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GIUSEPPE PELLIZZI* 

Ladies and Gentlemen, dear Colleagues, 

l'm honoured to represent today professor F. Scaramuzzi, president of the 
«Accademia dei Georgofìli», who, unfortunately, is not able to be here with us, 
due to other important duties. 

The argument of this meeting is one of the most innovative because it tries 
to use new advanced technologies and systems based on electronic devices and 
instruments for evaluating the organoleptic properties of fresh fruit and vegeta­
bles, using non destructive methods. 

The speakers of today - J. de Baerdemaeker, Belgium; M. Ruiz Alrisent, 
Spain, I. Shmulewich, Israel and R. Guidetti, ltaly - had the opportunity to 
work in the last few years for the development of technical solutions on this 
important and innovative topic. They worked independently but met each other 
in some meetings during which they had the opportunities to discuss and com­
pare their results. So they decided to establish a co-ordinated activity in order to 
reach more quick and useful results of their work. In this, they found the impor­
tant support of the Cesena Exhibition where had presented, in the different 
years, the progresses of their activities. Within this framework, with the consen­
sus of the speakers, I have suggested to the president of the «Accademia» to offer 
the possibility to establish and support a permanent international working group 
able to obtain better and higher results. This proposal takes imo consideration 
also the positive support of Cesena Exhibition as well as of UNITEC, ltalian 

* 
Emeritus full Member and Councillor of the «Accademia dei Georgofili». 



8 GIUSEPPE PELLIZZI 

industry. Boch, in fact, are co-sponsors with che «Accademia» that has organised 
chis meeting. I want to express cherefore our deepest gratitude to them. 

Now I give che floor to che four speakers, who will be introduced wich some 
general comments by a short presentation of my Colleague and friend Luigi 
Bodria, member of this «Accademia». 

Thanks to all of chem. 



LUIGI BooRIA * 

Introduction 

Thank you Mr. President 
it is always a great privilege to be here and speak in this prestigious building. 

As previous memioned by Prof. Pellizzi, there is a growìng interest on quali­
tative selection of fruit and vegetable. 

The demand for high quality products stimulated several researches, from the 
beginning of the 80's, to study and develop mechanical non-destructive systems 
for the assessment of the textural quality based on impact force and vibrations. 

In recent years the development of computers and electronics promoted new 
studies on more sophisticated sensors and materials in order to detect internal 
quality like sugar content, maturity, absence of damages etc. 

However fruit and vegetable market is a very important one in term of mass: 
the European production totals 147 millions of tons to which ltaly and Spain 
together contribute for more than 30%. 

In addition it is a market with a quite constant volumes of sales and there­
fore to stimulate the imerest of the consumers with a certifìed high level quality 
offering an importam added value to the products. 

Moreover in the very competitive and dynamic large-scale retail trade fruits 
and vegetables play a strategie role in order to give a positive image of the store: 
they are generally nicely located at the entrance of the market as a sort of fresh 
and coloured welcome to the customers. 

Quality is a very complex concept; the most common defìnition is "to meet 

* 
Full Member of the «Accademia dei Georgofili» and Director of the Institute of Agricultural 
Engineering, University of Milano 



IO LUIGI BODRIA 

che expeccacions of che consumers" bue we don'c have an average consumer and 
it is very difficult co defìne absoluce qualicy parameters. 

From an initial stage of che analysis of the external physical characteristics we 
are now investigating che internal fruir properties, bue in che near future che 
attention will be devoted to safecy, like absence of chemical residues, and to che 
healch aspects, like proteins, antioxidancs etc. to which che consumers will be 
more and more concerned and today we will have a very large and complete pie­
ture of che more updated researches on che field. Our speakers in facc represent 
some of che most accive and qualified European laboratories dealing wich this 
subject and chey will oftèr us a deep analysis of possible future development of 
qualicy evaluation. 

So I chank you for your attention and I give immediately che floor to our 
speakers. 



MARGARITA Rmz-ALnsENT* 

New techniques for the evaluation of fruits 
and vegetables 

1. PHYSICS IS THE FUNDAMENT 

From decades ago, Engineers have been engaged in che development of new 
ideas far che harvescing and handling of agricultural produccs. During last cen­
cury (1950 on) che need far creating mechanical harvescing and handling equip­
menc far fruics and vegetables enhanced development and innovacion in chis 
area of knowledge and technology. The need far knowing che physical proper­
cies, mechanical propercies ac che time, grew urgenc. Physics and mechanics, 
resiscance of materials theories were chere, co be applied co new materials, which 
are biological, living and changing wich environmencal conditions and wich 
time. 

Therefare, Engineers began co apply physics co agricultural products. 
Harvesting machinery was developed, far comatoes, beans, greens, onions; fruits 
such as peaches, pears, prunes and ocher, far industriai processing were harvest­
ed mechanically, and were handled and packed far che market in industriai 
premises with fast and sophisticated equipment. Bruises, loss of firmness, and 
skin abrasions, causing pathogens to invade fruir, are caused by che equipmenc, 
and che means to minimise or protect che products of such had to be developed. 

Properties of che produce that relate to chis kind of problems are resistance to 
damage, by impacts and by compression, properties of catching frames, and of 
damping materials. These are based on che knowledge on mechanical resistance 
named as resistance of materials. The cheory of Hertz, relating to stresses pro-

* 
LPF-Laboratorio de Propiedades Flsicas Dept. de Ingenierla Rural - ETSIA 
Universidad Politécnica de Madrid-UPM 
mruiz@iru. etsia. upm. es 1 



12 MARGARITA RUIZ-ALTISENT 

duced by contact between convex solids is stili of use in solving this kind of sit­
uations. 

Separation of residues and cleaning are based on size, shape, surface proper­
ties and by aero-dynamical (and hydro-dynamical) properties of each of the frac­
tions which appear in the field: fruits, soil, clods, stone. These are separated by 
air currents, in which fluid velocity and . . .  caudal . . . . .  are the parameters being 
controlled in these systems. 

At some point, the market, having achieved clea.n and healthy food, and in 
surplus quantities, begins to apply to highest value to quality. 

2. QUALITY AS THE MAIN ECONOMICAL COMPONENT OF FOOD 

Of course, it is of fruits and vegetables. Quality of fruits and vegetables is also 
related to their physical properties, as it is discussed below. Most of the proper­
ties that deal with quality are physical, or can be measured by physical instru­
mentation or based on physical sensing principles. Physical techniques include: 
Artificial vision; mechanical; acoustical; optical, magnetic resonance imaging, 
electrical techniques. The present techniques which are offered by the market 
will be discussed further. 

3. PHYSICS NEEDS MAGNITUDES 

A quality property can be expressed by a quality term, but to be measured it has 
to be expressed in a magnitude. When defining quality parameters and develop­
ing instrumental systems for measuring fruir quality, we need to distinguish four 
different concepts: 
o first a 'property', or quality property: it is rather an idea, well known by most 

consumers and experts, which lacks a precise physical meaning (for example: 
firmness or consistency) ; 

o second a 'magnitude', which is the value of a parameter wich a defined phys­
ical significance and units; for example: puncture force (N) or force/deforma­
tion (N/mm) ; modulus of elasticity (N!m2) ;  

o third, we need the definition of a 'test' and an instrument with a testing pro­
tocol: (for example: probe rupture by compression or by extension; Magness­
Taylor or Effegi penetrometer; non-destructive impact or acoustic response 
meter) ; On the other hand, the property called "firmness" can be also deter­
mined by a magnitude defìned as "stiffness factor" S (kHz2. g  213) ,  based on 
acoustic or vibratory response, or also by optical scattering coefficient; if 
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referring to external colour, parameter 'a', Hunter Lab, -10-+ 1 O can be used, 
or a parameter based on a reflectance spectrum, measured with a SS detector 
Hammamatsu, in the range 200-700 nm. 

o fourth, we need the definition of a 'scale': the distance between consecutive 
divisions. Scales may be linear or non-linear; non-linear scales are usually the 
ones which relate best to sensorial perceptions. 

A very important aspect of these magnitudes is the need to establish variabil­
ity; metrology is scudy of the accurateness of measurements performed by any 
instrument, which leads to the determination of expected errors, and, most 
important, the errori range relation. On the other hand, there is the variability of 
the product itself, leading to the need to establish adequate sampling sizes for 
any application. 

Quality of fruits and vegetables is made up by a combination of external and 
internal quality properties. 

External quality properties are mainly: damage, colour and colour distribu­
tion, size and shape. The techniques used to detect them are: 

• electronic fruits: used to assess damage inflicted to fruits by handling 
equipment 

• artificial vision: to detect external damage, bruises, colour and colour dis­
tribution patterns, size and shape. 

Internal quality properties are related to organoleptic or "consumers" quality 
features: firmness, sugar and acid content, internal colour, turgidity, juiciness, 
internal voids/ other discontinuities (seeds ... ), physiopaties (mealiness in apples, 
brown core ... ). To be determined, these defects need the use of 

• electromagnetic radiation: optical, visible (VIS) and near-infrared (NIR); 
• nuclear magnetic resonance (NMR); 
• electrical (microwaves, MW); 
• sonic response; 
• sensing gases and aromas exerted by fruits during (post-harvest) ripening 

is of use for the assessment of quality of these commodities. 

4. DAMAGE TO FRUITS BY HANDLING EQUIPMENT 

Damage inflicted to products during harvesting and handling can be studied 
with the 'electronic fruit'. This instrument, a sphere with a sensor, a dock and a 
memory inside is programmed to acquire and register ali impacts inflicted to it 
during its travelling in the (harvesting and) handling machines. lt is very useful 
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for the identification of critica! points: transfer points where the fruir is subject­
ed to damaging impacts with high/low probability. A graph of level and proba­
bility of impact can be established, so that the design of improvements in the 
machinery is made feasible. Also fruit-to-fruit impact can be established and 
improvement towards minimising them can be designed. 

5. ARTIFICIAL VISION 

lt is widely lised to establish external quality of products. Colour may be meas­
ured by RGB (red-green-blue) vision systems which have to be calibrated 
accordingly. lt has been proved to work well for fruits with homogeneous colour 
such as Golden apples. These systems are far less developed and validated for bi­
colour fruits were there is a need of an accurate evaluation of colour distribution. 

An artificial vision system needs first to grab the image, and second, to inter­
pret its information: this last is called digita! image processing. Image processing 
is a very active field of development, and nowadays a powerful software, Matlab, 
is widely applied for this purpose. Spectral imaging consists of acquiring and 
combining images at various short-band images, in one camera. This is a way to 
enhance defects (for example bruises in peaches) at grabbing. Using multi­
image processing, as mentioned, opens a very effective way for external quality 
assessment of fruits and vegetables. 

RGB vision systems are sometimes offered also assessing external defects. 
One major issue is to acquire all the external surface of the fruir. This may be 
attempted by rolling the fruit in front of the camera though never 100% of the 
surface is registered by this procedure. Another solution is the use of severa! cam­
eras and mirrors to acquire severa! views of the fruit at the same time. The effec­
tiveness is in generai poor as it is difficult to avoid the interference of other exter­
nal characteristics such as russeting in some appie and pear varieties. Also errors 
due to stalk and steam are found, when the fruit is not properly oriented before 
entering the sensing area. 

Spectral imaging is a great development in fruit quality instrumentation and 
equipment. lt consists of acquiring various images, at different (2-4) selected 
wavelengths and combining them in different ways. For example, bruises can be 
much better 'seen' by a camera when using spectral images at 920, 1040 nm than 
when using complete light. Pixel-by-pixel combination of these images is used 
for the development of parameters. 

