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Abstract. A major quality problem for producers and consuneéi@pples is their softening dur-
ing storage. This paper presents comparison oé tmethods for monitoring quality changes of apples
during shelf-life storage: puncture test with atisusmission and spatial-temporal speckle cormeiati
technique. Firmness, acoustic emission counts evgs-correlation coefficient difference obtained by
these methods, respectively, were analysed. Ttaenesers show different correlation coefficientshwit
time of storage. The highest correlation coeffici®as obtained by the non-destructive spatial-teedpo
correlation technique. Puncture test with acoustiission shows also significant changes with ting a
these methods provide information about mechapicgderties and especially about the fracture proper
ties of the material. Higher correlation coeffitciéretween firmness and acoustic emission counts was
obtained than between firmness and cross-cornelatefficient difference. The experiment has shown
that for testing the quality of apples there iglifference related to the side of apples.

Keywords: nondestructive method, biospeckle, athoesnission, puncture

INTRODUCTION

The apple industry is one of the largest producers and exportiEesiofpro-
duce in Poland. A major quality problem is apple softening dutimgge. This
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the European Union from the European Regional @reént Fund (ERDF) as part of the
Neighbourhood Programme Poland-Belarus-Ukraine IRRREG IIIA/TACIS CBC 2004-2006.
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undesirable ripening process results in decrease of appleesssmrunchiness,
juiciness and increase of apple mealiness (Aldatt 1984, Harkeet al. 2002).
These texture attributes have origin in the sensory anaf/$éisd stuff. Szcze

niak (2002) gives a description of texture as sensory and dnattnanifestation

of structural, mechanical and surface properties of foods detectmaylththe
senses of vision, hearing and kinesthetics. Although the sensonatwalis

a widely accepted method for quality decision making, instrumerdtiaods for

food texture evaluation are also looked for. Since eatinghigtdy destructive
process, the most popular instrumental methods base on high deformation me
chanical testing. Puncturing, compression, tension and bendingarples of
many different tests used. The parameters obtained relelastic properties and

to fracture properties of the material. Puncturing is ontheftests which is the
simplest and the most popular for apples. The maximum force of puncturing is the
apple firmness. Many works were done showing decrease of theefisnturing
apple storage (Dobraski et al. 2000, Konopacka and Plocharski 2002 and
2004). Apple softening during storage is considered as relatedatgesh in
pectins during ripening (Johnstenal. 2002, Linet al. 1999). Enzymatic degra-
dation of pectins decreases mainly cell-cell adhesion, which teatdiscrease of
firmness of the tissue. The second important process from the qfoview of
tissue firmness is turgor decrease during storage (@oalg 1999). Tissue under

high turgor fails by cell wall rupture, whereas tissue unolerturgor fails by cell
separation (Lin and Pitt 1986, Niklas 1992). High turgor increasmsetfirmness

due to high preliminary tension of the cell walls and due tbdrigntracellular
pressure which increases contact forces between cells hsDefdrmation of
highly turgid tissue causes fast increase of the response faveiever cell wall
rupturing starts at lower deformation compared to tissue undetuimer. The
cracking processes can be analysed using acoustic emissiom@b)d. The
method has been applied for potato and apple tissue (Zdunek and Kongtankie
2004, Zdunek and Bednarczyk 2006, Zdunek and Ranachowski 2006). The AE
can detect cell wall rupturing, thus the failure mode throughveall rupturing

can be analysed. It has been shown that the number of acoustic events or counts in
compressed potato tissue decreases with turgor decreagwiordegradation of
pectins in middle lamellas has occurred after temperaturemgaa Similarly,
apple tissue tends to decrease the number of acoustic eveststwgor de-
creases (Zdunek and Bednarczyk 2006). Zdunek and Ranachowski (2006) showed
that the number of acoustic events also decreases duringifhstbtage of ap-

ples when pectin degradation and water evaporation occur. Thess ezsuib-
terpreted such that AE events or AE counts relate to sudgdaring of cell

walls during deformation, not to the cell-cell separation process.
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On-line quality evaluation of fruits requires using non-destraanethods.
Among many of them, optical techniques are used (Bu&t. 2005), like laser
scattering (Tuet al. 2006), Doppler spectroscopy (Ul'yanov 1995), microscopy
(Rogers 1991) and simple surface inspections (Tao and Wen 2002). The non
destructive technigues are used for the assessment or inspafctjoality pa-
rameters of fruits including internal disorders, but alstetasigar content, and so
forth. Lately, a new non-destructive method, so called spatial-teinppeckle
correlation was introduced for evaluation of changes of apple quality durilig she
life (Zduneket al. 2007).

