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Abstract. This paper presents the results of the studies @barra-Castanedo and Maldaque, 2004; Wiécek and Zwolenik,
detection of fruit bruises and watercore in their tissues. Bo§p99). |t occurred that thermography is especially useful in
passive and active pulse phase thermography was applied to eadYOphySical studies. Many processes of mass and energy

detect tissue defect. Watercore occurrence in ‘Gloster’ apples : . . .
evaluated from heating curves. It was found that the derivative .0 hange in agrophysical systems are have their reflection

apple temperature in time per apple mass is a good paramete'lnt(}he change of the surface .temperature of thg studied
identify apples with and without watercore. For apples with watepodies (Walczalet al,, 2003). This concerns the soil-plant-
core the rates of temperature increase per mass in particular infdnosphere system where the transport of water and gas
stages of heating were considerably lower than for apples withdtem the soil through the plant membranes into the atmos-
watercore affected tissue irrespective of the part of the fruit surfaghere and the turbulent transport of air in the atmosphere
from which the measurements were made. Pulsed-phase thergieate specific actual distribution of temperature on the sur-
graphy (PPT) method was used to detect early apple bruisegdge of plant and soil. Measuring this parameter conside-
dared"and ‘Gloster'. In PPT method the studied object is heatgdy. i rqves evaluation the rate of evaporation from soil

with an individual thermal pulse (most frequently a rectangular o .
pulse) and the temperature decay on the surface is analyse(? d transpiration from plants (Baranowskial, 2005a).

a pixel by pixel basis as a mixture of harmonic waves, thus enablirgMilarly, in various stages of fruit production the dynamics
the computation of phase and amplitude images. The analysi®6the fruit surface temperature distribution gives important
phasegrams made it possible to determine the relation betweenifiermation about the quality of the product. During growth,
frequency response, phase delay and defect depth. PPT methad/esting, storage and distribution fruits are the subject of
used for early bruise detection enables identify defects which ygnstant changes of their temperature as a result of inter-
invisible in passive thermography. _ action with external factors such as solar radiation, frost,
Keywords:apple watercore, apple bruise, thermograpfy, 4ing by leaves, cooling in storage houses what has an
impact on their quality (Bowen and Watkins, 1997; Ferguson
etal, 1999; Harkeet al., 1999; Woolf and Ferguson, 2000).
Recent years have brought new ideas of application/f important problem in postharvest technology of fruit is
thermography in agrophysical studies (Baranowetkal, Nnondestructive detection of defects coming from diseases,
2005b; Fitoet al., 2004; Jones, 1999; Mazurekal, 2006). Mechanical damages and physiological disorders. These de-
Itis connected with new possibilities given by active thermdects manifest themselves with changes of thermodynamical
graphy which enables not only to study the surface chang¥gperties of the infected tissue.
of object thermodynamical processes but also to have an The requirement of precise control and monitoring of
insight into deeper layers of specimens to give informatidfit quality at harvest and during storage stimulates interest
about the sizes, properties and the depth of the defelft§on-destructive technologies such as optical density analy-
sis (Throopet al., 1994), colorimetry (Kuczyfiski, 2006),
spectrometry or spectrophotometry (Schmilovitehal.,
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2000; Schatzket al, 1997), magnetic resonance imaging Another technique that has been used for watercore
(MRI) (Clark et al,, 1998; Wanget al., 1988), acoustic detection is X-ray imaging. The studies of Schatekal.
resonance (Zudet al., 2006), near infrared (NIR) or middle (1997) revealed greater than 50% accuracy in detecting
infrared (MIR) imaging (Chengtal., 2003; Upchurcletal., affected fruit. However, in some cultivars watercore was not
1994; Veraverbekest al., 2006). By combining severalobserved despite severe internal fruit tissue changes. It was
wavelengths within multispectral or hyperspectral systentje to the lack of significant density difference between the
supported by computerized image processing techniquessaxere watercore regions and the clear regions. Furthermore,
automate detection and classification of many internal aXdray recognition strongly depends on the acuity and
external defects are possible (Abbott, 1999; Kleyaeal.,, training of individual operators and in case of fruit moving
2003; Xinget al.,, 2006). However, regardless of the electraduring the imaging process the accuracy of the method de-
magnetic spectrum applied and the complexity of the infocreases. Kim and Schatzki (2000) elaborated the algorithms
mation which can be derived from imaging, itis critical thadf apple watercore sorting system using X-ray imagery im-
the underlying relationship between the sensed signal andpineving applicability of the method but some unsolved
physical or chemical property of the studied objectis valid problems of profitability of the method still exist.
The feasibility of using magnetic resonance imaging
Detection of watercore in fruit and magnetic resonance spectroscopy was evaluated by