Also artificial vision is widely used today in on-line equipment for sizing. 
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Usually CCD (Couple Charge Devices) cameras are installed on every fruir line, 
with which size and shape are determined for grading fruir according to stan­
dards. The present need imposed by the manufacturers for an output of 6- 1 O 
fruirs per second seems rather difficult to match che precision in size grading ( 1-
2 mm in diameter in oranges) imposed by standards. Shape and size can be also 
established using a new optical device, che "oprical ring" sensor (Moreda et al. 
2004). Volume and diameters, especially for spherical and elongated products 
are accuracely derermined at high speed. 

6. MECHANICAL PROPERTIES ANO INSTRUMENTS: FIRMNESS 

There exist a very wide selection of instruments to measure fìrmness. The pen­
etrometer (Magness-Taylor) is che oldest and most accepted by common users, 
and most ejected by engineers and physicists. This test has never been studied 
with metrology protocols, as no reference materia! is available for it. lt has many 
problems of reproducibility, and concerning che range of validity. The rese of 
fìrmness-measuring instruments are considered non-destructive or "contact" 
based. We have: acoustic resonance (AIR-KU Leuven), impactometry (LPF­
UPM), Durofel (Copa-Technology), and ultrasound (TECHNION and che 
Volcani Cenere). Each of them yield different magnirudes, which are loosely cor­
related to destructive penetrometer values, as they measure rather deformability, 
more closely relateci to hand-held sensory appreciation. Destructive penetrome­
try resembles more to 'biting' firmness. Correlation between che Magness-Taylor 

Fig. I Laboratory 
equipment far jìrmness 
measurements: Texture 
Analizer, by stab/.e 
Systems farce and 
deformation can be 
measured 
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penetrometer and other non-destructive fìrmness instrumems improves when 
using penetrometer force/deformation ratio rather than force. However, this 
parametèr can only be registered through automated "universal" or "texture" 
tests and nor with manual instruments. 

7. ELECTROMAGNETIC RADIATION 

The electromagnetic spectrum is received in the Earth from the external space, 
and it can be also created by man-made devices. Optical radiation is the one that 
can be managed with lenses. From chis, VIS and NIR are easiest and cheapest, 
to be used in instruments for quality measurement of many different commodi­
ties. Electromagnetic radiation interact with matter: it is transmitted, reflected, 
refracted, absorbed, transformed into different wavelengths, or different types of 
radiation. Interaction with biologica! solids, such as fruits and vegetables, is 
therefore very complex, due to complexity of their structure: cells, celi compo­
nents, skin, etc. (Bellon et al, in Hildrum , 1992). Also, most of the fruir is made 
of water. The response spectra that can be obtained are mainly of water, with 
some small variations which can be assessed using powerful numerica! and sta­
tistica! methods; on this basis, models for che estimation of quality attributes 
such as soluble solids (SS), acid contene, physiological disorders can be devel­
oped. Molecular groups and individua! molecules absorb in some of the wave­
lengths of  interest, and therefore they can be detected; for example, methyl 
acetate absorbs at approximately 5800 and 8000 nanometers and methyl ethyl 
ketone shows two absorbing peaks at very near areas. Such molecular groups are 
very mixed in biologica! materials, so that spectral absorbance and reflectance are 
not resoluble in chemical means ( Bonanno, et al, in Hildrum 1992) . SS and 
acids may be detected mainly because they reduce the quancicy of water. 

Procedures to extract information of the data obtained from the response 
spectra are now relevant developmencs; modelling and decision rules are applied 
to the calibration of any cype of instrumencation. The process of calibration is 
critica!, and in this, self-learning and error-detection algorithms are needed, for 
the user friendliness. Coming co the applications, special features are of great 
importance: the range of variability of samples used for calibration and of prod­
uce batches to be graded have co be matched; the experience shows that various 
years of use of those models are needed to reduce estimation errors. Errors are 
established using metrology; importane parameters co be established are accura­
cy, repeatabilicy, sensitivity and robusmess. 

On-line optical transmittance equipment is being commercialised for the 
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detection of internal quality estimation in fruits. This equipment uses very near 
(or short-wave) infrared (650 to 1200 nanometers approx). Much information 
is and can be captured at the low-end, related with absorbance by chlorophyll 
and other pigments, and therefore related to ripeness advancement and internal 
breakdown or vitrescence, for example in melons. On-line measurements are an 
alternative to at-line tools; in on-line equipment che totality of the produce is 
evaluated one by one at che packing house machinery. Obviously, it is a very 
desirable situation but it is not available for ali quality parameters. 

A discussion is being raised regarding effectiveness of commerciai equipment, 
based on optical and mechanical sensors for on-line internal and external quali­
ty assessment. Some of this equipment is very well designed for their purpose, 
but lack of standardisation, mainly of testing protocols, is an importane draw­
back which prevents che generalization of che techri"ique for market actors. 
There is a real need for determining che procedures for calibration and valida­
tion processes of the equipment. 

For on-line measurements there is the need of: 1) high speed and 2) non­
destructive te�hniques. At current stage packing lines work at 15 t/h approxi-

load Cellfor fruii weighling (MAJCI) 

Transmittance NIR speclroscopy far on-line soluble 
so/id es1ima1ion (FANTEC) 

Rejlectance NIR spectroscopy far on-fine 
soluble so/id estimalion (COMPAC) 

On-fine impaclometry 10 assess.fìrmness (LPF) 

Fig. 2 On-fine measuring systems: Load cell, impactometry and NJR spectroscopy 
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mately which correspond to 5-10 fruits/second for small size fruits (apples, 
peaches . . .  ) or 2-4 fruits/second for large size fruits (melons . . .  ) .  lt could be dis­
cussed the need of slowing down a bit the current grading lines also as a method 
to reduce damages, but in any case the bottom limit seems to be around 3-5 
fruits/second. In any case, laboratory instrumentation has to be available, to be 
used as reference for the development of online equipment. In many cases, this 
instrumentation needs to be established in accordance to consumers perception 
of any quality attribute. 

New optical technologies are also at development stage to be mounted on 
line such as X-ray and NMR for internal quality sensing, or new optical devices 
for 3D size evaluation. The main objective of this and other techniques is the 
assessment of the whole fruit. A technique called TDRS (time-domain diffuse 
reflectance spectroscopy), evaluated in the European Project FAIR CT 96 1060), 
is being tested with some success. lt uses VIS and NIR lasers at various wave­
lengths applied through a single optical fibre, and detection is accomplished by 
photon-counting equipment. lt differs from the conventional optical equipment 
in that it assesses both absorbency and scattering of light in a differential way, in 
principle allowing textural and chemical evaluation independently. (Barreiro et 
al, in Dris, 2004). 

Sensors and sensors arrays for detecting gases and aromas are being devel­
oped as a technique for quality monitoring in contro!; che application is near for 
in-transit and storage detection of possible problems in fruits and vegetables. 
Microwaves, is a promising new (electrical) technique, showing promise mainly 
for pathological treatment of plants, mainly insect plagues. Soft X-rays are being 
studied heavily for internal damage detection in apples, citrus and tomatoes. 

8. AREAs OF DEVELOPMENT FOR THE (NEAR) FUTURE 

Apart from the mentioned new techniques, such as NMR, soft X-rays, acoustics 
and laser applications which are at laboratory stage at present, the new envisaged 
area comes in hand with ]?iotechnology. The development of biosensors of many 
kinds, molecular (DNA) arrays, biotechnology new processes, etc ... will need 
the cooperation of product-related Physics and Engineering in the very near 
future. 

The Physical properties Laboratory (LPF) at the Polytechnic University 
Madrid is specialised in research and development, as well as innovation, on 
properties of -mainly- fruits and vegetables related to their quality. lt carries out 
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design of improvements in harvesting and handling systems, and in the develop­
ment of instrumentation, at- and on-line for measuring product quality. 
Techniques used include mechanical, acoustical, optical: VIS, NIR, image, gas 
sensing, NMR. 
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JossE DE BAERDEMAEKER, SANDRA LANDAHL AND BART DE KETELAERE * 

Non destructive measurements and quality 
evolution models far fruir shelf life prediction 

I.  INTRODUCTION 

High quality standards and che necessity for shelf !ife determination have 
increased che need for simple and quick evaluarion of the internal propercies of 
each product sold, preferably making use of non-descruccive devices chat 'sense' 
che product's quality attribuces such as firmness or flavor (Galili and De 
Baerdemaeker, 1 996) . 

For firmness, severa! sensors have reached che commerciai market, and are 
based on impacc analysis or vibracions (acouscics) . Alchough those sensors have 
proven their merit in !ab scale experiments, the criticai mass stili needs to be con­
vinced; people are for many years used to older, standard techniques such as 
Magness Taylor (MT) type of devices, and are reserved in accepting the newly 
developed sensors chat express firmness in different units, on different scales. 
From literature, it was found that che fruir firmness was highly correlated with 
che sciffness coefficient S resulting from che acoustic sensor, defined as Pm, 
(Abbott et al. ,  1 968) with f the natural frequency of che elliptical mode shape of 
che fruir and m its mass. This stiffness faccor was later modified by Cooke ( 1972) 
who showed that che mass correction factor was m213 rather than m. These for­
mulas hold for spherical fruits. Yamamoto et al. ( 1 980) developed an acoustic 
impulse-response method for which che fruir was excited by an impacc with a 
small pendulum and a microphone was used as contacdess response sensor. They 
showed chac che resonam frequencies and firmness indices, expressed as fune-

* 
K U. Leuvm, Departmmt of Agro-Engineering and -Economics, Laboratory far Agricultural 
Machinery and-Processing; Kasteelpark Armberg 30, 3001 Leuvm, Belgium; 
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cions of che resonanc frequency, mass and fruir densicy, are significane correlaced 
with fruir firmness and sensory measuremencs. The stiffness coefficienc S was 
significancly correlaced wich fruir firmness and sensory measuremencs (Van 
Woensel et al. , 1987; Abbott and Lu, 1996) .  The firsc pare of this text will be 
devoced to che comparison of che resulcs of such an acouscic sensor wich chose of 
che classica! MT firmness for internal damage of apples. 

The advancages of having a non descructive sensor reaches far beyond che fact 
that it is just non destructive. Indeed, chey offer che possibilicy cowards moni­
coring individua! products during che experimencal period, which on ics turn 
allows for modeling the qualicy change wich a limited number of fruits co be 
tested. The modeling of che qualicy evolution of horciculcural produccs during 
sto rage has been described in li cera ture by severa! auchors Oackman et al. , 1990; 
Thai and Shewfelc, 1990; Chen and De Baerdemaeker, 1990; Chen et al. , 1990; 
Chen, 1993; Rosenfeld et al., 1994; De Belie et al. , 2000) .  The repeated meas­
urements nature of such data, their heceroscelasticicy (non constane variance) 
combined with che large natural variation necessitates a very specific data analy­
sis chat reaches beyond che often-used mechods in literature such as an analysis 
of che qualicy at each time poinc, or an ordinary least squares regression model. 
Laird and Ware (1982) proposed a scatiscical model thac allows for a subj ecc-spe­
cific effecc above a population-specific effect. These subj ect-specific regression 
paramecers reflect che natural heterogeneicy in che populacion and can also be 
incerpreted as che deviation of che evolucion of a specific subject from che over­
all populacion. This cype of model is called mixed-effects model and is appro­
priate for data thac exhibic a large incer-subj ect variabilicy, as is expected for 
measuremencs on biologica! produce. Furchermore, che incorporacion of, for 
instance, a subject-specific cime trend allows che variance of che data to change 
wich time which is in many cases a realiscic issue. 

