the end of the second part to the end of the probe displacement
(5 mm). The third part indicated the mechanical properties of the flesh
under the skin.

Thirteen numerical values, called texture parameters, were com-
puted from the force-displacement curve (Figure 1). The maximal force
Fp (N) represents the force required to puncture the tomato skin. Fp
represents the skin strength. The displacement Dp (mm) indicates the
probe position at Fp. This parameter allows the calculation of fruit
deformation before the skin rupture. Ep (N/mm), also called stiffness,
was defined as (Fp/Dp) and represents the slope of the first part of the
curve (l) measured from the beginning of the acquisition until Fp is
reached. Wp (N.mm) is the mechanical work required to reach the rup-
ture point and is estimated by the area under the curve up to the skin
rupture point (Fp, Dp). In the first part of the curve, a parameter called
PK (no unit) was computed, and this parameter corresponds to the

number of peaks (or fracture events) measured before the skin failed.
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FIGURE 1 Parameters extracted from the force-displacement curves of a penetrometric test. |, Il, and Ill represent the three steps of the

test (I: compression phase, Il: depression phase, Ill: shearing phase)

In the second part (ll), the slope Epyn (N/mm), mechanical work
Wmin (N.mm), displacement Dyyn (mm), and minimal force Fyn (N)
were computed. This part of the curve indicates the mechanical
properties of exocarp (outer part of the pericarp).

The third part of the curve gathers four parameters: the average
flesh firmness Fr (N), measuring the force through the mesocarp and
endocarp of the fruit, the mechanical W (N.mm) required for the probe
displacement through the flesh and the slope Er (N/mm) during this
part of the curve. Similar to the first part of the curve, the number of
peaks PKg (no unit) occurring during part Ill was computed.

The texture parameters were automatically computed from each
curve using specific software (Texture Exponent 32, Stable Microsys-

tems, U.K.) and a specific macro written by our research team.

2.2.2 | Analysis of raw digitized curves

Force-displacement curves collection

A given force-displacement curve is represented as a vector yqp),
where p is the number of displacement steps recorded. All y vectors
were gathered in a matrix X, ), where n is the number of penetromet-
ric measurements. Analysis of raw digitized curves was performed on
the X matrix.

Preprocessing of raw digitized curves
Three preprocessing steps were performed on the digitized force-
displacement curves (standard normal variate, normalization, and

smoothing).

SNV Standard normal variate (SNV) is commonly used in signal prepro-

cessing in spectroscopy to reduce the scatter deformation of the

spectra (Barnes, Dhanoa, & Lister, 1989). Thus, SNV standardizes the
rows of the X data matrix. SNV will be applied to raw digitized curves
of penetrometry to minimize the manipulator effect. The manipulator
holds the tomato in hand during the measurement of penetrometry
and may move during measurement. Such movement can result in an
artificial variation of force intensities at the beginning and during of the

force-displacement curve recording.

Normalization The digitized curves are normalized. Normalization
involves dividing each column of X by the corresponding standard devi-
ation. A typical force-displacement curve of penetrometry (Figure 1)
presents high values (part | of the curve) and lower values (part Ill of
the curve). Normalizing each column of the X matrix enables an objec-
tive comparison of the significance of all measured forces in all

displacement steps.

Smoothing Finally, the digitized curves are smoothed using “moving
average filtering” to minimize the micro-events in curves, potentially
reflecting actual micro-texture variations, but often result from fruit
instability during needle probe displacement. The smoothing procedure
requires the determination of an optimal span number. To determine
the optimal span number, a FDA-based procedure is proposed in the

results.

2.3 | Data analyses

The data were analyzed using modified FDAs according to Bertrand,
Courcoux, Autran, and Méritan (1990). FDAs were performed on raw

and preprocessed digitized curves and the texture parameters. In the
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TABLE 1 Mean values of parameters computed from force-displacement curves of penetrometry.
Parameters
Parameters Fp Ep Wp Dp PK FMIN EMIN WMIN DMIN PKF FF WF EF
Varieties