Watercore is a physiological internal disorder in whic larket al. (1998) and Wanet al. (1988). They found that

. . : : se methods could be applied for evaluation of the severity
the intercellular air spaces around the core line become fille .
with which apples are affected by watercore and for de-

with fluid and a characteristic translucent tissue is creatg fibing the internal distribution of affected tissues. The
(Baranowsket al., 2008). It is widespread in some CUItlvar%hanges of intensity of watercore in apples were monitored

Sgﬁh as .De,h(:‘m:]s ’ Glos_ter. ' fPauIaredf ,hfrzgdor; ’ .E“Za 'throughout the storage period. The magnetic resonance ima-
ampion’. A characteristic feature ofthis disoraeris t atging is very promising method of watercore detection, how-

develops when the fruitis reaching maturity on the tree aiido | it needs additional research before commercial use.
sometimes dissipates during storage (Hen@l, 1994). The mass density sorting method relies on the fact that
The main reasons of watercore development in apples gfgy|as \with different intensities of watercore have different
high or low air temperatures in preharvest period, Pogi,ss densities. When passing through the low density fluid,
calcium nutrition, maturity status at harvest and croppinge heavier fruit sink and the lighter stay on the surface. This
level (Fergusoetal, 1999; Yamada and Kobayashi, 1999)}yethod was tested for various cultivars and occurred to be
Some authors have suggested that watercore is causeqdy effective (90-100% accuracy). Cavalieri (1997), who
changes in membrane integrity during maturation and ripgsted this method for separating slightly affected and unaf-
ning (Bowen and Watkins, 1997; Kumpowt al, 2003; fected apples from those with greater amounts of watercore,
Wang and Faust, 1992). Ithas been revealed that flesh tisggiced that in the future it might be possible to combine the
of apples with watercore has higher sorbitol and sucroggight seizing with digital imaging equipment to electroni-
concentrations and lower glucose concentration than tisgi4ty calculate the density of apples.
without watercore (Yamada and Kobayashi, 1999) Fruit Thermography can be a promising alternative to these
with watercore are susceptible to develop brown watercqffsthods. It proved to be useful not only for the measurement
or flesh browning (Argentat al., 2002). In the previous re- of temperature changes on the surface of the investigated
search on watercore detection the authors focused on findiigects but also for detection of internal heat intrusions and
a non-destructive methods compatible with existing storageterogeneity of the thermal properties within bodies. Water
and packing house operations. gathered in intercellular spaces of watercored tissue is
The optical density concept uses the differences in ligfidsponsible not only for the increase of a fruit mass density
transmission through the apples as an indicator of watercoug also for the increase of its thermal capacity and decrease
occurrence. The results of the studies by Thratpal of thermal. Therefore it could be expected that fruit with
(1994), who used the broad spectral range throughout thewatercore would be heated more slowly than fruit without
sible and near infrared to 1.1 um, revealed 99% separatiwatercore-affected tissue.
accuracy between affected and unaffected fruit. The optical In the process of apple sorting an important problem is
density method also proved to be useful for detection of intdrew to effectively detect early bruises. In spite of the fact
nal browning in apples with a 91% accuracy rate. The maimat bruise is the cause of rejecting the highest number of
limitation of this method is arigid requirement regarding thiuit in the sorting lines, the manual sorting method is still
fruit calyx orientation during the imaging, what makes it difficommonly used for detecting this defect. Bruise is defined as
cult to transfer the technique into packing line conditionsa damage of fruit tissue as a result of external forces, which