2. COMPARISON OF METHODOLOGIES FOR INTERNAL DAMAGE OF APPLES: 

ACOUSTIC IMPULSE RESPONSE VERSUS MT FIRMNESS 

Sumnu (2001) explains chat in a microwave oven heac is generated because of 
che inabilicy of rotating mol�cules co keep pace with che alternating field. 
Because of its dipolar nature, water, che major constituent of most food prod­
ucts, is che main source of microwave inceractions wich food materials. 
Relatively large amouncs of internal heating seem to resulc in increased moisture 
vapor generation inside a solid food materia!, which creates significane internal 
pressure and concentration gradiencs (Sumnu, 2001 ) .  This mighc lead to cell 
damage. Physicochemical changes can not always be compleced during 
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microwave heating (Sumnu, 200 1 ) .  Thus, like in the bruising process the dam­
age might develop gradually. The cool ambient temperature inside a microwave 
oven causes surface cooling (Sumnu, 200 1 ) .  Possibly this preserves the outer lay­
ers of the appie tissue from heac damage after short microwave treacment. 
Hence, microwave treatment seemed a suicable technique for inducing internal 
damage in the fruir. 

A hundred apples half from the cultivars 'Elstar' and 'Jonagored' were divid­
ed into 4 groups of 25 samples. The apples were provided from ulrra-low-oxy­
gen scorage by the laboracory of postharvest technology of the Katholieke 
Universiteic Leuven, Belgium. The MT fìrmness was examined fìrst. Two spocs 
on che equacor piane opposice co each ocher were measured with a universal tesc­
ing machine (UTS5,  Testsysceme, Ulm, Germany) . An arched plunger was used 
co cut chrough che skin of che appie. The tese was done with a 1 1  mm probe co 
a depth of 8 mm at a speed of 480 mm/min. The whole appie was supported 
by sand in a bowl co achieve a maximized contacc area opposice of che measure­
ment. The maximum force during chis test, which was measured by means of a 
200 N load celi, was recorded. Then che sciffness faccor or acouscic fìrmness 
index was obcained by che acouscic impulse-response cechnique. This was 
achieved by means of the commercially available acoustic fìrmness sensor (AFS, 
Aweca ™ ,  Noocdorp, Holland), which was parcly developed in che la bora tory for 
agriculcural machinery and -processing, Leuven, Belgium. T wo hics on undam­
aged spocs on che equacor piane were done per fruir. 

Ali 1 00 apples were subjecc co microwave crearmene co obcain fruir wich 
internal damage. One group of 'Elscar' apples was heaced once for 30 s in a 
microwave oven ac maximum power (AEG™, FX30Z-sp, 1 300 Waccs, 2450 
MHz) . The ocher 'Elscar' group was creaced for 30 s fìrsc. Ali apples were puc 
back into che cool celi for ac leasc half an hour between microwave creacments 
(2° C, 90 % relative humidicy) . The second 'Elscar' group was puc back into 
che oven again for 20 s. Each appie was puc in che centre of che boccom of che 
microwave oven. This way each appie was given the chance to absorb approxi­
macely che same amount of energy. One group of 'Jonagored' apples was creaced 
40 s and chen 40 s again and the ocher group had che scrongesc creacment wich 
30 s, 50 s, and chen 30 s again. Apples were fìrsc put on che calyx end, chen che 
scem end, and chen che calyx end again co vary che orientacion of che appie. 

Afcer che microwave creacmencs che apples were allowed co cool down in che 
cool celi for ac leasc 30 min. Then chey were measured wich che AFS again co 
compare che sciffness values before and afcer che heac creacment. Also che MT 
fìrmness was measured again. T wo undamaged spocs on che equacor piane of che 
apples were cested, locaced in about a 90° angle co che fìrst 2 indentacions. Before 
comparing che MT fìrmness before and after microwave creatment an average of 
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the 2 measurements on opposice sides was made in order co obcain a global 
value. Scacistics were performed in Microsoft™ Excel© . 

In the 3 apple groups tested for MT fìrmness no signifìcant difference was 
found between apples before microwave treatment and after (Table 1 ) . One 
group of the 'Jonagored' apples was not punctured to make sure there is no 
influence on the results of che acoustic test. With the acoustic impulse-response 
technique highly significane differences were found between che contro! and the 
measurement afcer microwave treatment. Due to a malfunction no contro! stiff­
ness factors were available for one group of 'Jonagored' apples. Therefore the e­
test was performed with the contro! values of che other 25 'Jonagored' . 
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Fig. 1 Firmness (A & C) and stijfness (B & D) change bifore and after microwaving. (A) & (B): 
E/star, 30 seconds; (C) & (D): E/star, 30 + 20 seconds 
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Results of t-tests peiformed on firmness and stijfness values before and after microwave treatment 

e-test P = F max sciffness 

paired paired 

Elstar 30 0.50 < 0.0001 

Elstar 30+20 0.84 < 0.0001 

Jonagored 30+50+30 < 0.0001 

paired heteroscedastic 

Jonagored 40+40 0.73 < 0.0001 

A graphical representation of che results for che Estar apples is provided in 
Figure 1 where it can readily be observed that che stiffness of che apples decreas­
es after treatment, but chat che firmness did not change. An explanation of chis 
phenomenon may be che following. Microwave heating may cause water loss, 
caramelization of sugar, or celi damage and cause browning. Dehydration and 
celi rupture seem che most likely to change che apples' stiffness factor. Since che 
acoustic impulse-response technique is a global test, damage inside che appie can 
be detected. On the outer pericarp the appie seemed undamaged as the local MT 
firmness measurement indicated. 

3. SHELF LIFE PREDICTION MODEL$ BASED ON REPEATED MEASURES 

Shelf life prediction is an importane issue for fruit handling. As mentioned in 
che introduction, not only the average quality trajectory a batch follows needs to 
be estimated, but also how much the quality is dispersed around the batch aver­
age since we are generally interested in an estimation of che time at which, for 
example, 5 % of the fruits reach a pre-set lower bound for cheir quality. In order 
to stress the importance of the variance, a graphical representation of the behav­
ior of three batches chat follow an identica! average sigmoidal change (shown in 
che left two columns) , but have a different amount of biologica! variability was 
made (Figure 2) .  The left column shows che quality decay in a broad time win­
dow, while che middle column only shows che decay during 15 days. On che 
right of che figure che cheoretical change of the quality distribution of che three 
batches is given, from day 1 to day 15. Those cheoretical distributions are cal­
culated assuming that che different fruits in che batch show a normally distrib­
uted 'shift' of their quality decay. lt can be observed chat che variability of each 
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single product within the batch has a tremendous effect on the batch quality dis­
tribution at a certain time point. 

1[SJ\ " \ " '-.. 
-20 O 20 40 

t = I 

t = 1 5  

t = I 

Fig. 2 Quality change far three batches. Upper row: low batch quality variability; middle row: 
average variability; lower row: high variability. Left column: average logistic change; middle column: 
average change between day 1 - day 15; right column: superposition of the theoretical density fanctions 
from day 1 to day 15 

In view of this issue, it is of utmost importance to correctly treat biologica! 
variance when modeling fruit quality changes and making shelf life predictions. 
An appealing and flexible way to account for the biologica! variance and the 
repeated nature of the data is making use of the concept of mixed models. In its 
genera! form, a linear mixed model can be written as 

Y· = Xb + Z ·b · + e ·  (1) t t t t t 
with Yi the nrdimensional vector of all repeated measurements for the i-th sub-
ject (fruit) ; Xi the (ni ' p) design matrix of known covariates; b a  (p ' 1) vector 
of fixed effects; Zi a (n; ' q) matrix of known covariantes (for instance storage 
time) modeling how the response evolves over time for the i-th subject; bi a (q 
' 1 )  vector of subject specific effects for which is assumed that E(bi) = O and ei 
the vector of residua! components eij, j = 1 ,  . . . ,n;. The random effects structure 
implies a covariance structure of a very specific form 

Vtzr(Y,:) = vi = zpzi
T + s

i (2) 
where D refers to the variance-covariance matrix of the random effects. It can 
be seen that che total covariance structure is partly determined by the Zi vector 
of random effects and pardy by the error variance-covariance matrix S;, Remark 
that this structure allows for heteroscedasticity as function of time. In other 
words, we allow the data variability to change over time, which is in most prac­
tical datasets true. Por details on model building issues, see De Ketelaere et al. 
(2003). 



NON DESTRUCTIVE MEASUREMENTS AND QUALITY EVOLUTION MO DELS 27 

We will illustrate the flexibility of such model using a practical example. 
Tomatoes of 13  different cultivars were harvested and their fìrmness was fol­
lowed during 2 weeks of storage. The data were measured at che Flanders Centre 
for Poscharvest Technology (Leuven, Belgium). For each cultivar, 20 tomatoes 
were analyzed for cwo harvest periods, August and October. Tomatoes were 
scored at controlled atmosphere conditions (1 8 °C and 80 o/o RH) to accelerate 
che ripening process. Tornato firmness was assessed using a commerciai acoustic 
firmness tester (AWETA, Noocdorp, The Necherlands) . Sciffness was measured 
three times at che south pole of che tomatoes for each measurement day. In che 
remainder of che text, the term stiffness will be used when indicating values pro­
duced by the acoustic tester and which are an estimate of che firmness. The data 
were fitted using an extension to che first order degradation model, see De 
Ketelaere et al. (2004) . lt indudes an intercept, slope and quadratic trend for 
each harvest ' cultivar combination, cogecher with a random intercept, slope and 
quadratic trend. Wich chis model, che total data variability was split up imo che 
following components: (1) inter-comato variability (batch variability) ; (2) intra­
tomato variability (measurement error) and (3) residuai variability, i.e. variability 
not captured by che model. These results are graphically presented in Figure 2. 

T otal variance = batch variance + measurement error + residuai variance 
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Storage time ( days) 
Fig. 3 Decomposition of the tota! variance as function of storage time into its three components 
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At harvest, the variance of the three rneasurernents is 0.0017 units on loga­
rithrnic stiffness scale and increases alrnost four-fold to 0.0066 after two weeks 
of storage (Figure 2) . For instance, for a tornato with stiffness 8 ' 106Hz2g2/3 
at harvest, the 95 % confidence lirnits for its stiffness are 7.68 to 8.32 

106Hz2g2!3_ For a tornato with a stiffness of 5 ' 106Hz2g2/3 after two weeks 
of storage, its 95  % confidence lirnits are 4.40 and 5.60 ' 106Hz2g213, a sub­
stantially broader interval than at harvest. As such, they provide an estimate of 
the repeatability of the acoustic firrnness tester. 

A visualization of chis model for selecced culcivars is provided in Figure 3. 
The Y-axis was kept fixed between 3 and 8 ' 1o6Hz2g213 for all plots in order 
to rnake visual cornparisons between tornato cultivars more straightforward. 
Cornparing both harvest periods for all cultivars, the initial stiffness of the 
October harvest is higher than for the August data. A second rernarkable feature 
is that, due co the inclusion of a quadratic terrn in the log-linear model, some 
tornato varieties tend to keep their stiffness rather constant during the first days 
of the experirnent, but the decrease is rnuch more pronounced near the end of 
the study (Figure 4). On the other hand, some varieties tend to loose their stiff­
ness very rapidly at the start of the storage experirnent, but exhibit a quasi con­
stane stiffness at the end of the study. 

Using such a rnixed model, one can have an estimate of the time at which a 
certain percentage of fruits reach a critica! quality (shelf life) . This can by 
achieved using the delta rule, or by Monte Carlo sirnulation (De Kecelaere et al., 
2003). The shelf life for different culcivars is given in Table 2. lt can be observed 
that shelf life varies rernarkably arnong culcivars. The values obtained as such 
(using the rnixed model) take into account the repeated nature of the data and 
the special variance structure depicted in Figure 3. Values for the shelf life 
obtained using classica! regression would be rnisleading due to the incorrect 
assurnptions of such model, such as constane variance and independence arnong 
rneasurernents. 