ADMIRO 0.46 a 1.67cd 005a 0.29a 240b 0.10ab —2.1f 0.04ab 0.10ab 289cd 038bcd 1.72c 0.07 bc
CINDEL 059d 150b 010c 040de 240b 0.10a -29b 0.05de 0.10a 270bc 040d 177 ¢ 0.09 cd
CRISTAL 0.54 ¢ 131 a 0.10c 043ef 3.00c 010ab —25cd 0.04 cde0.10ab 32.1d 0.34 bc 1.49b 0.070b
ESTIVA 047 a 132 a 0.08b 038cd 3.17cd0.11ab —2.2ef 0.04a 0.11ab 30.7d 0.38 cd 171c 0.08 ¢
FIORENTINO 049 ab 1.86 e 0.05 a 0.26 a 207 ab0.12b —-22f 0.04 abc0.12b 21.5a 047 ef 2.16 de 0.10 de
GLORIETTE 0.52bc 155bc 007b 034bc 253b 012b —23def 0.04cde0.12b 24.8ab  0.48 ef 2.15de 0.12e
MEGALINE 048 a 1.67cd 006a 030ab 252b 0.10ab —2.2def 0.04ab 0.10ab 28.8 bcd 0.38 cd 1.75¢ 0.08 bc
NATYSSA 0.55¢ 203f 006a 026a 1.83a 012b —-26bc 0.04cde0.12b 21.7a 0.52 f 237e 012e
OCTYDIA 048 a 1.75de 005a 0.28a 2.09 ab0.11 ab —2.2 ef 0.04a 0.11ab 26.7bc 040d 1.82¢ 0.08 bc
PAOLA 0.55 ¢ 1.310a 0.10c 043 f 3.00c 009a —25cde 0.04cde0.09a 320d 0.33 b 146 b 007 b
PARONSET 049 ab 1.73de 006a 0.29a 236 ab0.10a —22ef 0.04 bcd0.10a 27.5bcd 042de 1.90cd 0.09 cd
PILU 0.63e 123 a 0.14d 053g 350d 009a -32a 0.05e 0.09a 383e 0.26 a 113 a 0.05 a
p value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.006 < 0.0001 < 0.0001 0.006 < 0.0001 < 0.0001 < 0.0001 < 0.0001
F value 19.9 25.6 38.0 32.7 9.0 2.5 114 4.8 2.5 11.6 14.5 16.2 13.6

Note. Analysis of variance performed at a threshold of p = .05. Mean-values have been compared by a Fisher (LSD) test at a threshold of 5%.

FDAs, the qualitative groups for discrimination were the 12 tomato
varieties. A criterion of the efficiency of the FDAs was the proportion
of correctly identified observations. The confusion matrices were ana-
lyzed to evaluate the misclassified individuals. FDA computes a few
sets of discriminant scores, which are linear combinations of the origi-
nal variables. The correlation between the discriminant scores and the
predictive variables was analyzed. For this purpose, the correlation
coefficients between the discriminant scores and the original variables
(13 parameters or 250 digitized data points of the digitized curve) were
computed. All statistical procedures were performed using the Matlab
environment (The MathWorks, Inc., 3 Apple Hill Drive, Natick, MA).

3 | RESULTS AND DISCUSSION

3.1 | Analysis of parameters approach

The values of the 13 parameters extracted from the digitized curves of

penetrometry are presented in Table 1. Each parameter presented

significant differences between varieties. Two parameters, Fyn and
Dmin (phase Il of the curve), were less discriminant than the other
11 parameters. To better understand the discriminant power of the
13 parameters, a FDA of the recorded values was performed.

A total of 12 factors were introduced in the analysis. These param-
eters were determined by counting the fruits correctly classified using
FDA when the maximal number of factors is introduced (i.e., 13 factors
because we have 13 parameters). An improvement in the number of
correct classified fruits was observed until reaching 12 factors. Approx-
imately 50% of tomato fruits were correctly identified for a given vari-
ety (Table 2). After the 12th factor, the misclassification rate increased.
This approach was performed using a cross-validation procedure, with
2/3 of the fruit as the calibration set and the remaining 1/3 of the fruit
as the validation set. Thus, the discriminant power of the parameter
approach was evaluated using 12 factors in the FDA.

Figure 2 shows the factorial map according to the first two facto-
rial scores. The projection of the factorial scores on the first two axes

describes a continuous parametric arc in which the varieties are

TABLE 2 Confusion matrix from FDA performed on parameters computed from penetrometric curves.

Predicted groups

ADMIRO CINDEL CRISTAL ESTIVA FIORENTINO GLORIETTE MEGALINE NATYSSA OCTYDIA PAOLA PARONSET PILU

(%) (%) (%) (%) (%) (%)
Actual groups

ADMIRO 40 - 4 4 4 4
CINDEL - 73 3 3 - 7
CRISTAL 7 17 30 17 - 3
ESTIVA 4 - 14 61 - 18
FIOREN 7 - - 7 57 -
GLORIETTE - 13 7 10 - 63
MEGALINE 18 - 6 12 6 6
NATYSSA - - - 6 17 -
OCTYDIA 19 - - 5 5 -
PAOLA 3 17 20 10 - -
PARONSET 18 9 9 9 - -
PILU - 3 7 - - -

(%) (%) (%) (%) (%) (%)
8 4 16 16 -
- - - 3 3 7
- - - 17 - 10
- 14 - 7 -
3 - - 3 - -