In the spatial-temporal speckle correlation method a laseritlates an ob-
ject. When laser light impinges on the surface of biological mahté will pass
through one or more layers (air space, skin, cell walls) arfd efaitbhem will act
as a stationary diffuser (Junietral. 2006). Particles within the material are thus
illuminated by a laser speckle field and will scatter kager light back out
through the air space. Hence the laser light is diffused/ iares before finally
a speckle field is formed in space. If the particles withinkilodogical material
are in motion, the speckle field exhibits temporal fluctuations sisdid to “boil”
or “twinkle” (Rabalet al. 1996). This phenomenon had been referred to as “bio-
speckle”. The measurement technique bases on correlatiosiaraly reference
speckle pattern of the specimen in its initial state wittueatial speckle patterns
while the surface or subsurface of the specimen changeslyUssat of images
are taken, with an appropriate interval in time. The recordedrpatare entered
into a computer where they are divided into two matrixesavhétric fragments.
Further, cross-correlation of each pair of respective fraggm@ragments with
identical indexing) occurs. As a result of cross-corretatif all respective frag-
ment pairs, the rectangular grid of correlation peaks is gexterThe location of
each peak can be considered as the end of a displacement vecfaagrhient in
a digital speckle pattern 2 concerning the location of a céspdnitial fragment
in a digital speckle pattern 1.

In the case of living material, such as fruits and vegetables, spettidnge in
time, so they can be called biospeckles. To obtain the temporaidéemees of
biospeckle pattern movement speed, each pattern is separatédy subi-
mages and eaafm, n” subimage is correlated with the respective subimage be-
longing to any other pattern of the same studied area. As d,resuss-
correlation coefficients can be calculated using the formula (Zdetraék2007):
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where:i, j is the pixel number in the, n™ subimage of the digital biospeckle pat-
tern,i=1,...,,j=1,...,3m=1,...M,n=1,...,N,§;is thei,jth pixel intensity,
k is the number of a biospeckle pattenis the interval between two adjacent

frames containing recorded biospeckle patterns <(S s >)z> is the variance.

If the biospeckle properties of each surface suparae homogeneous, the bio-
speckle pattern movement speed is equal for eatyop the studied surface area.
Therefore, the correlation peaks whose locatiomsespond to locations of selected
subimages become degraded with equal speed. Diemogeneity of biospeckle
properties of each surface fragment, the inteasitfeall correlation peaks belonging
to rectangular peak grating change similarly. lis ttase, the peak grating can be
changed by one peak, the intensity of which isutaled as a mean value of intensi-
ties of all peaks and the cross-correlation caefficcan be expressed as:

o |8 (S s ~(si)
_‘ bk !

|m in im, jn ‘

()

where:iim=1,..1,..., 2I,..., Ml andjn=1,...,J,..., 2J,..., NJ.

The spatial-temporal speckle correlation method ayasied for apples during
12 days of shelf-life (Zduneé al. 2007). In the experiment the cross-coefficient
(Eq. 2) was analysed for the same places on apple@as observed that the cross-
correlation coefficient decreased faster if applese more fresh. For observing
changes during storage the cross-correlation cigffi differencedC” between the
value of the cross-correlation coefficient equal @nd for point equal to 15 s were
chosen. ThelC*" decreases exponentially with time of apple starage

Previous experiments have shown that the acousigs®n method and spatial-
temporal speckle correlation method allow for dquatvaluation of apples (Zdunek
and Ranachowski 2006, Zdunekal. 2007). However, the AE counts and cross-
correlation coefficientiC*" at this moment are not yet as well researchekiricod
domain as the firmness is. The first of them igstrdictive method, however it pro-
vides important data about the fracture propedfeapples. The AE method gives
higher determination coefficients with storage tittmen firmness from puncture test.
The second one is a non-destructive method anctaisbe used for quality evalua-
tion of apples. However, the spatial-temporal slgeckrrelation method has never
been compared with firmness yet. Since firmne#iseisnost used parameter for sof-
tening evaluation of apple, other methods shoulckfared to the puncture test. The
goal of this research is to compare the acoustissizn method and the spatial-
temporal speckle correlation method with the pwectaethod for the evaluation of
apple quality.
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MATERIALS AND METHODS