Table 2 Shelf life values defined as the time at which 5 % o/ the tomatoes reach a criticai jirmness value 
o/ 5.5 ' 1a6Jiz2g2l3 far selected cultivars. "+ " indicates that the shelf life is longer than the experi­
ment duration (14 days) 

cultivar harvest shelf life (days) cultivar harvest shelf life (days) 
BS9445 August 3.0 DRW6340 August 2 .0 
BS9445 October 7.5 DRW6340 Occober 3. 5 
DRW5736 August 7.2 DRW6391 August + 

DRW5736 October 10.2 DRW639 1 October 13.8 
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Fig. 4 Mode/ed tornato stijfness as function of storage time, together with 95 % confideni'e bands far 
sekcted cultivars. (A) BS9445; (B) DRW5736; (C) DRW6340 and (D) DRW6391 
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4. CoNCLUSIONS 

A non destructive sensor, based on the acoustic impulse response, was used to 
assess fruit quality. This type of sensor has proven their merit in laboratory scale 
experiments, but genera! acceptance is not yet fully reached, due to people being 
used to the older reference methods, and the difference in units and scales of 
such new devices. 

lt was shown that such an acoustic impulse response sensor is capable of 
detecting internal disorders in apples, while the classica! MT firmness does not. 
This is probably due to the fact rhat the outer pericarp of the fruit, for which the 
MT gives information, remains undamaged, while the acoustic impulse response 
sensor provides an overall qualiry score - it is a global test. 

The possibiliry non destructive sensors offer towards assessing a single fruit's 
qualiry repearedly was discussed, togerher with the relateci data analysis issues. A 
novel statistica! approach ('mixed models' ) to model such repeated qualiry meas­
ures was proposed using a practical example in which the firmness change of dif­
ferent tornato cultivars was considered. This type of model allowed quantifying 
different sources of variance, such as variance within a tornato cultivar and with­
in a tornato, and how those sources of variance changed during storage. 
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ITZHAK SHMULEVICH* 

Mechanical techniques for non-destructive sorting 
of agricultural products 

I. INTRODUCTION 

High-value fresh agricultural products, particularly for export, muse be careful­
ly handled and sorted in order to meet quality scandards and customer demand. 
Many methods are available for quality deteccion and sorcing according to inter­
nal and excernal fruit propercies and defects. According to Mohsenin (1986) ,  
texcure, together with appearance and flavor, are three sets of qualities, which 
govern the acceptability of fruit and vegeèables by che consumer. In recenc years, 
the demand for higher quality fruits and vegetables has led researchers to devel­
op new technologies in order to improve the quality of produccs in che market. 
A major concribution to this goal has come from the application of develop­
ments in high-tech areas such as electronics, computers, sensors, materials, etc. 
Researchers are using the technology available co quantitatively define texture, 
appearance and flavor. Texture can be defined by subjeccive terms such as: hard­
ness, sofcness, brittleness, ripeness, toughness, chewiness, smoothness, crispness, 
oiliness, springiness or firmness. It can also be defined objectively using physical 
terminology from continuum mechanics such as: elasticity, plasticity, viscoelas­
ticity, or viscosity. This may be the reason that researchers define textural quali­
ty in different ways. One may refer co the textural quality, «firmness» ; another 
may use the terminology «modulus of elasticity», while yet another may grade 
firmness indirectly by measuring chemical bonds. The absence of one quantita­
tive definition for textural quality has resulced in different understanding of how 
to defìne texture and what is so-called "firmness" . Nowadays, because of the dif-
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ferent firmness definitions, it is diffictÙt to change the standards of quality used 
and to switch from destructive to non-descructive methods. One well-known 
example is che hopeless attempc of replacing the destructive Magness-Taylor 
(MT) pressure tester by one of che non-descrucrive cechniques. lt is obvious rhac 
these two types of cechniques measure different physical propercies and chere­
fore, cannoc present firmness using the same unit scale. As a restÙt, numerous 
researchers have correlated the performance of their measuring technology with 
Magness-Taylor measuremems, while others have concentrated on the advan­
tages of newer, non-desrructive technology. Using non-destructive techniques, 
one can inspect the same fruir throughout its ripening process to determine che 
fruit's optimum post-harvest treacment. In 1992 the Washington State Tree Fruir 
Research Commission (WSTFRC) asked for a sensing nondestructive technolo­
gy to replace MT. According to WSTFRC the technology needed to meet three 
criteria: 1. To estimate MT values to within 1 lb in the critica! regions of 8 to 14 
lb (MT scale) ; 2. Did the sensor bruise any apples (even those below 1 O lb MT)?; 
3. Cottld che sensor be integrated imo typical packing line systems? According 
to Pitts et al. (1997) none of the fìve tested sensors met the three WSTFRC cri­
teria. Knowing that the MT destructive test depends on a fruit's size and ics value 
varied much around the fruir perimeter, the question stili remains: Can MT be 
che reference test for defining fruir texture? The industry is searching for a non­
destructive test method. Other destructive tests such as a standard ASAE S36.4 
DEC00 "Compression test of food materials of convex shape" using a parallel 
plate or cylindrical or ring sampling are also not realistic. 

In recent years, several reviews have been published by Chen and Sun ( 1991), 
Sarig (1991), Pitts et al. (1993) and Abbott et al. (1997) on subjects directly and 
indireccly related to nondestructive fìrmness measurements. The need for quali­
ty detection by firmness technology has encouraged the scientifìc community to 
conduce conferences and workshops. Important developments over ten years 
have been published in che proceedings of conferences held by Brown and Sarig 
(1993) , NRAES-97 (Orlando, USA, 1997) , Shmttlevich et al. (1997) and dur­
ing special sessions of scientific associations and international conferences. 

Major efforts have been directed towards dynamic quality detection by deter­
mining fruir response to force, impacr force, forced vibrations, mechanical or 
sonic imptÙse, and tÙtrasonic testing techniques, as well as to indirect measure­
ment systems. A summary of the findings applying to these methods will be pre­
sented. The objective of this work is to review che non-destructive techniques 
available to measure che textural quality known as firmness mainly by mechan­
ical devices. The review will cover several promising techniques for adapting 
firmness measurement to the on-line sorting of fruir and vegetables. 

The principles and importane fìndings using those sensing means will be 
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summarized and discussed with the aim of each of those methods to meet the 
challenge of a fast and cheap on-line nondestructive sorting fìrmness system. 

The achievements of the mechanical means to sort according to fruir and 
vegetable fìrmness will be demonstrated by a comparison study between two 
quality nondestructive dynamic test methods, low-mass impact and acoustic 
response. The two leading nondestructive methods: fruit response to impact and 
acoustic detection, were compared with destructive parallel plates compression 
and penetration tests (Magness-Taylor) to evaluate the fìrmness of severa! fruits 
and vegetables. 

2. MECHANICAL MEANS TO ASSESS FIRMNESS 

2.r .  Quality detection by fruit response to farce 

Severa! portable devices were developed by researchers such as Bellon et al. 
(1993) and Fekete (1993) , to detect the force and deformation of fruir (about 
0.3-0.9 mm). The researchers claim non-destructive operation as a result of 
using sensitive sensors. A high correlation to destructive tests was reported. 
Mizrach et al. (1992) developed a "mechanical thumb" to measure the force 
deformation of a peel using a spring-loaded device which was constructed on a 
flexible beam instrumented by strain-gages to measure the beam's deflection. 
Good results were reported in sorting tomatoes and Shamouti oranges. 
Mehlschau et al. (1981 )  developed a fìrmness deformeter using two steel balls 
for peaches. A similar method was presented by Flitsanov and Shmulevich 
(2001) for mangos. 

2.2. Quality detection by impact farce 

2.2.r .  Dropping the fruit on a force transducer 

One technique for the fìrmness evaluation of fruits and vegetables was to drop 
the product on a force transducer. Among the fìrst investigations on impact was 
the work of Finney et al. (1975) , who recorded force versus displacement of a 
pendulum impacting a fruit. No practical conclusions were drawn, however. De 
Baerdemaeker et al. (1982) suggested determination of fìrmness according to 
impact force on apples that were dropped onto a force transducer. The frequen­
cy response of the impact was obtained via FFT. Severa! signal measurements 
were examined, among them the amplitude of the response at a predetermined 
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frequency, e.g., F250 at 250 Hz, and the frequency at which a response is 20 dB 
lower than at O Hz, w(-20). The results were compared to those of MT and stan­
dard compression tests. Similar experiments were conducted on blueberries by 
Rohrbach et al. ( 1982). The results were compared to impact model results that 
were developed by Franke and Rohrbach ( 1981). An impact fìrmness index, C2 
= F /T 2, was calculated according to the time domain impact response, where 
F fs tlfe maximum force and T is the time from the beginning of impact until 
iJ maximum. Results indicate! that this fìrmness index is not appropriate for 
blueberries, although it was later proven to be more appropriate for some other 
fruit varieties. Delwiche ( 1987) and Delwiche et al. ( 1987) found good correla­
tion between two impact indices and results from MT and standard compres­
sion tests. The first impact index was defìned as c1 = Fp/Tp and the second was 
C2, as defìned above. Correlation coefficients between the impact parameters 
and fruit characteristics were in the range of R=0.8. A prototype of a sorting 
unir, based on the impact fìrmness index C2, was developed and tested by 
Delwiche et al. ( 1989). The fruir, which was discharged from a conveyor-belt, 
hit a rigid piezoelectric force transducer. An on-line computer analyzed the 
measured impact force and, using a pneumatic device, sorted the fruit into three 
groups - hard, fìrm, and soft. Thai (1995) presented preliminary tests of a Soft 
Transducer Tactile Sensor (STTS). The sensor is a 1 mm thick, resilient foam 
that changes its electrical resistance when mechanically deformed. Upon impact, 
the STTS senses changes in volume as opposed to changes in force, as in piezo­
electric transducers. The time derivative of the measured signal is used to calcu­
late an apparent coefficient of restitution. This value was found to be independ­
ent of drop height and mass of the fruir. The fìndings can be further explored 
for various fruits and compared to destructive tests. Schaare and McGlone 
( 1997) reported on a SoftSort fìrmness sensing assembly that is based on meas­
uring the dwell time, which is the half-height width of the force/time peak meas­
ured during an impact. The method was used to detect kiwifruit fìrmness by 
four sensor units made of piezo film sensor under an aluminum and rubber pad. 
The sensor units were concave in shape. Good sorting efficiency was reported 
for kiwifruit as compared to hand grading. 