12 - 24 6 12 -
- 56 22 - - -

10 5 29 5 24 -
3 - - 37 7
- 27 9 - 18 -
- - 13 - 77

Note. Actual: real variety tested in the model. Predicted: prediction of correct classified tomato (in percentage) by the model FDA according to the

variety.
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FIGURE 2 Factorial map according to the first two factorial scores of FDA. Ellipses represent the confidence intervals at a threshold of 5%

classified. In this classification, the Natyssa and Pilu varieties presented
the most important differences with respect to texture. Approximately
50% of the fruits were correctly classified. However, differences among
varieties were observed. More than 60% of 4 varieties (Cindel, Estiva,
Gloriette, and Pilu) was correctly identified, while less than 30% of 4
other varieties (Cristal, Megaline, Octydia, and Paronset) was correctly
identified. These results could highlight both a high variability of the
textural properties inside a given variety but also some similarities
between varieties.

The correlation between the factorial scores of the FDA and
values of extracted parameters enabled the analysis of the relative sig-
nificance of the effect of the parameters in the discriminant power of
the FDA. In this study, 3 parameters—Ep, Wp, and Dp—showed R values
higher than .75. The parameters were extracted in phase | of the
force-displacement curve. With R values from —4 to .2, the
parameters from phase Il of the curve were less significant. In the third
phase of the curve, the most significant parameters were Fr and We
(R value = .5 to .6).

In this approach, phase | and, to a lesser extent, phase Il are the
most important to classify tomatoes according to variety. In this study,
phase Il did not present any interest. A total of 12 tomato varieties of
only one type, the round type tomato, were compared in this study. All
varieties presented a similar appearance (size, form, and color). Accord-
ing to these results, the most significant differences between varieties
appeared in the textural properties of the outer part of the fruit, that is,
the peel and outer pericarp.

Studies showed that a correlation exist between firmness and
tomato caliber. Serrano-Megias and Lopez-Nicolas (2006) obtained a
significant correlation (R =.72) between firmness and tomato caliber.

However, in their study, the authors measured the firmness with a

digital HPE (Shore HPE-A/HPE-P, DGM 93 18 389.5, Boras, Sweden).
Such a device is commonly used to assess tomato firmness but is aims
at measuring the fruit elasticity since is do not penetrate the fruit. With
such device, a compression is applied to the fruit surface, a phenom-
enon that involves a larger part of the fruit tissues compared to a
penetrometer that has a more local scope. To be quite precise, the cor-
relations between the texture parameters measured in this study and
fruit size have been calculated. This, to be sure that the variability of
the texture parameters does not reveal a simple difference in size. The
obtained R values ranged from —.32 to .25 for all texture parameters.
The absence of correlation means the variability of parameter-values
characterizes differences in mechanical properties of the skin of toma-
toes and not differences related to the caliber. The absence of correla-
tion is probably due to the used-probe which was a needle with
pointed head, limiting the compression phenomenon at the impact
point before to the penetration.

3.2 | Analyses of the digitized curves

In the following approach, the force-displacement curves from penetr-
ometry were gathered in a rectangular matrix X, where the columns
are the steps of displacement recorded during the mechanical test and
the rows are the individuals encoded according to the tomato varieties.
A total of 360 force-displacement curves were collected (Figure 3a).
The means of the raw data curves highlight the differences in texture
among varieties (Figure 3b).

As described in the Materials and methods, the raw data
obtained from the force-displacement curves were standardized
(lines of X) and normalized (columns of X) to minimize the “micro-

events” resulting from (a) handling during the implementation of the
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FIGURE 3 Force-displacement curves from penetrometry of the 12 tomato varieties (a) and average curves per variety (b)

mechanical test and (b) the difference in scale values among the three

phases of the force-displacement curve. Indeed, the forces recorded

during the first phase and at the end of the third phase are character-

ized by high values compared to the values recorded in other parts of

the curve.

100

3.3 | Smoothing by moving average filtering

A third preprocessing step was attempted to optimize the discrimination

power of the digitized force-displacement curves. This procedure

involved smoothing the curves (Equation 1) using an optimal span value.

Correct classification of samples (%)
8
T

20—

Optimal number of factors

Optimal number of span in smoothing curves = 17

—SM1 B
—8M3

SM5
—SM7
——SM9

SM11 -
—SM17
—SM27

SM77

10 15 20 25

Number of factors

30

FIGURE 4 Determination of the optimal span value for smoothing force-displacement curves of penetrometry. The plot shows the
percentage of samples correctly classified by FDA using as a function of the factors introduced (30 factors). SM is the span number in

smoothing curves
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FIGURE 5 Factorial map according the first two factorial scores of the FDA. Ellipses represent the confidence interval at a threshold of 5%

Vi) = g VHK) +Y (K= 1)+ . +y(i—K)) @

where ydi) is the smoothed value for the ith displacement step of the
curve, K is the number of neighboring data points on either side of y.(i),
and 2K + 1 is the span.