For the experiment 72 applelsldlus Domestica, cv Jamba) were bought as
one batch at a local grower just after harvest. Apples amseroughly selected
according to size and shape. After 5 days of cold storage thesapete divided
into 6 groups. The first group were tested on the second day after removieg appl
from cold storage to room conditions. The remaining groups wéréleoom
conditions in order to simulate shelf-life for 13 days. The testie performed
after 4, 6, 8, 11 and 13 days of the shelf-life. On both blush anddsisate of
each apple the investigation areas where marked. For eable @fvestigation
areas the spatial-temporal speckle correlation method wedfitste and next the
puncturing with acoustic emission method was performed on the satespl
The method of measurements of acoustic emission during the putestirhas
been described by Zdunek and Ranachowski (2006).

The experimental setup for the spatial-temporal speckle ciorelmethod is
schematically shown in Figure 1. Quasi-monochromatic light of \eagth A
from a laser source (He-Ne laser, 5 mi\¥, 632.8 nm) was filtered and expanded
so that the object under investigation was illuminated bylanated beam under
an angle®@= 30°. The scattered light was collected by a lens andeidchagto the
target of a digital camera with a high resolutitiarge-coupled-device (CCD). Yet,
the specimen surface and the camera target are assumed torjagateglanes,

faser
\ beam expansion

specimen

=)= X

— 1

to image processing system

imaging lens ¢
apetture

Fig. 1. Configuration of the system for spatial-tempogeckle correlation method
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i.e., the image of the apple was focused onto the targewfdie system was placed
on an anti-vibration plate. When the apple wasnihated by the laser, a 24-second
movie was taken with 15 fps rate. Next, the movas wonverted into frames with
resolution of 648480 pixels and cross-correlation coeffici€lit according to equa-
tion 2 was calculated for each frame. The averpgekie size was adjusted to make
it much larger than the pixel size of the camer&iwiwas 4.65um per pixel. For
given experiments, the studied area size equaDtmi3f was chosen. Such area
dimensions allow neglecting the curvature of agpidaces.

The puncturing tests were performed using a universal testiogimealloyd
LRX with 500 N load cell and the program Nexygen (Lloyd Instruseitl,
Hampshire, UK) provided with the apparatus. A crosshead speednafn2@ir*
was used in both mechanical tests.

Acoustic emission (AE) during the puncture test wesorded using an AE
head with an acoustic emission sensor. The AE haeddhe sensor position were
described by Zdunek and Ranachowski (2006). Inrdggearch the 4381V sensor
(Bruel&Kjear, Narum, Denmark) was used working irdiale range of 1-16 kHz.
The sensor was connected by a 2 m cable to AE Sidoaitor (EA System S.C.,
Warsaw, Poland). The AE Signal Monitor was set ttisarimination level above
the noise level of the Lloyd LRX and it counted kmeaf the AE signal and stored
them in internal memory at every 100 ms. This dptariis called the AE count
rate. The sum of the AE counts in the whole puireguis called AE counts. To the
AE head, the puncture probe of 11.1 mm of diamstér spherical ending, made
of the same material as the AE head, was screw&thgnaolid contact between
punctured apple and the sensor. Before punctunagkin the apples were sliced
(2 mm thickness). The puncturing was performedqugi® mm mift speed and
depth of 8 mm. Maximum force was read as the firmoé#se apple.

RESULTS AND DISSCUSION

Calculation of the cross-correlation coefficie@¥ for each frame of the
movie of the apple speckles allows obtaining its changemeds it is shown as
an example in Figure 2. The example is shown for a fresh apple (df daelf-
life) and for a soft one (13 days of shelf-life). The digfere between these two
periods of storage is in the rate of change€*6fn time. For fresh apples the rate
of cross-correlation coefficient decrease in time is mughdrithan for very soft
apples. As the indicator of the rate of decreasing of crosstation coefficient
the difference AC*” between theC*" at the first second and the 15th second was
chosen for evaluation of apple quality in storage time.
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1 day of shelf-life
= = = .13 days of shelf-life
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Fig. 2. Changes of the cross-correlation coeffici€fftin time for fresh apple (1 day of shelf-life)
and for soft apple (13 days of shelf-lif)C" is difference between tHg"" at the first second and
after 15 seconds

All parameters: firmness, AE counts and the comsselation coefficient dif-
ference of apple speckle were obtained on the tdushshaded sides of apples in
order to check differences in the parameters analysedureg 3-5 the parameters
analysed are shown for both sides of apples separdéh general, it cannot be
stated that there is any significant differencevieen the sides of apples. Only for
the freshest apples the firmness and the numbeEafodints are slightly higher for
the blush side than for the shaded one. On averagblush side has firmness only
1.7N higher than the shaded side, and the numbéEofounts recorded during
puncturing was only 140 000 higher than for the stiaitée and foriC*” there was
no difference. No differences between both sides werev@asalso for the charac-
ter of changes during the shelf-life storage. Timpidcal equations which describe
the relationships are almost the same for botlssifl@pples. Concluding, the dif-
ferences in the parameters analysed are not signifrelative to the side of apple.