PHYSIOLOGICAL DISORDERS AND MECHANICAL DEFECTS IN APPLES 11

cause physical changes of texture and/or chemical changesThe aim of the study in reference to bruise detection was
of colour, smell and taste. Two basic effects of apple bruisecheck whether the phase analysis of fruit response to the
can be distinguisheie browning and softening of fruit stimulating heating pulse performed by PPT is capable of
tissue. Existing sorting systems are not capable to effegiroviding information about the bruise size and depth.

vely distinguish fruit with bruise which occur in short time

before inspection. Because of some shortages of existing MATERIAL AND METHODS

methods of early apple bruise a grooving interest in alterna- . .
y app 9 g ‘Gloster’ apples falus domesticaBorkh) with and

tive non-destructive sorting methods is observed. ) : -
Jyithout watercore were selected to provide 35 fruit in each

The majority of apple bruise detection methods, elabo ‘ Th : . | tated b
ted to date, show deficiencies in the case of dark skin coldft-edory. 1€ walercore occurrence in appies was stated by

or small surfaces of the bruise. Although it has been confﬁgmng the fruit after other measurements had been comple-

med that X-ray imaging and magnetic resonance offer gré%?' Aiter the experiment ten of the studied apples were re-

potential possibilities for apple bruise detection (Chtal., Jected from the analysis because apart from the watercore

1989; Schatzkétal,, 1997; Zioret al, 1993), these methoolssymptoms they contained some other disorders or the volu-

have not been implemented to existing sorting systemsrﬂ? of watercored tissue was small. The apples were transported

spite of some ready-made prototype solutions due to Ca%{he laboratory directly after harvest. They were preserved

and methodological problems. The application of the ne rtemperatur_e of 1.5°C a few days before the experlme_nt.
Thermal images of the apple surface were taken with

infrared spectroscopy method (NIR 700-2200 nm) has A o
shown low effectiveness for bruise detection in case 0 EMA 880 LWB system Wh'c.h IS sensﬁwemthg spectral
multicolour apples eg ‘Jonagold’ or ‘Braeburr’, and foFangeof8-13um.Thedetectormthescannerunltlsmercury

early bruise (Kleyneret al., 2003; Upchurctet al.,, 1994; cadmiu’m teIIur_it_je_ (MCT), cqoled with quuid nitrog_en.The
Xing and Baerdemaeker, 2007; Xiegal., 2005; Wen and System's sensitivity (.NEDT) is 0.007 at 30°C of Ob].eCt tem-
Tao, 2000). perature. It works with field frequency of _25 Hz, line _fre—
Preliminary investigations with the use of thermogr guency 0f 2500 Hz aqd each frame O.f the 'mage con05|sts of
phy for apple bruise detection indicate that this method caéﬁo lines. _T_he lens with an angular field pf view of 7° was
bring quite new possibilities, provided that the process 8§e.d' Add|t|ona!ly a change coupled deylce (C.CD) camera
heat conduction in the fruit will be precisely identified an egistered the visible images of the studied object (Fig. 1).

the mechanism of heat contrast creation between the brui Q& system interface and software made it possible to

part and sound areas on the fruit surface will be understor&g'Ster and analyse simultaneously the sequences of ther-