2.2.2. lmpacting the fruir with a sensing element 

Another impact technique commonly used is to tap the fruit with a medium or 
small impact device (low mass impact). Hung and Prussia ( 1995) presented a 
non-destructive Laser-puff detector to measure the fìrmness of various foods. 
The excitation of the food was performed by a short puff of pressurized air, 
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which could be regulated to a certain degree according to the fìrmness scale of 
each produce. A laser displacement sensor measured the deflected surface of the 
fruir. The Laser-puff values correlated well (R2=0. 78) with the destructive meas­
urements in peaches. Delwiche and Sarig (1991) developed a fìrmness sensor of 
63 g to impact the fruir. The acceleration of che mass gave a measure of the 
impact force that was analyzed to obtain the impact parameters C1 and C2 . 
These parameters were normalized by the dropping height - h. The correlation 
obtained between C2, C2/h and standard compression tests were higher for 
peaches (R = 0.80) , lower for pears (R = 0.68) and very low for Red Delicious 
apples (R = 0.53). Similar results were obtained by Ruiz-Altisent et al. (1993) for 
pears, avocados and apples. Chen and Tjan (1996, 1998) introduced a new 
mechanical system (see Figure 1) for low-mass impact based on a swing-arm sen­
sor. They reported good performance of the system when testing rubber balls, 
kiwifruit and peaches. Preliminary tests showed thac che sensor could sense fruir 
fìrmness at a speed of 5 fruits per second. Ortiz-Canavate et al. (200 1 ) adapted 
a modifìed version of the low-mass impact method for an experimental fruit 
packing line with an operation speed of 5 to 7 fruit/s. Golden Delicious apples 
and severa! peach varieties were tested dynamically by the system and by destruc­
tive compression and MT penetration tests. Severa! impact characteristics were 
compared with the destructive test results. The correlation coefficients between 
the impact parameter C1 ,  when compared with force/deformation slope and 
MT penecration force, was quite high in peaches (0.93 and 0.87, respectively) 
but much lower in Golden Delicious apples (0.74 and 0.43, respectively) . The 
authors reported that values obtained by the impact tests were very sensitive to 
variations in fruir form, location and impact angle. This work was repeated and 
extended by Homer et al. (2002) ,  with similar results. Medium to high correla­
tion coeffìcients were obtained between the impact parameters F

P
, C1, etc. and 

the destructive tests of nectarines and peaches; much lower correlation coeffi­
cients of 0.55 to 0.64 were obtained for Starking Delicious apples. lt was 
observed that better performance was achieved for softer fruits. The researches 
reported a series of difficulties associated with the swing-arm sensor and its high 
sensitivity to variations in fruir position and orientation in the conveying sys­
tem. 

According to the cited literature the impact techniques have reached good 
results in the fìrmness evaluation of peaches, pears and some tropica! fruits, but 
less in apples. As mentioned by various authors, local variations in texture 
around the surface of the fruir limit the accuracy of fmnness prediction by 
impact testing. This is an inherent disadvantage of the method since the impact 
force is a natural measure of the local properties of the impact rone, rather than 
overall properties of the intact fruit. 
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Greefa Ltd. lntroduced an on-line non-destructive firmness detection system 
(Armstrong, 2001), the intelligent Firmness Detector (iFD) (Figure 2) which is 
placed the singulator. Firmness measurements are done via a sensor that travels 
with the fruit as it rotates on a singulator. According to Armstrong (2001 )  there 
are 30 sensors along each line. The sensors go round and round in a loop above 
the fruit. One sensor will drop down and attach itself to a fruit moving at the 
same speed as the belt speed while it takes its readings. 
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Fig. 1 Low mass impact by Chen 

During the sorting process, a firmness sensor takes 9 to 20 measurements 
around the fruit. The system currently operates at speeds of 5-7 fruit per second 
depending on the fruir. According to the company the patented firmness detec­
tion system has been successfully applied in practice, for apples, avocados, man­
goes, peaches and kiwifruit. Unfortunately, no quantitative data comparing che 
online system performances to destructive or sensoria! tests have been reported. 

Fig. 2 fntelligent Firmness Detector (iFD) by Greefo Ltd 
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Another company, Sinclair International Ltd., has developed the Sinclair 
IQ™ - Firmness Tester (SIQ-FT) that is based on a low-mass impact sensor 
(Howarth 2002) (see Figure 3) . This on-line system measures firmness using a 
sensing element on the tip of a bellow. SIQ-FT takes advantage of Sinclair's 
patented bellows delivery system, which is also used in fruit labeling and can be 
simply adapted to existing sorting lines. Medium to high correlation coefficients 
were obtained with penetration tests for nectarines (0 .85 to 0.95) ,  plums (0.80 ) ,  
avocados (0 .81 to  0.84) and kiwifruit (0.83 to 0.92) .  Good correlation between 
SIQ-FT and E modulus calculated from parallel plate were reported by 
Shmulevich et al. (2004) .  It was found that IQ correlateci better to e-modulus 
compared to Cl and C2. The SIQ-FT on-line system currently operates at 
speeds of up to 10 fruit per second and makes four independent measurements 
that are combined to estimate the fruit firmness. These measurements are made 
on 4 different quadrants around the fruit surface. 
In generai the advantages of the impact method are its simpliciry and speed. The 
disadvantage is mainly in the locai detection; however, this disadvantage can be 
overcome by multi measurements around the fruit. 

2.3 . Quality detection by fruit response to forced vibrations 

A vibration test is referred to as an experiment where a fruit is excited by a com­
merciai vibrator on one side, while the response is measured by an accelerome­
ter or a microphone attached to its opposite side. Usually, the response in time 
is transformed to give a frequency response in order to detect the resonant fre­
quencies of the fruit. The resonant frequencies depend on the mechanical prop­
erties of the fruit and therefore can be used to characterize fruit firmness. 

Fig. 3 SJQ-FI system by Sinclair 

One of the first studies on the non-destructive evaluation of fruit qualiry fac-
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cors and their dependence on mechanical properties was clone by Finney (1967) , 
who reported on a correlation between the extent of fruit ripeness in apples, 
pears and peaches and the Young's modulus of the fruits. The Young's modulus 
was calculated according to the resonant frequency of a fruit specimen, which 
was vibrated at frequencies ranging from 20 - 3000 Hz. The results showed a 
change in the modulus of elasticity within a range of 3% per day during the last 
two weeks of ripening. Similar results were reported for bananas by Finney et al. 
(1968) .  Finney and Norris (1968) found strong correlation between che 
Modulus of Elasticity of whole fruit and fruit specimens, and their resonant fre­
quencies. Abbott et al. (I 968) vibrated intact fruits, which were hung by their 
stems, and suggested a firmness index, FI = m (f n=2)2 ; calculated according co 
the second resonant frequency of the vibrated fruit, f n=2 ' and its mass, m. 
Utilizing a similar approach, Stephenson et al. (1973) and Peleg and Hinga 
( I  989) reported good results in separating green from red comatoes according to 
the difference in their frequency response. Peleg et al. (1990) reported good clas­
sifìcation results of avocado based on the same measuring system but using four 
quantities of modal fìrmness indexes, which were calculated direcdy by measur­
ing the input and output vibration signals. A prototype-sorting machine by 
fìrmness and vision was introduced by Peleg (see Figure 4) .  

Fig. 4 The Pekg Finnness Sorter (PFS) 

Abbott and Massie (1995) proposed a non-destructive dynamic force/defor­
mation measurement for kiwifruit firmness using a force transducer and 
accelerometer on the head of an electrodynamic vibrator. Both transducers 
measured the input and output signals from the same side of the fruit. 
Technically, this arrangement is more convenient for on-line adaptation. From 
the dynamic force deformation frequency response, they calculated the ratio of 
the output to input at each frequency, co obtain the frequency response. Using 
the firmness index term, low correlation (R=0.6) was achieved between dynam-
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ic force versus deformation variables and the MT. lmprovements on the correla­
tion were achieved (R=0.8) by taking into account the two frequency ranges, 
using a multiple regression technique. 

Cooke and Rand ( 1 973) developed a mathematical model for investigating 
the dynamic response of fruit. The model was based on the classica! theory of 
free vibrations of an elastic body. The mathematical model was used to calculate 
the free vibration modes of a spherical fruit composed of three layers, each hav­
ing different elastic properties. The free vibrations of the sphere were divided 
into three basic classes: ( 1) spherical, breathing mode of vibrations, Soj, for 
which the volume of the sphere changes while its shape remains unchanged, (2) 
torsional vibrations, Tij • for which the volume and shape of the sphere remain 
unchanged while different parts of the sphere move relative to one another, and 
(3) mixed modes vibrations, Sij (i > 1), for which both the volume and the shape 
of the sphere change. In addition, a correction of the firmness index, FI = m273 
(fn=2)2, was derived from this theoretical study and found to be independent of 
che fruir mass. 

Yong and Bilanski ( 1979) measured the frequency response at the top and 
side of a fruit and derived the moda! shapes of vibrations. The first resonance 
was found to be similar to a single degree of freedom system (SDOF), where 
most of the fruit may be considered as a solid mass. Ody a thin layer, at the 
point where the fruir rests upon the vibrator, may be considered as a spring and 
dashpot. The second resonance was found to be a mixed mode of vibrations 
S20 - that is called che oblate prolate mode. The higher resonance frequencies 
were assumed to be of the same type but have a higher order - S30, S40, etc. 
These conclusions were experimentally confirmed by Van Woensel et al. ( 1987, 
1988). 

Rosenfeld et al. ( 1 99 1 ,  1 99 3) developed a Boundary Element simulation, 
which extends the model of che elastic sphere of Cooke and Rand ( 1 973). The 
simulation provided the acoustic response of a viscoelastic fruir, of arbitrary 
shape, that was excited at its bottom. The numerica! simulation yielded the 
shapes of the first and second vibration modes, which were experimentally 
detected in previous work. The simulation also showed the dependence of the 
resonant frequencies on the viscoelastic properties of the fruir, as well as on its 
mass and fruir shape. The results corroborate the fact that it is possible to son 
fruir for firmness when che mass and che resonant frequency of the fruit are 
known. Chen and De Baerdemaeker ( 1993), Chen H. et al. ( 1996) and Jancsok 
et al. (200 1) analyzed the modal shapes of fruits using a finite element model 
and examined the effect of fruit shape on che vibration modes. They concluded 
that che fruit shape in irregular fruits like "Conference" pears had a significant 
influence on the resonant frequencies. Kimmel et al. ( 1992) used a lumped 
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parameter model, based on a multi degree-of-freedom system (MDFS), and ver­
ifìed the modal shapes of fruits. 

From the studies presemed, it can be concluded that the farced vibrations 
technique is feasible as a method far detecting degree of fruit ripeness. 
Nevertheless, these fìndings have not yet led to the construction of an on-line 
quality sorter, mainly because of problems associated with coupling the measur­
ing device to each individua! fruit. 