Figure 3 shows the firmness changes during shelf-life storag@ai®y to
many other experiments, the firmness of apples decreatp®irSince the firm-
ness is the reaction force of the tissue to deformation, the exjmnamve
would be used as the empirical model of tissue softening. Jesthaitvest the
tissue has some finite firmness and it decays to alearyalue after very long
time of storage, never reaching zero value. In this expetithe apples just after
harvest had firmness around 50 N and it decreased till 20 N aftaysfishelf-
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life, so the firmness decreased during storage to 40% of the watue. It is nec-
essary to notice that the apples of the cultivar used showed very diffemamtds
at the same storage conditions and it decreased to unusudllfirsnmess during
shelf-life, differently to what was observed in another expemt (Zdunek and
Ranachowski 2006).

70 - o blush side
60 H e  shaded side
; ------- blush side: y = 46.88e(-0.08x
= 50 - : shaded side: y = 44.67¢e(-0.07x
~ 0.
@ 404 =
8 ®
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=
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o
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0 2 4 6 8 10 12 14
Shelf-life (days)

Fig. 3. Changes of the firmness of apples during shedfftif the blush and the shaded side

Figure 4 shows changes of the number of AE cawaisrded during the punc-
turing in the function of shelf-life storage timehd& change has a similar exponen-
tial character to the one obtained for firmnesshScurve character was also ob-
served in the previous experiment using anothecriggsr — AE events (Zdunek
and Ranachowski 2006). The number of AE countsedsed from 20 000 000
counts for the fresh apple to less than 550 00@hiisoftest apples, thus the num-
ber of AE counts decreased during shelf-life stermg3% of the initial value. The
AE Signal Monitor allows measuring the number of &@lints, where a single
crack within material, due to sensor response cteniatic, generates a single AE
event. The AE event consists of a group of couBthuriek and Ranachowski,
2006), therefore the real number of cracks is moaker than the number of AE
counts recorded in the experiment. Comparing chaoigg®e firmness and the AE
counts, a significant difference was observed fanges between the first and the
fourth day, where the AE counts decreased to 20%hefinitial value while the
firmness decreased to 60% of the initial value only
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Fig. 4. Changes of the AE counts during shelf-life obtdidaring puncturing on the blush and the
shaded side of apples

The cross-correlation differendd€*” obtained using the spatial-temporal cor-
relation technique changes similarly to the two previous paessanalysed. The
change shown in Figure 5 has exponential character. Simiaioredhip was ob-
served in the previous work with the use of this method for aifglduneket al.

2007). The cross-correlation coefficient in Fig. 5 decreases from 0.44 to 0.20, thus
more than by 50% of the initial value. The changes are moikasim firmness
changes than to changes of AE counts. Similarly as it was detopis parame-

ters, the most significant change is observed between tharfitgshe forth day of
shelf-life storage — decrease up to 70% of the initial value.
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Fig. 5. Changes of the cross-correlation coefficient déffeeAC” of apples during shelf-life for
the blush and the shaded side
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To fit a model curve to changes of parametersyaedlin figures 4 and 5 in time
of storage, the exponential curves were used beadus/en after long term storage
a small value of them is expected, while simultasgoat initial state of the material
the parameters have a finite value. Since the pHessnanalysed change exponen-
tially with time of storage, the corre-
lation coefficients of linear regres-Table 1. Correlation coefficient of linear regression

sion were calculated for their |ogapetween logarithmic values of firmness, AE coumsd a

. . AC with days of shelf-life storage, and correlatioeft-
rithmic values and they are preE:ientsR for the relationship between firmness and the AE

sented in the Table 1. For all pagounts and theC*”, ** correlations significant g1 < 0.01
rameters analysed there are signifi-

cant afp < 0.01 correlations with the
storage days. However, the correlaays -0.82** -0.85** -0.91*
tion coefficient for firmness is thé
lowest (R = -0.82). Slightly better
correlation was obtained in the case AE count ac

of the AE counts (R = —0.85). FOfFirmness 0.93%* 0.82%*
these two parameters there exists

high positive correlation as well (R = 0.93), prdésedrnn Table 1. The highest correla-
tion coefficient for changes in time of storage f@msd for theAC*" obtained by the
spatial-temporal correlation technigue (R = -0.91).