To determine the optimal span value, a FDA was performed on X
to discriminate the tomato varieties. The discriminant analysis was
voluntarily performed using all factors available (i.e., 250), leading to an
over-fitted model. This model provided the information for the optimal
span number to smooth the curves and the optimal number of factors
introduced in the final discriminant model. Figure 4 presents the

correct classification obtained by the factorial analysis (y axis) as a func-
tion of the number of factors introduced (x axis) and the span number
(plotted curves). First, we determined the optimal number of factors in
the vicinity of 10, where an inflexion of the curve occurred. Next, an
observation of the number of correctly classified individuals according
to the span number in this region (approximately 10 factors) enabled
the determination of the optimal span number. An increase of correct
classification occurred until a span value of 17 and subsequently
decreased for higher values of span (i.e., 27,47, and 77).

Thus, the discriminant power of the digitized curve approach was
evaluated using force-displacement curves standardized and smoothed

with a span number of 17 and processed in a FDA using 10 factors.

TABLE 3 Confusion matrix from FDA performed on pre-processed force-displacement digitized curves.

Predicted groups

ADMIRO CINDEL CRISTAL ESTIVA FIORENTINO GLORIETTE MEGALINE NATYSSA OCTYDIA PAOLA PARONSET PILU

(%) (%) (%) (%) (%) (%)

Actual groups

ADMIRO 84 - - - - -

CINDEL
CRISTAL
ESTIVA
FIOREN

GLORIETTE - - - - 7 93

MEGALINE
NATYSSA
OCTYDIA
PAOLA

PARONSET - - - - - -

PILU

| I N B |
11 0
~N
I 1 N0 1
w
[Ie]

o W N
= [
o
[SRFN
| I N B |

) T B I ) (%)
4 4 8 - - -
- - 7 - - -
— - 3 — - -
100 - - - - -
- 100 - - - -
- - 100 - - -
- - 3 80 7 -

- - - - 91 9

100

Note. Actual: real variety tested in the model. Predicted: prediction of correct classified tomato (in percentage) by the model FDA according to the

variety.
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Figure 5 shows the factorial map according to the first two

factorial scores.

The factorial map indicates, consistent with the parameters-based
approach, that Natyssa and Pilu varieties are significantly different
from respect to texture. However, the factorial map highlights other
differences not as clearly observed using the parameters-based
approach. Furthermore, the discrimination among varieties was more
accurate since less overlapping was observed between confidence
ellipses. The confusion matrix (Table 3) confirms the visual observa-
tions. Indeed, approximately 94% correct classification was achieved
(versus 46% using the parameters-based approach). To evaluate the
effect of preprocessing on the discriminant power of the digitized
curve, a FDA was performed on non-preprocessed curves using 10 fac-
tors. The result showed that only 45% of the tomatoes were correctly
classified, a result similar to that found with the parameters-based
approach.

Notably, although the analyzed X matrix of digitized curves pre-
sented 250 variables (against 13 for the parameter matrix), the final
number of factors used in the FDA was close to that in the
parameters-based approach. Only 10 factors were used in the digitized
approach. Thus, using the digitized approach did not lead to an over-
fitted and/or artificial model compared to the parameters-based
approach. Moreover, a progression of more than 80% of the discrimi-

nating power was observed between the two approaches.

4 | CONCLUSION

The aim of this study was to evaluate the use of digitized curves from
penetrometry to discriminate 12 varieties of tomato. The digitized
curve approach proposed a preprocessing of the curves based on
standardization and smoothing procedures. This approach was com-
pared to an optimized conventional method using texture parameters
computed from the force-displacement curves of penetrometry.

The conventional approach enabled the classification of 50% of
the tomato varieties compared with more than a 90% success rate
with the preprocessed digitized curves approach. This improvement of
the discriminating power is notable since the models use a similar
number of factors (between 10 and 12).

The effect of the preprocessing was significant for improving the
discrimination power of the digitized curves approach. Without prepro-
cessing, 46% of tomatoes were accurately classified compared the 94%
after preprocessing.

Thus, the proposition for penetrometry test analysis presents new
opportunities for analyses of food supply chains. Indeed, texture is a key
factor for the breeding of various fruits and vegetables. However, the
reference parameter (firmness) is often unsatisfactory to develop molec-
ular markers and breed new varieties with significant improvements in
textural properties. Thus, the use of the entire digitized curve as an Ml
for characterizing fruit texture appears to be a promising approach.

Moreover, this approach could be developed for other mechanical
tests to compute force-displacement or force-time curves in other

fruits and vegetables.
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