2.4. Quality detection by a mechanical or sonic impulse 

An alternative method far evaluating textural quality via frequency response was 
suggested by Yamamoto et al. ( 1980, 1981) .  The fruit was placed on a rigid sur­
face and hit by a pendulum. A microphone sensed the acoustic emission and the 
signal were analyzed using an FFT algorithm to extract the fruit's resonant fre­
quencies. The researchers showed a signifìcant correlation between the acoustic 
parameters of apples and their apparent Young's modulus, ultimate strength and 
fìrmness. The correlation far watermelons was poor. Abbott et al. ( 1968) indi­
cated similar resonant frequencies far the same modes of vibration, which were 
excited by farced vibrations. The first mode from Abbott's vibration test does 
not appear in Yamamoto's study, since it is a farced vibration mode, as previous­
ly explained. To prove this hypothesis Van Woensel et al. ( 1 988) used the fallow­
ing two experimental set-ups to measure the resonant frequencies and damping 
ratios: ( 1 )  farced vibrations by the standard vibrating method, and (2) free vibra­
tions by a small pendulum which hit the fruir that was hung by its stem. They 
found that the fìrst resonance measured by the forced vibrations setup was not 
detected by the free vibrations setup, which only measured natural frequencies. 
The frequencies and damping ratios of the higher modes of vibration, measured 
by the two experimental setups, were very dose to each other. These results con­
fìrmed the fìndings ofYong and Bilanski ( 1 979), that the fìrst resonance is of an 
SDOF type, and the higher resonances are of the mixed modes. Armstrong et al. 
( 1 990, 1 992) caused vibrations by striking the apple with a ball of wax. Young's 
modulus, calculated from the acoustic response, highly correlated with that 
measured in the compression tests of specimens taken from the same fruit. Poor 
correlation was faund with the results of a standard MT test. Good repeatabili­
ty results were obtained from impulses applied at the equator of the apple, while 
those applied at the stem or blossom ends and detected at the equator did not 
show good results. Chen, P. et al. ( 1992) reported good correlation of the fìrst 
two resonant frequencies between acoustic sensing and human auditory sensing. 
In the experiments, severa! apple varieties were struck mechanically while a 
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microphone detected fruit response. Significam differences were not found 
among sound signals obtained at different locations tested around the fruit. 
Chen, H. et al. ( 1 992) tested apples and concluded that the acoustic impulse 
response method appears to be more efficient and accurate than random vibra­
tion methods, and the instrument, more practical to use. Sugiyama et al. ( 1 997) 
developed a portable firmness tester for melons. The device was based on detect­
ing the response of a melon, by two microphones, resulting from mechanical 
impulse excitation. Correlation of about R=0.943 was reported between the 
transmission velocity measured by the microphones and the apparent elasticity 
of the melons, measured destructively. Farabee and Stone ( 1 99 1 )  developed a 
nondestructive firmness tester to measure the maturity of watermelon using 
sonic impulse. The probe is a closed end, Plexiglas cylinder approximately 5 cm 
in diameter and 1 5  cm long. A thin, disk shaped ceramic piezoelectric element, 
bonded to a similar sized thin brass disk, was moumed at the end of the cylin­
der in contact with the melon. A solenoid, inside the cylinder, was used co deliv­
er a mechanical impulse to the flat face of the piezo ceramic. The impulse is 
cransferred through the ceramic to the wacermelon. The resulting vibration of 
the melon, due to the impulse, drives the piezo element. The signal from the ele­
ment was amplified and fùtered through a fourth arder low-pass active filcer 
before digitization by the data acquisition unit. This equipment was used by 
Armstrong et al. ( 1 997) in recent research to detect the internal damage of 
watermelons and by Stone et al. ( 1 996) to detect watermelon maturity in the 
field. 

A piezoelectric-film based measurement system - Firmalon TM - (reported 
by Shmulevich et al. , 1 995, 1 996) was constructed by Eshet Eilon Led. (Figure 
5B). The system includes a farce transducer to detect the fruit's mass, an instru­
mented fruit-bed with three equally spaced piezoelectric sensors, and three elec­
tro-mechanical impulse hammers. The piezoelectric sensors are composed of a 
polyvinylidene fluoride film bonded to a soft polyethylene-foam padding, co· 
enable free vibrations of the fruit. The impulse devices, consisting of a push-type 
solenoid and a pendulum, are located apposite the piezoelectric-film sensors. A 
data acquisition computer program was used to contro! the test operations, to 
select the resonant frequencies and to calculate the acoustic parameters of the 
fruit. The acoustic parameters were: the natural frequency of the fruit; damping 
ratio and the centeroid of the frequency response (Galili et al. , 1 996) . The spec­
tral analysis of the signal follows similar procedures as for the general vibration 
testing of structures. However, for automated, on-line firmness testing of fruit, 
the analysis methods used should ensure that the first mode of vibration is 
detected even in the case of non-uniform and irregularly shaped fruir. An auto­
mated search algorithm was used to identify the first frequency of fruit response 
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to impulse excitation. The conventional expression of FI = f2 m213 was 
employed for fìrmness calculation, even chough che fruits were nor always spher­
ical. Future work needs to improve che spherical model assumption. 

The research group of K.U. Leuven led by Prof. De Baerdemaeker developed 
an acoustic fìrmness tester based on a microphone. Recemly, AWETA Led. 
Offered a bench top device: AFS TM, which enables che nondestructive meas­
urement of fruits and vegetables (Figure SA) . A study reported by Galili and De 
Baerdemaeker ( 1 996) demonstrated that che acoustic method by microphone 
and piezoelectric-fìlm measured alike. Unfortunately, che acoustic method did 
not materialize to an on line system. The company launched recently an on-line 
fìrmness detection system, which can be incorporated into exiscing lines (Figure 
6) currently measuring six fruits per second. 

Thus, severa! parameters are available for fruir quality evaluation through 
mechanical and acoustic excitation. The most promising quality factor seems to 
be che resonant fìrmness index, calculaced through impulse excitation. Analysis 
of che response to a mechanical impulse is a feasible method to obtain che fìrm­
ness index, and can be adapted more easily to sorting machines. However, as 
stated by Pitts et al. ( 1 993) , judging the effectiveness of a new sensor system for 
fruirs can be a very difficult task; besides the variation capability in che sensor 
system and che sensor's correlation to fìrmness, there is variation in fìrmness 
around che fruir as fruir size changes. 

A B 

Fig. 5 Acoustic firmness tests AFS TM by AWETA (A) and Firmawn ™ by Eshet Eilon (B) 

Fig. 6 Acoustic online 
fìrmness tests AFS TM 

by AWETA (Source 
AWETA) 
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These investigacions of the response of fruir to a mechanical or sonic impulse 
indicate that this mechod is reliable and easy to apply. However, che excicacion 
method and measuring techniques muse be further developed and adapted to 
actual conditions in che sorting process. 

2. 5. Determining fruit properties by ultrasonic techniques 

Ultrasonic diagnostic testing is a well-established, non-destructive technique 
used in medicai and industria! applications. In industry, these techniques are 
used to detect internal defects such as air pockets and cracks in welding and cast­
ing, whereas in medicine they are used to determine norma! and abnormal tis­
sues, as. well as che internal structure of organs in che human body. The frequen­
cy of ultrasonic waves is a very importane factor in fruir penetration, since the 
actenuation of high frequency waves in fruir tissue is very high. Sarker and Wolfe 
( 1983) found high attenuation coefficients of ultrasonic waves ac che frequency 
range of 0.5 - 1 MHz in tissues of potatoes, cantaloupes and apples, due to che 
porous nature of these tissues. The spectral analysis of ultrasonic acoustic waves 
was investigated by Upchurch et al. ( 1 985,  1 987) , for the purpose of detecting 
damage in appie cissue. It was observed that undamaged tissues contained a larg­
er percentage of air space than that of damaged tissues. However, due to the high 
acoustic impedance and attenuacion coefficient of appie tissue, chis change in 
tissue construction could nor be consiscently detected by using che ulcrasonic 
cechnique. Mizrach et al. ( 1 99 1 ,  1 996) studied acouscic, mechanical and quali­
ty parameters of melons and avocado using a 50 kHz transducer. The attenua­
tion signal correlated well with firmness in avocados (see Figure 7) .  Low corre­
lacion was found for Galia melons. 

Fig. 7 Estimating Avocado ripeness by ultrasonic device 
(Source Mizrach) 

The licerature survey indicates that ultrasonic techniques can be used to 
dececc only some loca! properties and specific defects in selected produccs. Yet, 
che commercially available, low frequency ultrasonic transducers are suited for 



46 ITZHAK SHMULEVICH 

laboratory use only, because of their large dimensions, rigid construction, and 
poor coupling features. The success of firmness measurement is lirnited to cer­
tain fruits and found not suitable for detecting apple firmness due to their high 
void ratio. 

2.6. Indirect firmness measurements 

Currently severa! researchers (such as Lu et al. 2004) and commercially compa­
nies such as: Unitec-Italy, TTL-New Zealand, Color-Vìsion-Australia, F5 by 
Sacmi-Italy and others are presenting non-destructive internal quality sorting 
systems incorporating Near Infra Red Technology and Hyperspectral Imaging. 
The researchers a companies climes high correlation to firmness. These indirect 
measurements of transmitted or reflecting light in NIR range correlated well 
with fruit maturity stage and can be considering as an added data to the sorting 
decision. Still theses methods are more sensitive to fruit temperature, needs to 
be calibrated for each fruit type. 

Other nondestructive techniques such as Nuclear Magnetic Resonance­
NMR or MRI and Fluorescence are still in R&D stages. 

3. EXAMPLES OF THE SYSTEM PERFORMANCES IN VARIOUS FRUITS 

The methods used by Shmulevich et al. ( 1 996, 2003,2004) and Galili et al. 
( 1 998) can demonstrate the acoustic and low mass impact non-destructive tech­
nique on apples, pears, tomatoes, mangoes, avocados and melons. The data pre­
sented below shows the potential of non-destructive measurement as well as the 
difficulties due to the large variation in size of the fruits. Results from the non­
destructive tests are also compared to destructive measurements. 

3 . 1 .  T'ypical acoustic signals 

Typical acoustic signals ofJonagold apples acquired by the Firmalon are shown 
in Figure 8 (Galili and De Baerdemaeker, 1 996). In Figure 8 (a) the input signal 
of one excitation is presented. Figures 8(b) ,(c) show the output in time and fre­
quency domain, respectively, measured by three sensors. 

Typical results of a melon's response in the time and frequency domains are 
presented in Figure 9. In the frequency domain, the signals were shifted upward 
by 0. 1 normalized units in order to show their behavior more clearly. It can be 
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concluded that three sensors are measuring the same frequency response, inde­
pendent of sensor location. Por Galia melons, at least five natural resonant fre­
quencies were detected in the frequency spectrum whereas only one or two 
major frequencies were detected in apples. 
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3 .2. Acoustic vs. destrnctive tests of apples 

A comparison between the MT and FI test results in Golden Delicious apples is 
presented in Figure 10. No correlation was found between the MT and FI (Figure 
10a). In addition, a low correlation was found between the two MT measure­
ments taken from opposite sides of the same apple (nor shown in the figure). 
Figure 1 Ob shows the average FI, the average MT and the standard deviation for 
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each day of measurement versus sto rage time. Figure 1 0b demonstrates why there 
is no correlation between MT and FI; the MT of the different fruits does not 
change much during the thirty days of shelf life, while the FI values decrease with 
time. lt was concluded that, compared to the MT, FI is much more sensitive to 
the ripening process of apples during shelf life. Similar fìndings were reported by 
Galili et al. ( 1996) and Pitts et al. ( 1997). These fìndings emphasize the need to 
replace the MT test with one of the nondestructive methods. 
40 40 �-----------� 90 

♦ 
35 ♦ 
30 

25 ♦ 

20 

1 5  

I O 
5 

.. 

o 
20 40 60 80 

MTINI  

Fig. 10a Firmness Index vs. MT far 500 
Golden De!icious apples 

100 

3 5  80 

� 30 70 

Z N - 25 
� H -
� 20 Z 
z � ;  
:;: 1 5  

30 :;: 
!: 1 0  "' 

10 15 20 25 30 35 

TIME IDAY I 

Fig. 1 06 Average Firmness Index and 
average M T  vs. time 

20 

10 

3.3. Comparison between acoustic and low mass impact techniques 

In genera!, the low mass impact technique performed similar to the acoustic 
technique as was demonstrated by Shmulevich et al. (2003,2004) in apples, avo­
cados, mangos, melons and other fruits and vegetables. In soft fruits, the low 
mass impact technique measured the fìrmness better than the acoustic tech­
nique. The acoustic technique has some priority when compared to the low mass 
impact technique measuring hard fruits. The acoustic technique may also have 
an advantage in identifying internal damages and disorders in fruits. The pre­
sented conclusions are based on destructive reference fruit fìrmness studies, 
which calculated the value of the Apparent Modulus of Elasticity of the fruit 
according to the ASAE standard using the fruit's properties from a parallel plate 
loading test. 