(Hellebrancet al., 2000; Lurie, 1998; Roos, 2003; Veraver[nal and visible range images — eight images in each se-
bekeet al 2006’ Walézabt él 2063) ’ ' guence registered with a time interval of ten minutes. Both
Acco.r,ding to’ Varithet al (2(')'03) thé temperature of thec@Meras were mounted at a height of 1.4 m above the surface

bruised apple surface is different than that in sound tiss fe]crUIt pointing downwards. The linear field of view of the

areas of thermograms. It can be explained by differences rmal_sc_ar_wtnerfa::]thfe s_f[:anned (;?Jegtg;selevel was 0.14 m.
thermal properties (thermal diffusivity), caused by the losg'© MISSIVIty OT the Truit was Set o .96

of water in bruised areas which have lower density than IBefore the F:fcsu_retm?rr:t tthhe fruit V;'atf rgoved from thet
sound tissue. These authors made observations of a ing room (1.5°C) into the thermostatted measuremen

temperature after apples sustained severe bruises (they g?ewhere the ambient temperature was maintained at 20°C

dropped from a height of 0.46 m) and they were stored at
a temperature of 25°C and air humidity of 50%.

Inthis study chosen aspects of thermographic studies on
detection of watercore and mechanical defects in apples are
presented. The study is based on a hypothesis that internal
defects and physiological disorders of fruit lead to changes
of tissue thermal properties. During thermal stimulatietero-
geneities of thermal properties lead to the occurrence of ther-
mal contrasts on the surface of these materials which can be suc-
cessfully registered with the use of thermographic device.

Water gathered in intercellular spaces of watercored
tissue is responsible not only for the increase of a fruit mass
density but also for the increase of its thermal capacity and
decrease of thermal conductivity. Therefore, it was expected
that heating curves of fruit with watercore-affected tissue

would have different courses than for unaffected fruit. Fig. 1. Setup for watercore detection in apples.
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and air humidity at 60%. Then, the fruit was left for about B8 SB or Ethernet port. The lens with an angular field of view
minutes to obtain stable conditions of measurement whioh22° was used (Fig. 2). Thermal images were registered
was started when the fruit surface temperature increasedual preliminary processed with the use of firmware software
about 7.5°C. After completing the sequences of thermiBHERM v50. This software along with numerous functions
images the apple was weighed with an electronic digitlr processing of thermographic data enables to export indi-
balance operating at capacity up to 1000 g with readabilitywfiual images and whole sequences in text format to other
0.001 g. To determine the density of fruit, its volume wagsrograms. To analyse pulsed phase thermography (PPT)
evaluated on the base of the visible range image analysisquences in this study we used IR_View v.1.7 free soft-
The spatial scale of the image was defined using there created at Laval University, Computer Vision and
straight-line selection tool to make a line selection th&ystem Laboratory.
corresponds to the known distance. Then, the measurementsThe measurement of radiation temperature of apples
of fruit image diameter in horizontal and vertical planewas done in controlled external conditions. All the measu-
were done and the mean value of these two readings wesent series were performed at air temperature of 21°C and
assumed to be the diameter of the sphere representingrtiative humidity of 60% in daily light. The distance bet-
fruit surface. The density of the fruit was calculated as thygeen camera lens and studied apple surface was 0.5 m. The
ratio of the mass of fruit to the volume of this sphere.  halogen lamps were situated in a distance of 0.3 m from the
‘Jonagold’, ‘Champion’ and ‘Gloster’ of appleM@lus  apple surface and the distance between the centres of both
domesticaBorkh) were brought from the orchard directljamps was 0.38 m. The sequences of the thermograms were
after harvest and then, before thermographic measuremerggistered with frequency of 15 image'é,fach sequence
they were stored for 15 h in temperature 21°C. Specigdntained about 600 images. To analyse the respon- se of the
measuring system for active thermography was designeject to the heat pulse, separately images obtained during
consisting of thermographic camera VIGOcam V50, tw@e heating process (during heat pulse duration) and images
halogen lamps (500 W each) fixed on tripod, systeaf cooling.
controlling the time of the pulse time and parameters of The pulsed phase thermography method was used to
registration and external conditions in the thermostatgglidy the thermal contrasts on the apple surface between
laboratory. The camera used in the experimentwas sensjtiaised and sound tissue after the heat pulse occurrence. In
ve in spectral range of 8-14 um. The camera is constructg@ PPT method, an individual rectangular heat pulse is used
with the use of a 384 x 288 microbolometric detector arragind the characteristic thermal response of the object to this
The system’s thermal sensitivity (NETD is 0.08 at 30°C of olpulse is analysed (Fig. 3).
ject temperature. Spatial resolution of the camerais 1 mrad. According to the superposition rule, the heat response
It works with a frame rate of 60 Hz. signal can be presented as a superposition of the number of
The VIGOcam v50 camera is equipped with 3.5" LClvaves, each having different frequency, amplitude and
display, video camera, laser pointer, radio link that enablggase delay. It is done by the use of the Fourier transforma-
remote control, SD memory card reader, microphone afigh algorithm. The continuous Fourier transformation is
loudspeaker. Connection with a PC computer is possible Wgpressed by the infinite integral of exponential functions:

Computer image processing :\ ; ?

- Thermographic e

Controller

ooooooo

Fig. 2. Setup for early apple bruise detection study: scheme (left) and photo (right).
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Fig. 3.Principle of pulsed-phase thermography (PPT).

Y - j2pft) Thermograms of an apple with watercore in particular stages
F(t)= o f(t)e dt, (1) of this process are presented in Fig. 4. The exemplary
¥ thermograms presented in this figure were obtained 12 (B),

36 (C), 58 (D) and 76 (E) minutes after the beginning of

wherej®=-1. Inthe case of sampled (discrete) signalfeating process. The model of regression was used, descri-
a faster and more effective discrete Fourier transformged with the following equation:

tion is used. When a finite series of signal samples {1, At
Ty, ..., Tn.1, T— temperature of fruit surface) is analysed, it T(t)= Agt , (4)

can be transformed into a harmonic serieg, 1, F Azt t
1! 2! ey K . . . °
Fr.) by using the following formula: where:T—radiation temperature of the fruit surface (°C),

t —time (min),Aq, A1, andA, — regression coefficients. For

2 j2pnko all the studied fruit, the applied model gave a very good
N-1 p rrelation between estimated and measured values. An
F,= & Tké N %= Ret Im,, @ veen '
k=0 example of a fitted lines and measured values of apple

surface temperature in proceeding stages of heating for the
where: Re, Im are the real and imaginary parts of the traraiit are presented in Fig. 4F.
form, j is an imaginary unitn is the number of harmonic The derivative of apple temperature in time per apple
componentsi(= 0, 1,.N), kis the value of the signal sample mass was found to be a good parameter to evaluate the diffe-
In PPT, the so called algorithms of fast Fourier transforrences in thermal properties between apples with sound and

can be usedgthe Cooley-Tukey algorithm. watercore affected tissues. For apples with watercore the
The real and imaginary parts of Fourier transform arates of temperature increase per mass in particular initial
used to calculate the phasg stages of heating were considerably smaller than for apples

. with sound tissue irrespective of the part of the fruit surface
aqmng 3) considered (Fig. 5). It results from this figure, that a ples
Re, & with watercore indicate higher density range (920-950
and soluble solid contentrange (14 and 16%) as compared to
In the sequence oN thermograms of the studiedapples without watercore (density 840-890 kg mnd
surface, there ardl/2 useful frequency components. Th&oluble solid content 8-15%). Itis also seen from Fig. 5 that
other half contains interference information which can be smaller are fruit density and soluble solid content, the
safely rejected. The phase analysis of thermograms enalbligger is the temperature increase rate during the heating
important information to be obtained about the process [@focess per mass unit.