Firmness is one of the most common parametersiloiegcsoftening of apples
during storage. In figure 6 comparisons of the nurob&E counts (Fig. 6a) with the
firmness and the cross-correlation coefficientedéfhcedC* (Fig. 6b) with the firm-
ness are shown. The first relationship has the poharacter while the second one
has the third-order polynomial character, howevesecto a linear function. Both
parameters - AE counts and cross-correlation ciefii difference — correlate well
with firmness, however higher determination coeffit was obtained for AE counts,
which is 0.93, than faiC*" which is 0.82 (Tab. 1).

Ln(Firmness) Ln(AE counts) Ln(4AC)

304 061 y = -4e%3 - 9e56x2 + 0.0041x
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5 4 0.14
0 0.0 . . . . T !
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a) b)
Fig. 6. Relationship between firmness and AE counts (&g, lBetween firmness and the cross-
correlation coefficient differencaC”
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CONCLUSIONS

The comparison of the puncture test with the acoustic emissiotharspa-
tial-temporal correlation technigue has shown that:

1. All three methods: firmness, AE counts and cross-correlationicieeif
can be used for quality evaluation of apples.

2. Analysis of values obtained by these methods for applesifilga con-
ditions shows different correlation coefficients with timestdrage. In this case
the most accurate results were obtained by the spatial-tengporelation tech-
nique. The advantage of this method is that it is also a nan:diage way of
quality monitoring. Since the biospeckle movements are relatedvement of
particles in a living tissue and also to water content, thtdodecan be used for
evaluation of the biological state of the material.

3. Puncture test with acoustic emission shows also signifidaariges with
time of storage and these tests can be used for quality mogittuiing storage
as well. However, these methods provide information about the mieahprop-
erties and especially about the fracture properties of therialafEnerefore one
can suggest that they should be used for monitoring of textopenies like
hardness, crispness, crunchiness, juiciness and mealiness.

4. High correlation between firmness and number of AE counts is observed.
The acoustic emission provides direct information about sound enbited
crushed material while firmness is the mechanical paemiehus, both of them
should be used in the future to describe texture of apples. Highelatiom coef-
ficient between firmness and acoustic emission counts waisethtdnan between
firmness and cross-correlation coefficient difference.

5. The experiment has shown that for testing the quality of apipées is no
difference relative to the side of apples.
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POROWNANIE TESTU PRZEBICIA, EMISJI AKUSTYCZNEJ
| PRZESTRZENNO-CZASOWEJ KORELACJI PLAMKOWEJ
JAKO METOD OCENY JAKGCI JABLEK PODCZAS SYMULOWANYCH
WARUNKOW OBROTU HANDLOWEGO
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Streszczenie. Glownym problemem producentow i korentéw jabtek jest utratadrno-
$ci podczas przechowywania. Praca ta prezentujewpandie metod oceny zmian jakb jabtek
podczas przechowywania w symulowanych warunkachtolirandlowego: testu przebicia z emisj
akustyczn i przestrzenno-czasowej korelacji plamkowej. Wegranalizowane bytyefrnasé, zli-
czenia emisji akustycznej i zdica wspotczynnika korelacji wzajemnej uzyskaneavdpdnio przy
pomocy tych metod. Parametry te wmg sposob korelajz czasem przechowywania. Najpsyy
wspotczynnik korelacji zanotowano dlazmicy wspoiczynnika korelacji wzajemnej uzyskanego
przy pomocy przestrzenno-czasowej korelacji planmédjowest przebicia z emispkustycza réw-
niez wykazuje znacge zmiany w czasie. Metody te dostargzaformacji o wigciwosciach me-
chanicznych a szczeg6lnie o procesackapia materiatu. Zaobserwowano x8yge wspotczynniki
korelacji pomedzy jedrndscia i liczba zliczen emisji akustycznej nipomidzy jedrnaicia i roznica
wspotczynnika korelacji wzajemnej. Badania pokazatydla oceny jakii jablek nie istotna jest
badana strona jabtka.

Stowa kluczowe: metoda niedestrukcyjna, korelgtgankowa (biospeckle), emisja aku-
styczna, przebicie