4. CONCLUSIONS AND FUTURE VIEW 

The achievements in detecting fìrmness and the softening process of fruits and 
vegetables by mechanical non-destructive techniques are satisfactory. The 
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acoustic or low mass impact method, described here, needs to encourage 
researchers to improve the techniques to be used commercially. They need to be 
developed further mainly from che reliability point of view. The leading prom­
ising techniques to commercially detect fruir firmness are: low mass impact, 
acoustic and fast indirect detection mainly by NIR speccroscopy. Although 
researchers addressed the physical phenomena of the sensing methods long ago, 
it is still a hard and slow process to convince the food industry to use the tech­
nologies, mainly because of conservative thinking and the fact that quality can­
not be measured by only one quality attribute. The high variability of fruir 
change, due to its natural material, needs to be addressed more if those methods 
will be developed from laboratory bench-top devices to real online sorting 
machines. Stili, for each fruit and vegetable, boundaries need to be found in 
order to explore the optimum sorting process. Special high quality items need to 
be identified and to comply with consumer preferences. 

New sensorial techniques, fast data analyzing and new classification tools 
need to be applied in the near future for the sorting process. Several other qual­
ity measurement attributes need to be coupled wich firmness sensing using 
fusion cechnologies. More effort needs to be pur imo improving che method's 
reliability in uncomrolled environment condicions. 

Development of several other applications based on mechanical principles 
can be made. One application is a fruit-ripening sensor, which detects the ripen­
ing process of several representative fruits in CA storage or during che artificial 
ripening process (Shrnulevich et al., 2003). Knowledge from those measure­
ments can contribute to management decisions. The second application can be 
a device to detect the changes in fruir macurity while the fruir is still in the field. 
These applicacions are pare of the "speaking plant" concept, which uses new sen­
sors to provide information on the current fruir condition. 

The achievements of the development nondestructive methods need to be 
urgently addressed in new standards to benefit customers' food distribucors and 
industry. 
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Optical systems to evaluate the quality 
of products 

I. INTRODUCTION 

The Agricultural Engineering lnstitute of the University of Milan started its 
experiences in the application of not destructive technologies for the evaluation 
of product from the 1993 when was constituted the Hi Tech Group under the 
leadership of professor Bodria. The principal activity is in the field of the analy­
sis of the maturity stages and quality of agricultural products with some experi­
ences also in the not destructive evaluations of the food products. 

These researches are conducted using, especially, optical methods applying 
these techniques for punctual measurements and for image analysis. 

2. THE FRUIT AND VEGETABLES CHARACTERIZATION 

During ripening a fruir or vegetable undergoes severa! concurrent and sequen­
tial biochemical processes that deeply transform its properties. These changes 
affect the quality attributes in terms of: texture and firmness (due to solubiliza­
tion of pectin); flavour (due to: starch conversion imo sugars; changes in organ­
ic acid contene; production of aromatic volatiles); colour appearance (due to: 
chlorophyll degradation in the skin; synthesis and/or unmasking of carotenoids 
and anthocyanins) . 

These biologica! phenomenon are the basis of ali the researches which use 

* Agricufturaf Engineering lmtitute of the University of Milan; 
riccardo.guidetti@unimi. it 
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different physical approaches wich che common aim to characcerised che agricul­
tural produccs in cerms of quality or ripeness wich non descruccive mechods. 

The validacion of chese syscems is obcained comparing the data from che 
experimental set-ups wich chose from conventional descruccive mechods (firm­
ness, content of soluble solids, chlorophyll content) or from colour measure­
ments using a colorimecer. 

3. PUNCTUA L MEASUREMENTS 

The punctual measurements permic to characcerised che products only in a par­
cicularly region giving very interescing data about che sugar content and che 
maturity stage. 

3. 1 .  Dual-band rejlectance measurements 

The aim of this experimentation is to design a device for in field measurements 
so that che operator could follow che ripeness of fruir again in che orchard. 

The experimental set-up for che pointwise measurement (fig. 1) use che red 
and near-infrared bands and consist of: 
• a 1 O m W laser diode which emits monochromatic light at a wavelength of 

675 nm and a pair of LEDs emitting ac 800 nm, which sequentially illumi­
nate che portion of che fruir being analysed; 

• two photodiodes, integraced into che system, which collecc and measure che 
light reflecced by the fruir when illuminated by che two types of sources; 

• one computer for che acquisition and storage of che measured data. 

Laser diode 

Fig. I System far punctual two bands refletance 
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The testing of the method involved resting the probe directly on the equa­
torial region of the fruir, and then manually triggering the PC to acquire the 
reflectance value obtained under illumination with che laser and the LEDs. 

The tests with the set-up for pointwise reflectance measurement, conducted 
using peaches (cv Summer Rich) , nectarines (cv Big Top) and apples (cv Red 
Delicious), led to the determination of an RIIR index, which is the ratio between 
reflectance in the red band at 675 nm (KJ and reflectance in the infrared band 
at 800 nm (JR). Because this index is a ratio between two measured values, it is 
unaffected by the geometry of the reflectance measurement. In particular, this 
index was found to successfully predice the chlorophyll contene with a good 
accuracy (R2 = 0.6 - 0.7 depending on the cultivar analysed, fig.2a) . Some of 
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Fig. 2 a) R/IR index vs chlorophyll content; b) behaviour of RIIR index during post-harvest days 

the tests were carried out in such a way as to follow the development of fruir har­
vested at different stages of maturity and opportunely graded by experts. Using 
the reflectance measurements and the RIIR index, it was possible to track the 
ripening of the fruics even in the absence of significant variations in colour 
(fig.2b) . The test showed how the slope of che fruic macuracion curve changes as 
a function of the initial state: the ripest fruits have a steeper slope at the begin­
ning, which indicaces rapid degradacion of the chlorophyll; the more unripe 
fruits, on the other hand, have a curve with a lower slope, refleccing slower 
degradation of che chlorophyll. In both cases, however, the same ratio is reached 
(RIIR > 1 .4) at the end of the monitored period (6 days) , indicating that matu­
ration is complete. 
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3.2. NIR techniques 

The spectral data are one of the most important source of information to know 
the organoleptic properties of fruit and vegetables. With this aims, an experi­
mental device, based on a VIS-NIR spectrometer, was designed and realised to 
collect the spectrum without any part in contact with the products and so to 
work on line, where the products have to have particularly orientation. 

The aim of the research is to develop some spectral algorithms to evaluate the 
sugar content with a limited number of wavelengths. In some cases is studied the 
possibility of predicting also the firmness and the acidity, but the experimental 
phases are going on again. 

The device used for these scudies is constituted by: 
a dark chamber, to avoid the interference of the external light, with three 
halogen lamps powered by 50 W, situated in the same plan in an orthogonal 
way, to illuminate three faces of che products; in the free late (the fourch of 
the chamber) there is the optical fibre to collect the light through the fruit 
and transferred it to the spectrometer; 
a spectrometer, working in the interval between 550 and 1 100 nm, which 
need to acquire the spectrum of a time of 1 50 ms; 
a PC, to acquire and stored the spectrums and to menage the spectrometer. 
The spectrums are transformed to eliminate the disturbs of the measure-

ments and avoid the not significant informations. 
The spectral data and the reference values obtained by the classical destruc­

tive methods, are inserted in the data-table of the statistica! programme 
Unscrambler to elaborate che calibration models, with the use of che second 
derivative of the transmittance value, like independent data, in the regression 
and the destructive value, like dependent data. The derivative spectrum con­
served the peak' positions, removing the additive effects in the spectra, and per­
mie to underline che variation of che spectra data due to the soluble solid con­
tent of che fruit. 

The regression, between spectra and organoleptic data, is calculated with the 
techniques of the Partial Last Squares (PLS), a very circulated method for che 
statistica! multivariate analysis of a high number of independent variables. The 
equation is, then, applied to predict the values on a set of fruir which aren't used 
in che calibration phase. 

Besides, che most interesting intervals of wavelengths for the calibrations in 
the PLS, are used for another regression: the multilinear regression (MLR) .  With 
this algorithm is investigated the possibilities to use a simpler model, but always 
reliability, than the one by the PLS. 

The experimentation was conducted on kiwi, apples and oranges. In every 
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case the results show a good correlation between the Brix grade obtained with 
the destructive methods and the predictions by NIR. 

cal set = 48 kiwi 
1 9  

:s-

pred set = 52 kiwi 
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Fig. 3 Predicted SS vs measured SS far Kiwi (cv Hayward) 

Kiwi (cv Hayward) 
The PLS model obtained good correlation (R2 

= 0,86) between the destructive 
values and the predicted ones, while the Standard Error of Calibration (SEC) is 
about 0 ,5 °Brix. In prediction, with another set of fruit, there is always a discrete 
correlation (R2 

= 0,53) with a Standard Error of Prediction (SEP) of 1 ,0 °Brix. 
The MLR obtained comparable results: in calibration che correlation was good 
with a coefficient of R2 = 0,86 and a SEC of 0,6°Brix, while in prediction the 
coefficients became 0,63 and 0,9 °Brix. 

Grange (cv Nave! and Tarocco) 
The study was developed in two years using cv Nave! and cv Tarocco. The model 
is the result of the joint of both the data. The PLS model obtained, in calibra­
tion, a good correlation (R2 

= 0,88) and a SEC of 0,48° Brix, while in predic­
tion the results are R 2 = 0,58 and SEP = 0,65 ° Brix. Also MLR analysis was con­
ducted: in calibration it was obtained R2 

= 0,87 and SEC = 0,50 while during 
the prediction phase R2 

= 0,53 and SEP = 0,73°Brix. 
The study was extended to the prediction of the colour of che juice (fig.4): 

che PLS prediction obtained a R2 
= 0,79 and a SEP = 0,4 1 showing like the 

spectrum analysis contained also this information. 
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Fig. 4 Predicted 
coluur vs estimated 
coluur far oranges 
juice (cv Nave! and 
Tarocco) 

The study is working on to evaluate the influence of the position of the fruit 
respect the lights and the direction of the axis of the fruit. The fìrst results, 
showed in the table 1 in term of predictions, display that the most interesting 
position in the dark chamber is with axis in the horizontal position with two 
lights (R2 = 0,72, SEP = 0,65 ° Brix). 

Table. l Ejfect of the po;ition of the appie on the Ji2 and SEP during NIR prediction 

Appie position R2 SEP 

Vertical, 3 lamps 0,407 0,89 

Vertical, 2 lamps 0,302 0,94 

Horizomal, 3 lamps 0,504 0,85 

Horizontal, 2 lamps 0,722 0,65 

3.3. Strawberries brightness 

The strawberries are a very delicate and particular fruit so that it isn't used the 
recently indices for the agricultural products (colour, NIR analysis, ecc.) but the 
interest of the operators is about the brightness, because the fruir which have a 
surface particularly bright seem to have a longer shelf life. 
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The aim of this study is to design a simple device to evaluate the brightness 
of single strawberry. The experimental set is composed by: 

a light source conscicuted by a laser with a wavelength of 635 nm and an ocu­
lar thac can open the pencil of lighc till 20 mm; 
a photodiode with a biconvex lens to focalise the reflected ray in the sensible 
part of the photodiode to have a becter tension signal; 
two supporter arm (one for the laser and the other for the photodiode) 
mounted on a goniomecer to have the exact incident and refleccion angles; 
a vertical mobile plan to obcained che perfect condition of mirror reflection. 
The experimentation of the set regarded about one thousand scrawberries 

both fresh and refrigerated, which are correctly divided by experts in two class­
es where the level of quality are proportional to the level of brightness. 
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Fig. 5 Identificati on of the two classes of strawberries: the more bright (B+) and the less one (B-) 

The resu!ts show that che device can discinguish che two classes (fig.5) giving 
co the more bright class the higher value of tension The differences between the 
medium value of the two classes is of 0,35 V for the fresh strawberries and 0,6 
V for che refrigeraced strawberries. 