f,=tan

heat penetration within the studied objects. The obtained courses of temperature changes on fruit
surface during the heating process showed for all the
RESULTS studied varieties the occurrence of temperature differenc

between bruised and sound parts in the range 0.5-1.5°C.
The base for analysis was the change of apple surfaidee highest differences of radiation temperature wereeubti
temperature of watercored apples and apples without water-‘Jonagold’ variety and the lowest for ‘Gloster’ variety
core symptoms particular stages of warming up under tempendrat is determined by highest differences of firmness betwe
ture gradient between apple surface and surrounding #iese two varieties.
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Fig. 4. Visible light image of a studied ‘Gloster’ apple (A), a sequence of thermograms during heating process (B-E), measured
temperature increase and fitted curve (F).
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Fig. 5. Relation between fruit density, soluble solid content and derivative of apple temperature in time per apple mass.
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For the three investigated varieties the analysis of radi@sponds to a characteristic decrease of phase (a minimum
tion temperature distribution after pulse occurrence was pphase peak). The deeper is the bruise the smaller is the
formed. In this study the pulsed-phase thermography (PATBguency value of the minimum phase peak. It is apparent
method was used. The number of images in a sequence @81 Fig. 7 that clear depth discrimination can be performed
chosen that way that the value of fruit surface temperatdfethe range from ‘0" to a limiting frequency, which in the
during cooling approached the value close to the cold imag@se of the phase profiles presented in Fig. 7 is equal to
temperature of the apple surface. Each sequence contafe@ut 2 Hz. From this limiting frequency to the maximum
about 500 images registered with the frequency rate of f8auency fmax (7 Hz) phase values of the points belonging

images per second. The analysis of the sequences was (%?r?eoples of various depths are all mixed together and not

with the use of IR View software. epth dlstm(_:tlon can be made. . .
An example of a cold image (A) and a thermogram Some differences of phase values in minimum peak

obtained directly after the pulse heating are presentedplﬂmts occur between fruit varieties. Both for deeper and

Fig. 6. On the surface of the fruit two bruises were creatég'a"m"’er bruises the lowest values of phase in minimum

which differed with the depth of tissue deformation. ThREaK Points were noticed for ‘Gloster' N
upper bruise was shallower (up to 2 mm) and the lower The analysis of the bruise depth impact on the minimum

bruise deeper (up to 5 mm). phase peaks and optimum frequency for detecting bruises is

The results of phase analysis for exemplary shallowiesented in Fig. 8. With the increase of the pruise depth .th.e
bruises (A) and deeper bruises (B) for apples of three inve@Solute value of phase delay corresponding to the mini-
gated varieties are presented in Fig. 7. It results from tH&M peaks decreases while the frequencies at which these
figure that for each variety there exists the most suitafi€eper bruises are detectable decrease. This tendency refers
frequency for which discrimination between shallower arf@ all three studied varieties although, in case of ‘Jonagold’
deeper bruises is the most effective. This frequency cémaller bruise depths were observed.

A B

Fig. 6. Thermograms of ‘Champion’ apple before (A) and after (B) pulse heating.
=)
g
Py
[}
©
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D- .
—-—'Glosteri ——'Gloster'
2.0 1 *'Champlon' - 2.0 —o—'Champion'—
——"Jonagold’ ——'Jonagold’
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Fig. 7.Change of phase for various frequencies of thermal response in shallower (A) and deeper (B) bruised areas in apples of the three
studied varieties.
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CONCLUSIONS

1. Usefulness of pulsed phase thermography (PPT)
A method for early apple bruises detection was stated.

2. Thermographical measurement of the radiation tem-
perature changes on the surface of fruit during the heating
process can be used to distinguish apples with watercore
disorder.

3. Characteristics of temperature decrease after pulse
extinction depend on the intensity of bruise and its depth.

4. The derivative of apple temperature in time per apple
mass is a good parameter to evaluate the differences in
thermal properties between apples with and without
watercore affected tissues.
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