This results indicated like this method could be interescing boch to develop 
a simple device and to suggest the possibilities to use also image analysis. 

4. IMAGE ANALYSIS 

The image analysis use cameras to detecc the characterisation of the superficial 
leve! of che agricultural products. Using special fùcers it is possible to have also 
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images from the nor visible part of the spectrum, which can show particular 
properties of the fruir. 

4.r. Fluorescence images 

Among the various parameters that undergo measurable changes during the fruir 
maturation process, the degradacion of chlorophyll - responsible for the loss of 
green colouring from the skin of many fruits - is an important element for char­
acterising the stage of fruit maturity. What's more, the possibility of determining 
the chlorophyll content through fluorescence measurements makes this an 
extremeiy interesting index for determining the stage of maturity of the products. 

The experimental set-up for the measurement of fluorescence consisted of 
the following elements: 
• one dark chamber equipped with a light source for the excitation of fluores­

cence and with the various components assembled inside, including a height­
adjustable support on which thè sample fruir is placed; 

• one CCD camera equipped with an RG-695 high-pass filter which transmits 
only radiation having wavelengths greater than 690 nm; this camera is con­
nected to a frame grabber (Date Translacion DT 3 1 5  5) which digitises the 
images and stores them on the hard disk of the PC controller, ready for sub­
sequent analysis by a special software program. 
Two different systems were used for illuminating the fruit: one with a blue 

light source, consiscing of two 600 W ULTRAMED mercury lamps for illumi­
nating the fruit and a BG-40 low-pass fìlter that transmits only radiation having 
wavelengths ofless than 600 nm, equipped with a manually operated diaphragm 
for controlling the exposure time of the fruit to the light beam; a second red light 
system in which an illurninator, consisting of a series of «ultra-bright» type LEDs 
mounted on a dome shaped support, emits red light at 650-680 nm. 

During the testing the fruit was placed inside the dark chamber and the 
resulting fluorescence image captured by the camera was analysed to quantify 
the pixel intensity (greyscale level) in the equatorial region of the fruit, which is 
the part that best indicates the stage of maturity. In particular, the system for flu­
orescence image analysis under blue light was tested on apricots (cv San Castrese) 
and apples (cv Red delicious), obcaining a good correlation with the sugar con­
tent and hardness values decermined by destruccive methods, with a correlation 
index R 2 = 0.8 1 between the measured fluorescence and hardness for apples 
(Guidetti and Oberti, 1 998), The tests on peaches (cv Vega, Max, Fayette, Sweet 
lady, Elegant lady) exhibited a high dependence of the method on the variety of 
fruit: whereas with the Vega cultivar there was a good correlation between che 
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fluorescence value and the chlorophyll content in the epidermis of the fruit 
(fìg.6.a) ,  for the other cultivars the results were, on the contrary, very scattered 
(fìg.6.6) .  
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Fig. 6 Fluorescence intensity vs chlorophyll content using the blue system: a) �ga cultivar; b) Fayette 
and Elegant lady cultivars 

The tests under a red LED light source were conducted on peaches (cv 
Elegant lady, Summer Rich, Max, RoyaL Gem) and nectarines (cv Morisani 90) , 
with results rhar - despite exhibiting a consisrent trend (fìg. 7.a) berween destruc­
rive and non-destructive measuremenrs - are only parrially satisfactory for the 
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diagram a) and the absence, in diagram b) 



64 RlCCARDO GUIDETTI 

classifìcation of the fruits, although they still provide a more reliable indication 
than colour alone (fig.7.b). 

4.2. Reflectance images 

The reflectance analysis evaluate the reflex ray coming from a sample with a 
righr lighr. Parricularly filters permit ro obtain also superficial information like 
bruises and other injuries to classify rhe producrs and to automatize the sorting. 

The focus of this research is on the possibiliries ro reveal the presence of 
bruises on rhe product by mechanical operation during or post the harvest, or 
by che developing of pathogens, like penicillium, during che ripening. The 
reflectance images are used also to detect che brightness of che strawberries. 

The experimental set is composed by a digitai camera with or without a 
monochromator, constituted by a motorised wheel, controlled by a PC, with 
eighteen filters in the interval between 380 and 1060 nm. 

Detection of bruises 
The experimentation regarded especially apples (cv GoLden DeLicious), peers (cv 
Decana) and peaches (cv Elegant Lady). The data analysis permit to develop a 
multispectral method to identify the two more significane wavelengths: to recog­
nised che whole region of the fruir from that pathological one or with a mechan­
ical damage; to combine the information from the two images of che fruir at che 
cwo wavelengths identified, and from them to obtain an another "virtual" image 
in which che injuries are more visible and potentially recognisable from an auto­
matic system. This possibility has to be possible especially for very early injuries. 
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Fig. 8 Mechanical bruise region in an appie and relative variation of the spectrum 
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In the "virtual" images obtained after 24 hours for the mechanical bruises, or 
after 48 hours for the pathological ones, the interested regions result well defined 
with a good contrast while, visually, they are identifiable, only with a very care­
fully observation. 

For the mechanical bruises, studied on peers and apples, the more significant 
spectral couples is formed by 440 nm and 600 nm for peers and 520 and 820 
for the apples (fig.8), while the pathological bruises, analysed on the peaches, are 
well identify in the image obtained directly at 440 nm (fig.9) and the multispec­
tral analysis doesn't supply interesting results. 

Strawberries brightness 
To develop the previous studies about the brightness is examine closely the mir­
ror reflection and the possibility to use the polarised light. The objective of this 
study is to arrive to have an index to classify a whole strawberries box. 
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Fig. 9 ldentifìcation of the pathological bruises with the image at 440 nm. The virtual image is 
obtained with the ratio of the image at 480 nm and 700 nm 

The device used for the research is composed by: 
- an halogens light (50 W); 
- an acquisition image system formed by a camera and a polarised filter which 

can rotate on its axis. 
With this method it is possible having three image (fig. 10): one without the 

filter, the second one with the polar axis of the filter parallel to the pian of oscil-
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lation of the reflected waves, the third one with the polar axis orthogonal to the 
plan of the oscillation of the reflected waves. 
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Fig. l O Three images used to obtain a brightness index (IB) to sorting the strawberries basket far brightness 

The analysis of this three images permits to obtain a brightness index (IB) to 
separate strawberries which different quality level, given from the ratio between 
the part of the image which show reflection and the one which doesn't reflect. 

5. CONCLUSIONS 

Providing the consumer with high quality fruit and vegetables is a complex, 
multi-disciplinary task that requires agronomica!, bio-physiological, technologi­
cal and modelling contributions. In this regard, one of the most important 
aspects in which engineering is direcdy involved concerns the development of 
methods and instruments for the non-destructive measurement of the physical­
chemical properties of the product, and the defìnition of appropriate relation­
ships with their evolution and specifìc threshold values. 

The researches conducted in the Agricu!tural Engineering lnstitute of the 
University of Milan, show that the physical principles can give right indication 
about rhe quality leve! and ripeness stage of fruir and vegerables. The objective 
to design low cost and user friendly devices is now within reach. The researches 
are now ready to involved closely the industria! word and try to realise: 

the increase of the performance of the on line machine with the aim to have 
a reliable sorting with more products: this means the generalisation of some 
algorithm to can predict the products characteristics; 
the develop of device very precise for the use of many parameters (sugar con­
tent, acidity, nutritional elements, etc.) detecting from the spectral analysis; 
the use of this device could be dual: it could be a supporter to the agronom-



O PTICAL SYSTEMS TO EVALUATE T H E  QUA LITY O F  PRO DUCTS 67 

ic selection and validation and also ic could be an help for che consumer thac 
could sort directly the produccs closely co his own taste; 
an improvemem of the device for the standard measuremems: e.g. a not 
destructive refractometer. 

REFERENCES 

Beaudry, R. M. ,  A. N Mir, J. Song, P. Armsrrong, W. Deng, and E. lìrnm, 1 997. Chlorophyll flu­
orescence: A non-destructive tool for quality measurements of stored appie fruir. In Proc. 
Sensors far Non-Destructive Testing lnternational Conf, 56-65. ]. Abbot et al., eds. Ithaca, N.Y.: 
Norcheast Regional Agricultural Engineering Service. 

Delwiche, M .  J . ,  S. Tang, and J. W Rumsey. 1987. Color and optical properties of clingstone 
peaches related to maturity. Trans. ASAE 30(6): 1 873- 1 879. 

Eccher Zerbini, P., F. Gorini, G. L. Spada, and C. Liverani. 199 1 .  Peaches ground color as an 
index for the harvest date (in ltalian). Fruttico!tùra 53(6): 27-33. 

Guidecti, R. , I. Mignani, and R. Obeni. 1 998. Image analysis for evaluation of fruir quality: 
Measuremenc of fluorescence as an indicator of marurity stage (in Icalian). ltalus Hortus 5 (6) : 
23-26. 

Kempler, C., J .  Kabaluk, and P. Toivonen. 1992. Effect of environmenc and harvesr date on maru­
ration and ripening of kiwifruit in British Columbia. Canadian J Plant Science 72(3): 863-869. 

Lavrijnsen, P., and O. Van Kooten. 1 993. Chlorophyll fluorescence as a possible aid to derermine 
the ripeness stage in apples. Wageningen, The Netherlands: ATO-DLO Repons. 

Li, M.,  D. C. Slaughrer, and J. F. Thompson. 1997. Optical chlorophyll sensing system for banana 
ripening. Postharvest Biol. and Tech. 12(3) : 273-283. 

Merzlyak, M. N., A. A. Gitelson, O. B. Chivkunova, and V. Y. Rakitin. 1 999. Non-destructive 
optical detection of pigmenc changes during leaf senescence and fruir ripening. PhysioL Plant 
106( 1 ) :  1 35- 1 4 1 .  

Merzlyak, M.  N . ,  A. E .  Solovchenko, and A. A. Gitelson. 2003. Reflectance spectral fearures and 
non-destructive estimation of chlorophyll, carotenoid, and anthocyanin concent in appie fruir. 
Postharvest BioL and Tech. 27(2): 197-2 1 1 .  

Mir, A. N. ,  R .  Perez, and R. M.  Beaudry. 1 998. Chlorophyll fluorescence and whole fruir senes­
cence in 'Golden Delicious' appie. Acta Horticulturae 464: 1 2 1 - 1 26. 

Nedbal, L., J. Soukupova, J. Whirmarsh, and M. Trtilek. 2000. Postharvest imaging of chlorophyll 
fluorescence from lemons can be used to predice fruir qualiry. Photosynthetica 38(4): 571-579. 

Porra, R. J., W A. Thompson, and P. E. Kriedemann. 1 989. Determination of accurate extinction 
coeffìciencs and simultaneous equations for assaying chlorophylls a and b extracred wirh four 
different solvents: verifìcation of the concencration of chlorophyll scandards by atomic absorp­
tion spectroscopy. Biochimica and Biophysica Acta 975: 384-394. 

Ruiz-Altissenc, M., L. Lleò, and F. Riquelme. 2000. Instrumencal qualiry assessment of fresh 
peaches: Optical and mechanical parameters. In Proc. International Conference in Agriculture 
Engineering. Paper 00-PH-005. Warwick, U.K: AgEng 2000. 

Slaughter, D. C. 1 995. Nondestructive determination of internal qualiry in peaches and nec­
tarines. Trans. ASAE 38(2): 6 17-623. 

Zude-Sasse, M.,  I. Truppe!, and B. Herold. 2002. An approach to non-destructive appie fruit 
chlorophyll determination. Postharvest Biol. and Tech. 25(2): 1 23- 1 33. 





Finito di stampare nel Gennaio 2005 
Copisteria San Gallo Firenze 






